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ABSTRACT

The aim of the present study was the synthesis of the FeNi,@SiO,@TiO, nanocomposite and its
application as a catalyst to degrade the antibiotic tetracycline (TC) from aqueous solutions. For
this, first, FeNi,@SiO,@TiO, nanocomposite was synthesized by a sol-gel method and then it was
characterized by means of different techniques. Thus, according to X-ray diffraction, Fourier
transformed infrared spectroscopy, and field-emission scanning electron microscopy the mean
crystal size of the FeNi,@S5iO,@TiO, nanocomposites was 77 nm and had a high tendency to form
agglomerates. Also, the analysis of VSM showed that the nanocomposites had magnetic proper-
ties. In addition, the thermal gravimetric analysis technique showed that the FeNi,@SiO,@TiO,
nanoparticles presented a high resistance to heat. Further, the synthesized nanocomposite was
applied for the degradation of TC from aqueous solutions in a UV/H,0,/FeNi,@SiO,@TiO, process.
Complete degradation of TC was achieved operating under optimal conditions (i.e., pH =5, FeNi,@
Si0,@TiO, dose = 0.01 g/L, TC initial concentration = 20 mg/L, H,0, concentration = 150 mg/L and
reaction time = 90 min). Therefore, the UV/HZOZ/FeNi3/SiOZ/TiO2 process holds great potential for
pharmaceuticals degradation.

Keywords: FeNi,@SiO,@TiO, magnetic nanocomposite; UV/H,0,/FeNi,@5iO,@TiO, reactions;
Degradation; Tetracycline; Kinetics

1. Introduction the entry of the remaining medications and their metabo-
lites into the environment causing major problems in the
ecosystems [4]. Antibiotics are a type of important antimi-
crobial drug used to treat many human and animal diseases
[5-7]. A few studies have been done on the evaluation of
antibiotic use [8]. According to those studies, about 100-200

In the last decade, drug combinations have been con-
sidered as one of the most important water contaminants
due to their high diversity and massive utilization [1-3].
The consumption of drugs in high amounts has caused
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thousand tons of antibiotics are consumed each year in
the world and this amount is rising in recent years [9-11].
In addition, about 30%-90% of the taken drugs are redun-
dant or not completely metabolized in the cells of human
and animals bodies [12]. Antibiotics are non-biodegradable
and remain in the environment for a long time because they
are not eliminated by the common processes of wastewa-
ter treatment [13-16]. Thus, these pollutants enter the water
resources through water treatment plants and reduce their
quality, which have an undesirable effect on human health
and living organisms [16-19]. Among the different types of
antibiotics, tetracycline (TC) is the second most important
group produced and consumed in the world [20,21]. There
are many techniques for TC degradation such as electro-
chemistry, adsorption, and photo-catalysis [22-24]. In recent
years, the application of advanced oxidation processes
(AOP,) has shown to be very effective for drug removal
[25]. AOPs refers to processes in which free hydroxyl rad-
icals (OH") are produced as oxidants in the degradation of
hard and non-biodegradable organic matter [26,27]. Some
pollutants directly absorb UV light and their chemical
bonds are destroyed, while other substances are not decom-
posed rapidly or effectively by direct photolysis. As a result,
hydrogen peroxide (H,O,) needs to be added to make the
process more efficient [28,29]. Nowadays, the application of
nanoparticles as catalysts with UV/H,O, has been proposed
to remove drug pollutants due to process improvement,
shortening of the purification steps, and safe production
of by-products [30,31]. Among various catalysts and pho-
to-catalysts, titanium dioxide (TiO,) has been widely stud-
ied and used for the degradation of organic matter due to
its high oxidation ability, physical and chemical stability,
non-toxic nature, low cost, and high reactivity [32-37]. Since
the UV/H,O,/FeNi,@SiO,@TiO, process with TiO,-NPs is a
heterogeneous reaction, the retrieval of nanoparticles for
reuse will need filtration or centrifugation processes. So far,
several studies have shown that coating these nanoparticles
with magnetic materials is one of the most effective and easy
procedures for the recycle and reuse of the catalysts [38,39].
For example, FeNi, is a magnetic material used in the syn-
thesis of nanoparticles as the nucleus of the catalysts due to
its high magnetism [40]. So, the combination between FeNi,
and TiO, nanoparticles, which is the focus of the present
study, is one of the potential nanomaterials suggested by
several studies as a catalyst in the photo-catalytic reactions
for the eradication of organic pollutants in wastewater [41].
However, although FeNi, can absorb light, it does not con-
tribute to the photo-catalysis [42]. Since FeNi, nanoparticles
are highly reactive, they are simply oxidized and lose their
magnetic properties. Also, some studies have shown that
the application of iron compounds such as FeNi, and Fe,O,
would reduce the efficiency of photo-catalytic reactions
due to the quenching of electrons by their surface defects
[42,43]. Therefore, one of the ways to protect FeNi, is to use
an impervious coating [44]. For this purpose, silica (SiO,)
can be utilized, thereby forming FeNi,@SiO,. Therefore,
FeNi, particles as the magnetic core and TiO,-NPs as the
photo-catalytic shells were considered in the present study.
These nanoparticles can be removed easily from the solu-
tions by applying a magnetic force. The existence of a silica
layer (SiO,) between the outer shell (TiO,) and the magnetic

