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ABSTRACT

In the present study, the removal of tetracycline antibiotic was investigated using the Sono Fenton
like oxidation and using magnetic nanoparticles Fe,O, (MNPs) was prepared. By using X-ray diffrac-
tion, scanning electron microscopy, and energy-dispersive X-ray spectroscopy techniques, we tried
to characterize the catalyst. Experimental parameters such as Fe,O, MNP dose, initial solution pH,
and H,O, concentration, initial antibiotic concentration, and ultrasonic power were evaluated by one
factor at a time method. The maximum removal of tetracycline was under the optimal conditions,
including pH = 3, concentration of hydrogen peroxide = 5 mM, catalyst dosage = 500 mg/L, ultra-
sonic power = 500 watt and reaction time = 120 min. The results showed that TC and TOC removal
efficiencies of 88.36% and 32.3%. Furthermore, Fe,O, nanoparticles retained its activity and deg-
radation efficiency remained even after four concessive cycles of use. According to the findings of
this study, the advanced ultrasound/Fe,O,/H,O, oxidation process has high potency in removing

tetracycline antibiotics from aqueous solutions and real hospital wastewater.

Keywords: Ultrasound (US); Fe,O, nanoparticles; Sono Fenton-like oxidation; Tetracycline; Water

treatment

1. Introduction

The presence of antibiotics in the environment seri-
ously threatens the health of humans and animals [1]. These
compounds are not completely metabolized in the body
and are usually transferred to the environment by urine
and feces after use, digestion, and metabolism. Tetracycline
(TC) is the second most commonly used antibiotic group
worldwide in terms of production and usage, and is nat-
urally derived from the fermentation of some fungi or by
the use of semi-synthetic drugs, and is frequently used for
treating infectious diseases. Absorption of TC is extremely
weak, irregular and variable, and non-absorbed TC (50%-—
80%) is transmitted to urban sewage as non-metabolized
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compounds, ultimately polluting the environment and
resources. In addition, TC has entered the environment and
water resources by the sewage of pharmaceutical factories,
the removal of unused and expired products, and the leak-
age of animal and agricultural waste [2-4]. The presence
of medicinal compounds in the environment potentially
damages the ecosystem and human health, and therefore,
an efficient system is required to remove these compounds
from aquatic environments [5].

So far, different techniques have been proposed for TC
removal, such as adsorption [6,7], electrochemical treat-
ments [8], biological treatments [9,10], and membrane pro-
cesses [11]. However, their low removal efficiency or high
costs often limit their application.
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Advanced oxidation is a major process for the decom-
position and removal of hazardous, resistant, and non-
biodegradable pollutants in aquatic environments that have
been widely used over the last decade and play an import-
ant role in water and sewage treatment [2,3,12]. The main
mechanism of these processes is based on hydroxyl radical
production, in which these radicals are capable of oxidizing
many organic compounds quickly and non-selectively [13].

Hydroxyl radical is usually produced by activating
oxidants such as hydrogen peroxide and by using heat,
ultraviolet (UV) radiation, ultrasonic waves, intermediate
metal ions, and high pH [14,15]. Hydroxyl radical is the most
reactive compound after fluorine, with a relative oxidation
of 2.8, and acts as an initial radical [16].

The Fenton process has been regarded as a highly
advanced oxidation process due to its simplicity and high
oxidation potential. In a common Fenton reaction, radical
hydroxyl and ionic ferric are produced [17,18]. The use of
ultrasonic waves is another advanced oxidation technique
for the decomposition of chemical compounds that are used
alone or in combination with other methods, including
Fenton. The ultrasound (US) irradiation technique plays a
critical role in the activation and/or decomposition of oxi-
dants (Eq. (1)) [19].