core (FeNi,), to form a novel FeNi,@SiO,@TiO, magnetic
nanocomposite catalyst is essential to prevent the destruc-
tion of the magnetic core by simulated sunlight radiation as
well as for the protection of the magnetic core against oxida-
tion [44]. Hence, the objective of this work was firstly to syn-
thesize and characterize a novel FeNi,@SiO,@TiO, magnetic
nanocomposite. Later, the practical application of the syn-
thesized catalyst for the degradation of TC using simulated
sunlight in a laboratory UV/H,0,/FeNi,@SiO,@TiO, reactor
was comprehensively studied.

2. Materials and methods
2.1. Reagents and chemicals

All chemicals were of analytical purity grade. Nickel
chloride: NiCL(6H,O), hydrazine hydrate: N,H,-H,O, tita-
nium butoxide solution: C, H,O,Ti, tetraethyl orthosili-
cate: SiC;H, O, iron chloride: FeCl,-4H,O, polyethylene
glycol: HO(C,H,O)nH, ethanol, ammonia, and 1-Propanol
were purchased from Merck Company (Germany). TC in
powder form (chemical formula: C,,H, O,N,-HCI, molecu-
lar weight: 480.9 g/mol, solubility: 0.041 mol/L, and purity:
95%) was obtained from Sigma-Aldrich Co., (Germany)
(Fig. 1). All solutions were prepared in distilled water and
stored in opaque glass containers at 4°C for a maximum
of 1 week. The pH values of the samples were adjusted by
addition of 1 M HCI or 1 M NaOH during the experiments

(Merck, Germany).

2.2. Catalyst synthesis

In Fig. 2, a general scheme of the FeNi,@SiO,@TiO, nano-
composites synthesis is presented. The synthesis steps of
the FeNi,@SiO,@TiO, nanoparticles were as follows.

To synthesize the FeNi,@SiO,@TiO, magnetic nanopar-
ticles the co-precipitation and sol-gel methods were used
[40]. First, 1.00 g of HO(C,H,O)nH was dissolved in 180 mL
of deionized water. Then, 10 mL of two diverse solutions
containing 0.188 g of FeCl -4H,O and 0.713 g of NiCl,-6H,O,
were prepared and further added simultaneously into the
previous solution. The pH of the resulting solution was
adjusted between 12 and 13 by the addition of NaOH. In
the next step, the resultant mixture was stirred with 1.9 mL
of N,H,-H,O for 24 h. Eventually, the synthesized FeNi,
nanoparticles were separated from the mixture by an exter-
nal magnetic field, rinsed by deionized water, and dried at
80°C in a vacuum oven. Thereafter, the synthesized FeNi
magnetic nanoparticles were reacted with SiO, to obtain
FeNi,@SiO, shell-core nanoparticles. For this, 0.5 g of the
FeNi, nanoparticles was dissolved in a mixture prepared
by dissolving 20 mL of distilled water, 80 mL of ethanol
and 2 mL of ammonia. Next, 1 mL of SiCH, O, solution
was added slowly to the previous mixture under shaking
(500 rpm for 24 h) using a stirrer (model Alpha D500). Finally,
the SiO,@FeNi, magnetic nanoparticles obtained were sepa-
rated via an external magnetic source, washed with ethanol
and distilled water and then placed at 60°C in a vacuum
oven until dried. For the synthesis of FeNi,@SiO,@TiO,, 0.2 g
of the prepared FeNi,@SiO, nanoparticles was dissolved in

50 mL of distilled water. Two mL of C, . H, O,Ti solution was
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Fig. 1. Structural formula of TC.
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Fig. 2. Schematic diagram of synthesizing steps of FeNi,@SiO,@TiO, magnetic nanocomposite.

mixed with 10 mL of 1-propanol and added drop-wised into
the previously prepared FeNi,@SiO, solution. Subsequently,
the solution was placed in a shaker incubator at 500 rpm
and 80°C (Model SI-100R, Korea). The suspension was left to
cool down and the resulting solid material of FeNi,@SiO,@
TiO, was separated using a magnet. Afterwards, the col-
lected FeNi,@SiO,@TiO, nanoparticles were firstly washed
in ethanol, then in distilled water, and dried at a tempera-
ture of 30°C until there was no moisture content. Finally, the
FeNi,@SiO,@TiO, nanoparticles were calcined (400°C, for a
maximum period of 5 h), to remove any organic matter and
used as a template in the structure of the nanoparticles.

2.3. Characterization analysis

Structural characteristics and surface morphology of
the synthesized FeNi,@SiO,@TiO, nanoparticles were deter-
mined with different advanced techniques. The morpho-
logical characteristics of nanoparticles individually and in
combination were investigated by applying high resolution
micrographs captured at different magnifications by trans-
mission electron (TEM) and field emission-scanning electron
(FE-SEM) microscopies whose specifications were Zeiss-
EM10C-100 KV and ZEISS-Sigma-500 scanners (Germany),

respectively. In order to identify the type of functional
groups, Fourier transform infrared (FTIR) spectroscopy
was applied at 4,000 to 400 cm™ wavenumber range, where
the FTIR spectra were obtained using an AVATAR FTIR
spectroscopy (USA). For the determination of the particle
crystalline structure, an X-ray diffractometer (XPert Pro,
PANalytical Co., Netherland) with high power CuKa radia-
tion maintained at a scan rate of 2°/min was used. Vibrating
sample magnetometer (VSM) techniques (Lake Shore-7404,
USA) were applied to determine the magnetic force of the
FeNi, FeNi,@SiO,, and FeNi,@SiO,@TiO, nanoparticles at
a temperature of 300K. Also, to identify the elemental dis-
tribution of FeNi,@SiO,@TiO, magnetic nanocomposite,
a Shimadzu energy-dispersive X-ray spectroscope (EDS,
EDX-700HS, Japan) was utilized.

2.4. FeNi,@SiO,@TiO,/UV/H, O, experiments and
performance evaluation

In this paper, all experiments were performed in a reac-
tor (Fig. 3) with a capacity of 500 mL in the presence of
tetracycline (TC) and FeNi,@SiO,@TiO, magnetic nanopar-
ticles. A mercury UV-lamp (Toshiba, Japan) was installed
in the center of the reactor for supplying a uniform UV
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Fig. 3. Schematic of the UV/HZOZ/FeNiB/SiOZ/TiO2 reactor.

irradiation of an intensity of 2,500 uW/cm? and a wavelength
of 358 nm throughout the reactor. The TC degradation was
examined under magnetic stirring (500 rpm), a temperature
of 20°C * 2°C, initial TC concentrations ranging from 10 to
30 mg/L, amount of FeNi,@SiO,@TiO, nanoparticles from
0.005 to 0.1 g/L, pH of the TC solutions from 3 to 9, a con-
tact time up to 180 min and H,O, concentrations from 50
to 200 mg/L. In order to prevent interference and effects of
other light sources such as the visible light, all working TC
solutions were kept in the dark until used. At different times
of reaction, 2 mL of TC solution was collected, centrifuged
to separate the catalyst nanoparticles from the solution, and
finally, the residual concentration of TC in the solution was
determined. All TC concentrations were measured by a UV/
Vis spectrometer at a wavelength of 358 nm. Each sample
was analyzed thrice, and the mean value was calculated
in all degradation experiments. In order to evaluate the
effect of tetracycline removal by the UV/H,O,/FeNi,@SiO,@
TiO, reactor, the efficiency ratios of non-degraded (C,) and
initial (C)) concentrations were determined. Notably, the
evolution curves obtained from the study of the effect of
the reaction time at different initial TC concentrations on
the degradation process were subsequently applied for the
kinetics study.

2.5. Kinetics study

In order to evaluate the degradation performance of
the catalyst used to remove organic pollutants in oxidation
processes such as photo-catalysis and FeNi,@SiO,@TiO,/
UV/H,O, processes, it is essential to determine the kinetics
mechanism. For this purpose, the most common kinetics
model which is applicable in the modeling of the degrada-
tion data of organic materials is the Langmuir-Hinshelwood
model [45]. In the case of very low pollutant concentration,
the Langmuir-Hinshelwood formula can be rewritten in
the form of a first-order equation, which is illustrated in its
simplified linear form in Eq. (1). The accuracy of the fitting
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between the applied kinetics models and the experimental
data was evaluated according to the resulting values of the
regression coefficient (R?).