Ultrasonic waves destroy the organic materials based
on the production of small bubbles through the cavitation
that occurs during the low-pressure section of sound. The
high temperature and pressure, which are 2 us and 200 pm,
are caused by the fall and collapse of bubbles, which leads
to the pyrolysis of natural materials and the production of
highly reactive radicals such as HO;, *OH, and H* (Egs. (2)
and (3)) that are ultimately involved in chain reactions and
decomposition of organic materials [20,21].

The sono-Fenton process is a combination of the Fenton
process and ultrasonic waves that promote the removal
and formation of organic compounds. Therefore, a sono-
catalytic process is an efficient process for the removal of
bio-decomposable waste materials by using highly activated
catalysts [22].

H,0, + US wave ( f >20 KHz) — 2°OH 1)
Fe’" + H,0, + US waves — Fe** + HO; + H" )
Fe** +H,0+ US waves — Fe’* + "OH + H* 3)

Magnetic nanoparticles (MNPs) increase the rate of
hydroxyl radical production due to having octahedral sites
in their structure, including iron ions (Fe**). They are also
the most effectual heterogeneous Fenton reagent catalysts.
In the Fenton reaction, hydrogen peroxide decomposition
and hydroxyl radical production occur by MNPs (Eqgs. (4)
and (5)). Other benefits of MNPs include their high stability,
biocompatibility, and ease of preparation and separation and
in-situ application [23,24].

Fe’* +H,0, —» Fe’ + *OH + OH" 4)

Fe> +H,0, - Fe* +HOO" + H" (5)

The main objective of the present study was to synthe-
size and determine the characteristics of the magnetic nano-
particle (by using scanning electron microscopy (SEM),
X-ray diffraction (XRD), and energy-dispersive X-ray spec-
troscopy (EDS) techniques) and to investigate the efficiency
of the combined processes of ultrasonic waves and hydro-
gen peroxide and a catalyst for the removal of TC from
aqueous environments. The effect of various operational
parameters on the removal efficiency of TC by Fe,O, MNPs
was also assessed. Moreover, the kinetics of TC removal,
as well as the stability and reusability of the catalyst, were
evaluated.

2. Materials and methods
2.1. Materials

Tetracycline hydrochloride [C,H,.N,O,Cl] (AR, 99%),
was prepared from Sigma-Aldrich, Agilent. The chemical
properties of tetracycline hydrochloride are presented in
Table 1 [1]. All the other chemicals were of analytical grade
and were utilized without further purification. H,O, (30%),
FeCl,-4H,O (99.9%), FeCl,-6H,0 (98%), H,SO, (98%), NaOH,
acetonitrile, and methanol were also purchased from Merck
Co., Germany. Catalyst separation was performed using a
magnet.

2.2. Preparation and characterization of Fe,O, nanoparticles

MNPs of Fe,O, were synthesized based on a coher-
ent method at room temperature (25°C += 1°C). To this
end, 0.04 mol of iron chloride with six molecules of water
(FeCl,-6H,0) and 0.2 mol of iron chloride with four mole-
cules of water (FeCl -4H,0) were dissolved in 50 mL of nor-
mal chloride acid 0.5%. At the same time, 500 mL of 1.5 M
sodium hydroxide solutions were added dropwise at 80°C
and bubbled through nitrogen gas. After 60 min, the iron
nanoparticles were separated by placing an external magnet
at the edge of the flask. Finally, the magnetic Fe,O, nanopar-
ticles were washed several times with distilled water and
ethanol and dried under vacuum conditions [25]. After
preparing the nanoparticles, their physical and structural
properties were determined using SEM and EDS electron

Table 1
Chemical properties of tetracycline hydrochloride (TC)

Properties Tetracycline hydrochloride

Structure
HO, CHa
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Chemical formula C,H, ON,
Molecular weight (g/mol) 444.435
A 261 nm

Solubility (mol/L) 10 mg/mL
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microscopy. EDS and SEM techniques were applied respec-
tively for the determination of the chemical composition and
nanostructure of the synthesized nanoparticles. The crys-
talline phase of the nanoparticles was determined using an
X-ray diffractometer (X'Pert MPD, Philips, The Netherlands)
employing Cu Ka radiation.

2.3. Sono-Fenton-like oxidation

Laboratory tests were conducted to determine the
optimal conditions for the removal of TC at room tem-
perature (25°C + 1°C). Initially, tetracycline hydrochlo-
ride salt was dissolved in distilled water with a purity of
>95% (C,,H,,N,O,HCI). A TC solution (200 mg/L) was pre-
pared weekly and stored in the dark at 4°C. Sulfuric acid
(H,SO,'IN) and sodium hydroxide (NaOH-1N) were used
with a pH meter (HANNA, Romania) to adjust the pH of
the solution. US waves were used by an ultrasonic appara-
tus with variable power and constant frequency of 60 Hz
(Elma, Singen, Germany) at room temperature (25°C + 1°C).
Then, solutions with the desired concentrations were pro-
vided in a glass container of 200 mL using a stock solution.
In order to determine the effect of independent variables on
the dose of MNPs (100, 300, 500, and 1,000 mg/L), hydrogen
peroxide (1, 3, 5, 10 mM), contact time (120 min), the initial
antibiotic concentration (20, 30, 40, 50, 60 mg/L), and power
of ultrasonic waves (100, 300, 500 W) were analyzed on the
dependent variable of TC concentration. At the selected time
intervals, the catalyst was separated from the solution by a
magnet, and residual TC concentration was measured. Prior
to analysis by high-performance liquid chromatography
(HPLC), the samples were filtered using 0.22 mm syringe fil-
ters [26]. Each experimental stage was repeated three times,
and the corresponding mean and standard deviation (SD)
of the values were used to compute the final results.

2.4. Analytical methods

An HPLC (Agilent 1200 Infinity Series) equipped with
a UV detector was employed to measure the concentra-
tion of TC in the solution (wavelength of 261 nm). Removal
efficiency was determined using Eq. (6).

Removal(%) = @ x 100 (6)

0

where C and C, are the initial concentrations and the remain-
ing concentration of TC, respectively. Based on total organic
carbon (TOC), the mineralization degree was determined
using a TOC analyzer (Shimadzu VCHS/CSN, Japan) [27].
In order to assess catalyst stability, the quantity of leached
Fe was determined via an atomic absorption spectrophoto-
meter instrument (Analytikjena Vario 6, Germany) [28]. The
pH of the solution was measured by a pH meter (HANNA
model, Romania). In addition, scales (Shimadzu-Libror
model, Japan) were used to weigh the materials.

The chemical characteristics of wastewater samples,
such as total suspended solids (TSS), total dissolved solids
(TDS), chemical oxygen demand (COD), biochemical oxy-
gen demand (BOD,), and pH were measured based on the
standard methods for evaluating water and wastewater [27].

3. Results and discussion
3.1. Characterization of synthesized MNPs

Fe,O, nanoparticles are a strong absorbent for water
purification. A magnetic nanoparticle is an iron compound
with a cubic structure whose electrical and magnetic proper-
ties cause the transfer of Fe** and Fe®* electrons in its octag-
onal structure. It also has non-toxic, hydrophilic, chemi-
cally stable, and magnetic properties. The Fe,O, magnetic
nanoparticle is easily collected using a magnet and can be
reused frequently. Fe,O, is an effective catalyst compared
to other iron oxides due to Fe? in its structure, which can
increase the rate of hydroxyl radical production [29,30].
In Fig. 1a, the results of the XRD analysis using Cu Ka radi-
ation indicate that the peaks are formed at the angles of
21.2°, 35.1°, 41.4°, 50.6°, 63.2°, 67.4°, and 74.3° according to
the 190629-NO, JCPDS (JCPDS -Joint Committee on Powder
Diffraction Standards) standard for cubic Fe,O, crystals.
Fig. 1b illustrates the SEM images of a nanoparticle with a
spherical structure. The average magnetic particle size is
about 27.64 nm. Furthermore, the findings of EDS analysis,
based on Fig. 1c, revealed only two peaks of Fe (72.15%)
and O (20.8%) in the structure of synthesized MNPs, thus
confirming its high structural purity.