C

In| =t |=—kt
CU
In this equation, k, represents the reaction rate of the

first-order (min™), and C, stands for the TC concentration
(mg/L) measured at the irradiation time (¢, min).

@

2.6. Catalytic reusability experiments

To investigate the reusability of the FeNi,@SiO,@TiO,
nanoparticles as catalysts, the experimental tests of TC
photocatalytic degradation were carried out for four con-
secutive cycles under the obtained optimum conditions
(i.e., pH=5, TC concentration =20 mg/L, reaction time =90 min,
FeNi,@SiO,@TiO, dose = 0.1 g/L). At the end of each pro-
cess, the nanoparticles were removed by applying an exter-
nal magnetic field, washed with distilled water, and then
dried in an oven at 80°C in order to use it in the next cycle.

3. Results and discussion
3.1. Magnetic nano-particles characterizations
3.1.1. FTIR spectrum

FTIR analysis is one of the common analyses applied to
investigate the type of bonds and functional groups in the
structure of a compound. The FTIR spectrum of FeNi/SiO,/
TiO, nanocomposite is shown in Fig. 4. The weak peaks at
1,032 and 913.61 cm™ are associated with the Ti-O-S bend-
ing vibrations [46,47]. The absorption peaks at the range
from 531.57 to 1,031.52 cm™ belong to the vibration bond-
ing of Ti—-O-Ti. The bands around 3,382.97 and 1,621.79 cm™
are attributed to the stretching and bending of O-H bonds.
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Fig. 4. FTIR spectra of (a) FeNi,, (b) FeNi,@SiO,, and (c) FeNi,@SiO,@TiO, nanoparticles.

The peak at 800 cm™ corresponds to the symmetric vibration
of Si—-O-5i and the wavenumber of 1,080 cm™ originates from
the asymmetric vibration of Si-O-5i.

On the other hand, the Fe-Ni bond can be responsible for
the absorption peaks at 498.69 cm™ [48,49]. In a study con-
ducted by Khodadadi et al. [40] on the synthesis of FeNi,/
SiO,/TiO, nanocomposites, similar results were obtained.

3.1.2. XRD spectrum

In this work to determine the approximate size of FeNi,/
SiO,/TiO, nanocomposite as well as to identify its structure,
the XRD (X-ray diffraction) analysis was employed and the
results are shown in Fig. 5. The presence of peaks at 75.5°,

Intensities (a.u.)

51.7°, and 44.5° at 20 represents the crystalline form of FeNi,.
The peak of 20 = 10°-25° corresponds to silica material and
indicates the existence of SiO, in the synthesized materials.
The diffraction angles of 25.2° 37.9°, 54.7°, and 63° indicate
the existence of TiO, in the synthesized materials. The peak
of amorphous SiO, at the diffraction angle of 22° is below
the TiO, peak [40,44]. The crystallite size of nanoparticles
and nanocomposites was calculated using the Debye—Scherer
formula whose mathematical relation is shown in Eq. (5).
In that Eq. (5), the values of D, 3, A, and 0 correspond to the
crystalline size, the full width at half maximum of the peak
corresponding to the plane (peak in 25.2°), the wavelength
of XRD radiation and the angle obtained from 20 value
corresponding to the XRD pattern, respectively.

FeNiz @SiO>@TiOs

FeNiz@Si0:

-~ N\

FeNis

10 20 30

T T T 4 T 4 1
50 60 70 80

20 (degree)

Fig. 5. XRD spectra of FeNi,, FeNi,@SiO,, and FeNi,@SiO,@TiO, nanoparticles.
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3.1.3. SEM image
0.98\ g
= )

BcosO To survey the structure and size of the synthesized
magnetic nanocomposite, the FE-SEM was used and the

By apply1ng the Debye_SCherer equation, the mean crys- obtained result is shown in Flg 2. According to Flg 6, the
tallite size of FeNi, nanoparticles, FeNi/SiO, and FeNi/SiO,/ ~ FeNi,/SiO,/TiO, nanocomposites had a high density and the
TiO, nanocomposites were found to be 10, 12, and 77 nm,  Treason for that was their magnetic properties. Also, accord-
respectively. ing to Fig. 2, the nanocomposites had an irregular shape.