3.1.1. Effect of dosage of magnetite nanoparticles

One of the most important parameters influencing the
yield of the hybrid process is the nanoparticle dosage used
in the sono-Fenton-like process. In this study, the effects of
magnetic nanoparticle concentrations of 0.1 to 1 g/L were
investigated. Fig. 2a depicts the interaction between the dose
of the magnetic nanoparticle and the antibiotic removal of
TC, which increases with an increase in the dose of nanopar-
ticles from 0.1 to 0.5 g/L of antibiotic decomposition. Lower
yields at higher concentrations of nanoparticles (>0.5 g/L) are
due to less hydroxyl radical production. Also, the increase
of Fe* ions due to the combination of this ion with hydroxyl
radicals and the availability of hydroxyl radicals prevents
the removal of antibiotics by the hydroxyl radical [31].

The presence of MNPs in the sono-catalytic process pro-
vides nuclei and additional levels for cavitation, which will
increase the number of bubbles and radicals. In other words,
the presence of nanoparticles leads to an increase in the
decomposition of the produced H,0O, during the cavitation
process, resulting in an increase in free radicals produced in
aqueous environments (Egs. (7)—(9)). The increased removal
efficiency as a result of increasing the dose of nanoparti-
cles is probably due to the presence of more active agents
at the catalyst level and the possibility of greater contact
between antibiotics with Fe,O, nanoparticles [32-34].

The results of a study by Katsumata et al. [33] con-
ducted using the photo-Fenton and ultrasonic process for
the decomposition of linuron herbicide, showed that the
removal efficiency of the photo-Fenton/ultrasonic process
increased by increasing Fe?" concentration from 0.05 to 1 mM;
however, after this, the efficiency was reduced. In a study
by Zou et al. [34] on antibiotic removal using the Fenton
method, it was observed that Fe* concentration increased
the removal efficiency to a specified concentration, and then
the efficiency decreased.
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Fig. 1. (a) XRD images of synthesized MNPs, (b) FE-SEM spectrum, and (c) EDS spectrum.

Fe’* + H,0, - Fe—O,H> + H" %
Fe—O,H*" + US waves — Fe’" + ‘OOH (8)
Fe’" + *OOH — Fe** + O, + H' )

3.1.2. Effect of initial H,0O, concentration

A significant parameter affecting oxidation processes is
oxidizing radicals. In the sono-Fenton-like oxidation pro-
cess, hydrogen peroxide is a source of hydroxyl radical
and reacts with iron ions (Fe*) to produce hydroxyl radi-
cal, which has a high oxidation and reduction. As shown in
Fig. 2b, increasing the concentration of hydrogen peroxide
to a certain extent increases the production of hydroxyl rad-
ical and, as a result, enhances process efficiency. In addi-
tion, the results revealed that an excessive concentration
of hydrogen peroxide would reduce the efficiency of the
sono-Fenton-like oxidation process [35]. In fact, the hydro-
gen peroxide acts as a hydroxyl radical scavenger at high
concentrations and will affect the hydroxyl radical concen-
tration. Also, at high concentrations of hydrogen peroxide,
two hydroxyl radical molecules react with each other to

produce hydrogen peroxide [36,37]. Hydroperoxyl radical
(HO3) is an intermediate substance produced by hydrogen
peroxide decomposition when excessive hydrogen perox-
ide is added (Eq. (10)). This intermediate has a reaction rate
and oxidation power less than the hydroxyl radical [38-40].

Monteagudo et al. [41] utilized the photo-Fenton process
to purify the sewage of pharmaceutical industries. The results
showed that increasing the concentration of hydrogen per-
oxide to a specific concentration would first increase and
then decrease the removal efficiency. Furthermore, Chen
et al. [42] studied the use of the photo-Fenton process for
the removal of reactive brilliant orange and observed that
increasing the concentration of hydrogen peroxide from
0.8 to 1.94 mM increases the process efficiency; after this
point, however, the efficiency decreases with increasing the
concentration.

H,0, + "OH — H,0 + HO; (10)

3.1.3. Effect of initial TC concentration

The results of changes in the initial concentration of TC
are given in Fig. 2c. At this stage, the antibiotic concentra-
tions (20, 30, 40, 50, and 60 mg/L) were tested, and the effi-
cacy of the removal process was investigated. As shown
in Fig. 2¢, with increasing TC concentration, the removal
efficacy decreases. At the concentration of 20 mg/L of TC,
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Fig. 2. Effect of experimental parameters on the degradation of TC under conditions contact time of 120 min, T = 25°C + 1°C, ini-
tial pH of 3, H,O, concentration of 3 mM, TC =40 mg/L, MNPs dosage of 0.5 g/L, US power of 500 W. (a) Effect of catalyst dosage,
(b) effect of H,O, concentration, (c) effect of initial TC concentration, (d) effect of pH, and (e) effect of ultrasonic power.

the maximum removal efficiency for 120 min was 88.36%,
and with an increase in TC concentration to 60 mg/L, the
removal efficiency of the process dropped to 41.48%.

By increasing the number of pollutants, the competitive
use of hydroxyl radicals increased with intermediate prod-
ucts, which led to a decrease in removal efficiency [43,44].
Jiao et al. [43] studied TC using UV rays and concluded that
decomposition rate depends on the initial concentration of
TC; thus, with an increase in the initial concentration of TC,
the decomposition rate is significantly decreased.

3.1.4. Effect of initial pH

The results of the effect of pH on the removal of TC are
shown in Fig. 2d. Accordingly, the highest efficacy in the
removal of TC was at pH = 3, which was equal to 88.36%.
The results showed that with increasing the pH of solution
samples, the removal efficiency is significantly decreased.

Based on the results of previous studies, the initial pH of
the solution is one of the most influential environmental
factors on the removal of pollutants using chemical pro-
cesses. In advanced oxidation processes, pH has a direct
impact on the durability of hydrogen peroxide, hydroxyl
radical production, and the determination of the species
and state of the iron present in the solution. An increase
in environment pH and the alkaline condition reduce the
solubility of Fe, and iron is produced in the form of col-
loid, which leads to the production of ferric species that
can rapidly decompose hydrogen peroxide into oxy-
gen and water. Therefore, a decrease in hydroxyl radical
production will decrease removal efficiency [45,46].

It has been reported that the conventional Fenton
process has high catalytic activity under acidic conditions
with pH in the range of 2—4. At acidic conditions, there
are a more dissolved fraction of iron species which could
increase the oxidation rate of TC [28].
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In the Fenton-like process, at pHs > 5 H,O, rap-
idly decomposes into water due to the instability of
the structure. In addition, an increase in pH leads to a
decrease in the potential of hydroxyl radical oxidation, so
increasing the pH greatly decreases the efficiency of the
Fenton-like process and other processes [28].

In a study conducted by Golash and Gogate [46] to ana-
lyze dichlorvos by the sono-Fenton process, it was revealed
that this process can remove dichlorvos from the acidic
pH up to 100%. Elmolla and Chaudhuri [5] also reported that
at a lower pH, hydrogen peroxide was more stable due to
the formation of oxonium ions, and that elm ions improved
H,O, stability.

3.1.5. Effect of US power

The effect of intensity of US irradiation on TC degra-
dation rate by a US/H,0,/Fe,O, system as another effective
operational factor was evaluated at the powers of 100, 300,
and 500 W at optimal conditions. The TC removal effi-
ciency was significantly decreased upon decreasing ultra-
sonic irradiation (Fig. 2e). Increasing the ultrasonic power
increases the energy of cavitation, decreases the threshold
limit of cavitation, and enhances the quality of cavitation
bubbles [47].

Based on the maximum removal percentage, 500 W US
power was employed as an optimal intensity for further
experiments. With an increase in ultrasonic power from
100 to 500 W, the TC degradation rate increased from 53.4%
to 88.36%. It is evident that the increase in US intensity to
a specific high level promoted the degradation of H,O, and
the generation of reactive species, consequently increasing
the rate of TC degradation.

3.2. Kinetic studies

The kinetics of the reaction was determined in order
to analyze the removal rate of TC at different concentra-
tions and to compare them with each other (Fig. 3). Kinetic
reactions are reaction rates. Theoretically, the reaction
rate expresses the rate of reactant reduction or the rate of
product growth and is proportionate to the concentration
of reactive substances that have reached various poten-
tials. Reaction speed is determined by measuring the con-
centration of the primary material or a product during the
completion of the process. There are different degrees of
reaction in the sewage treatment process (zero, first-degree,
and second-degree). The results of the experiments indi-
cated that the removal of TC at all concentrations follows
first-order kinetics. First-order reactions are reactions in
which the reaction rate is only a function of the concentra-
tion of a substance [48-50]. A study by Safari et al. [51] on
TC analysis using a sonochemical process showed that the
kinetics of the TC decomposition reaction was first-order.

3.3. Comparison of the efficiency of alternative processes for
TC degradation

In order to verify the efficiency of the process of MNPs/
H,O,/US against the US alone, H,0, alone, MNPs alone, H O,/
US, MNPs/US, and MNPs/H,O, processes were tested for TC

removal under similar conditions (temperature: 25°C + 1°C
and TC = 20 mg/L) (Fig. 4). The results demonstrated that
the use of the US alone and H,O, alone had little effect on
TC removal (respectively 4.1% and 7.63%), which could be
due to the absence of hydroxyl radical production. Using
MNPs alone yielded a 40.2% removal of TC after 120 min,
which was mainly due to surface adsorption. However, the
US irradiation/H,0, process provided a higher degradation
of TC compared with HO, and US alone (removal efficiency
MNPs alone >US/H,O,). This can be explained by the dissoci-
ation of H,O, (Eq. (1)) by US irradiation, which produced *OH.

In the Fenton-like system (MNPs/H,0,) without US
irradiation, the degradation efficiency was 60.3% which
is a relatively high removal rate and can be ascribed to the
intrinsic peroxidase mimetic activity and the reactive surface
of MNPs.

The highest removal efficiency was associated with
the process of MNPs/H,O,/US with a removal efficiency
of 88.36%, which is due to the direct effect of the reac-
tion between Fenton factors and ultrasonic waves, which
results in the production of very large amounts of hydroxyl

First Order
3 y =0.0142x + 0.4257
R?2=0.9856
g 2
)
=
=1
0
0 20 40 60 80 100 120

Time (min)

Fig. 3. First-order kinetic model of TC removal in US/MNPs/
H,O, process, pH = 3, MNPs dosage of 0.5 g/L, H,O, concentra-
tion of 5 mM, TC concentration = 20 mg/L, US power of 500 W,
and T=25°C+1°C.

mus H hydrogen peroxide
hydrogen peroxide/US MNPs/US
B MNPs ® MNPs/hydrogen peroxide

MNPs/hydrogen peroxide/US

60.3
102 4415
15.42
7.63 a1
N

Fig. 4. TC degradation in the different system at pH of 3, MNPs
dosage of 0.5 g/, H,O, concentration of 5 mM, TC concentration
of 20 mg/L, US power of 500 W, contact time of 120 min, and
T=25°C+1°C.

88.36
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radicals [31]. In the US/MNPs/H,O, process, the active rad-
icals are produced through two simultaneous mechanisms
of heterogeneous (MNPs/H,O,) and homogeneous (US/
H,0,) catalysis [52].

Another reason for the high efficiency of the US/MNPs/
H,O, system can be the fact that the US irradiation con-
tributed to a synergistic effect on the catalyst surface, H,0,
and regeneration of Fe(ll) for the effective generation of
hydroxyl radical. It is worthwhile to emphasize that US
irradiation can clean the surface of MNPs and thus make
larger available surface areas for MNPs catalyst.

In a study by Khataee et al. [36] the sono-Fenton-like
process on the color of textile industry sewage was per-
formed under optimal conditions (catalyst dosage of 4 g/L,
initial dye concentration of 10 mg/L, pH of 5, and US power
of 300 W), and achieved a removal efficiency of 93.7% [35].

3.4. Mineralization

The changes of TOC to determine the level of miner-
alization of TC by the process of US/MNPs/H,O, under
optimal conditions (pH = 3, MNPs dosage of 0.5 g/L, H,0,
concentration of 5 mM, TC concentration of 20 mg/L, US
power of 500 W, and reaction time of 120 min) are shown
in Fig. 5. The results showed that with the TC removal of
>88%, the TOC removal rate was about 72.1% which indi-
cates that the TC composition during the process is not com-
pletely converted to minerals (carbon dioxide and water)
[10,53]. Therefore, according to the results of other studies,
the advanced oxidation process completely converts the
organic compounds into the mineral or converts the organic
composition into a structure with the least resistance to bio-
logical decomposition [54]. In a study conducted by Bremner
et al. [55] on the efficacy of removing 2,4-chlorofenoxy acetic
acid by ultrasonic and Fenton processes, the TOC removal
efficiency by the ultrasonic process after 60 min was 11%.
Nevertheless, when the combined ultrasonic/Fenton pro-
cess was used, the efficiency increased to 64%.

3.5. Reusability and stability of as-prepared MNPs

Two parameters of recyclability and durability are
important for economic evaluation and reusability of the cat-
alyst [56]. To investigate the reusability of the catalyst in the
sono-Fenton process, the synthesized MNPs were employed
in four oxidation cycles under optimum conditions. After
the end of each process, the nanoparticles were collected by

100

80 ﬁ' - -"
-

N "I -
— -
% 60 ,/; - -+ = == efficiency TC
g 40 } =& efficiency TOC
o /

20 g
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Fig. 5. Mineralization and degradation of TC in US/MNPs/H202
system.

a magnet, washed several times with deionized water, and
reused [57].

Fig. 6 shows that the removal efficiency of TC in the
sono-Fenton process was almost unchanged (77.1%) after
four re-uses of the catalyst, and decreased by only 11%
compared to the first cycle. This decrease in removal effi-
ciency may be due to the loss of part of the mass of the
nanoparticle or the difficulty of completely removing the
product from the active site of the catalyst during washing
and drying. On the other hand, after four times of using
the nanoparticles in the cycle, a small amount of Fe* ion
was lost due to the stable physicochemical properties of
the synthesized nanoparticles.

Durability tests indicated that the leaching quantity
of Iron was negligible (<0.25 mg/L) for all studied cycles,
demonstrating a high physicochemical stability for Fe,O,
NPs [57]. Because of the excellent performance of MNP
regeneration during the sono-Fenton process, it can be
concluded that these nanoparticles are cost-effective
catalysts for TC removal.

3.6. Effect of radical scavengers on TC removal

Tert-butanol radical is utilized in advanced oxidation
processes as a hydroxyl radical trap. It has a high solubil-
ity in water and a low absorption rate in the catalysts and
reacts rapidly with free hydroxyl radicals [58]. The reac-
tion rate constant of fert-butanol with hydroxyl radicals
(6 x 10®* M S) is much higher than the reaction rate con-
stant with hydrogen peroxide (2 x 10’ M §), and therefore
this compound is a carrier hydroxyl radical [58,59].

Tert-butanol radicals were used to detect hydroxyl rad-
ical production in the sono-Fenton process. The results
showed that the TC reduction efficiency with fert-butanol
(1 gr/L) in the sono-Fenton process was 58.2% (Fig. 7). In
other words, tert-butanol reacts with hydroxyl and reduces
the amount of hydroxyl radicals. The results indicated
that the Fe,O, NPs catalyzed H,0, to form *OH radicals
which were mainly responsible for the degradation of TC.

3.7. Remouval of TC from hospital wastewater

To investigate the effect of intervening materials, exper-
iments were conducted under optimal conditions and were

88.36 85

TC REMOVAL (%)

CYCLES

Fig. 6. Reusability of MNPs after four consecutive cycles at pH
of 3, MNPs dosage of 0.5 g/L, H,0, concentration of 5 mM, TC
concentration of 20 mg/L, US power of 500 W, contact time of
120 min, and T =25°C + 1°C.
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Fig. 7. Effects of OH scavengers (tert-butanol) on the degradation of TC at pH of 3, MNPs dosage of 0.5 g/L, H,0, concentration of
5 mM, TC concentration of 20 mg/L, US power of 500 W, contact time of 120 min, and T =25°C + 1°C.

repeated using hospital wastewater. The real samples were
collected from Kerman Hospital. The features of the raw
wastewater according to the hospital report are shown in
Table 2. The removal efficiency was then compared with
the synthetic condition.

The removal efficiency under optimum conditions
(pH: 3, contact time: 120 min, MNP dosage: 0.5 g/L, H,0,
dosage: 5 mM, initial concentration of TC: 20 mg/L) was
88.36% for the synthetic samples. TC and TOC removal
from hospital wastewater under optimal conditions was
81.29% and 52.6%, respectively. Intervening factors (e.g.,
TSS and COD) increased turbidity in the solution, which
prevented the penetration of U.S. irradiation and decreased
the rate of sonocatalytic degradation of the TC. Competitive
consumption with organic matter in real wastewater with
oxidative species and the occupation of adsorption sites on
the surface of the solid catalyst appeared to decrease the
degradation efficiency of TC.

4. Conclusion

Fe,O, nanoparticles were synthesized using the co-
precipitation method and utilized as a catalyst in a sono-
Fenton-like process of TC degradation and real hospital
wastewater. Fe,O, nano-catalyst was prepared as an active
catalyst to remove TC from aqueous solutions. The optimal
conditions for the test were pH: 3, hydrogen peroxide con-
centration: 5 mM, catalyst concentration: 0.5 g/L, ultrasonic
power: 500 W, reaction time: 120 min, and antibiotic con-
centration of TC: 20 mg/L. A comparison of the ultrasonic,
Fenton-like, and sono-Fenton-like processes showed that
the combination of sono-Fenton-like has a higher removal
efficiency. Fe,O, nanoparticles showed good stability and

Table 2
Chemical and physical characteristics of hospital wastewater

Parameter Amount
TSS 147 (mg/L)
TDS 512 (mg/L)
pH 7.6

BOD | 254 (mg/L)
COD 536 (mg/L)

activity even after four recycles, indicating that the catalyst
had a high re-use value. The TOC removal for synthetic
wastewater and real hospital wastewater equaled 66.8% and
58.6%, respectively, after 120 min in the same conditions.
Additionally, the kinetic analysis, based on the experimen-
tal data, suggested that oxidation can be better described
by a first-order kinetic model. Therefore, according to the
increasing number of antibiotics in aqueous solutions and
the existing concerns, this method can be adopted as a
new and cost-effective method for purifying environments
polluted with medicinal sewage.
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