200 nm EHT = 15.00 kV Signal A = SE2
t WD = 9.4 mm Mag= S000KX

EHT = 15.00 kV Signal A = SEZ
WD = 9.4 mm Mag = 50.00 KX

200 nm EHT = 15.00 kv Signal A = SE2 ZEIXX
—_

WD = 9.4 mm Mag= 50.00KX

Fig. 6. FE-SEM images of FeNi, (a), FeNi,@SiO, (b), and FeNi,@SiO,@TiO, (c) nanoparticles.
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Moreover, it could be noticed that the coating processes of
FeNi, surface with SiO, and then with TiO,, did not destroy
or alter the morphological structure of the FeNi,. It was
apparent from the FE-SEM image of the FeNi,@SiO,@TiO,
nanoparticles that their surface was coarse and their shape
was uniformly spherical with a diameter in the range of
20-30 nm. According to IUPAC (International Union of Pure
and Applied Chemistry), the synthesized FeNi,/SiO,/TiO,
nanocomposites were mesoporous [40].

441

3.1.4. TEM image

TEM analysis is considered a special method to deter-
mine the structure and morphology of materials since it
enables to study of material microstructures with high
magnification and resolution. The result of TEM analy-
sis is shown in Fig. 7. According to Fig. 3, the outer light
shell of the TEM image of SiO,@FeNi, is the coating layer
of SiO, while the inner bold core represents the FeNi,. Also,
the TEM image of FeNi,@SiO,@TiO, showed that these

Mag = 27.800 KX

DavPetronic Company

I 1040 Mgz

sl G0

ray Potronic Compraany

250 nm

Mag = 27.800 KX

DayPetronic Company

Fig. 7. TEM images of FeNi, (a), FeNi,@SiO, (b), and FeNi,@SiO,@TiO, (c) nanoparticles.
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nanoparticles were multi-dispersed and thus, their agglom-
eration was high.

3.1.5. VSM technique

In this study, Hysteresis loop analysis was applied to
investigate the magnetic properties of the synthesized
nanocomposites. The magnetic properties of FeNi, nanopar-
ticles and the synthesized nanocomposites FeNi /SiO, and
FeNi,/SiO,/TiO, were investigated by a VSM instrument at
a temperature of 300 K and the obtained results are shown
in Fig. 8. According to the VSM results FeNi, nanoparticles,
FeNi,/SiO, nanocomposite, and FeNi /SiO,/TiO, nanocom-
posite had saturation magnetizations of 68.52, 58.99, and
18.84 emu/g, respectively. It was observed that the magnetic
properties of FeNi, core were reduced with increasing cover
layers on it. Anyway, it was possible to collect the nanopar-
ticles in the presence of an external magnetic field [40].

3.1.6. Energy-dispersive X-ray technique

In the current research to determine the abundance of
specific elements, EDS and EDX (energy-dispersive X-ray
spectroscopy) analysis was applied to the synthesized mag-
netic nanocomposites. The EDS analysis is used to find the
chemical composition of materials down to a spot size of a
few microns. The results of the EDS analysis of the FeNi,/
S§i0O,/TiO, nanocomposites are shown in Fig. 9. According to
this analysis, the area of the peaks corresponds to the ele-
ments in the material structure. As is clear from the EDX,
the elements of Ti, O, Ni, Fe, and Si were present in the
structure of the synthesized nanocomposites with a mass
percent of 41.9%, 31.6%, 19.5%, 5.9%, and 1.1%, respectively.

3.1.7. Thermal gravimetric analysis technique

In thermal gravimetric analysis (TGA) or thermo-grav-
imetric analysis the mass of a sample is measured along

——FeNi3
- FeNi3 $i02

60| —FeNi3Si02.TiO2

50 4

40
30
20

time as the temperature changes. This technique provides
information about physical and chemical phenomena such
as thermal decomposition and chemisorption. The results
of TGA analysis of the FeNi,/SiO,/TiO, nanoparticles are
shown in Fig. 10. The first weight loss (weight decreased
about 3.26%) occurred at 50°C and the reactions were
endothermic because the temperature changes were neg-
ative. These changes were probably due to the extraction
of volatile solvents with low boiling point. In addition, the
second weight loss (weight decreased about 0.05%) was
observed at a temperature of 650°C. This temperature is
the state at which the sample gradually enters the phase
change. It should be noted that due to the high melting
and boiling points of the sample, the element in the FeNi,/
SiO,/TiO, nanoparticles structure was not extracted in the
synthesized sample.

3.2. Effects study

In UV/H,0O,/FeNi@SiO,@TiO, process, the type of
chemical reactions as well as the surface properties of the
pollutant molecules and catalyst particles is significantly
affected by the environmental conditions. So, experiments
were carried out to determine the effect of pH, initial TC
concentration, H,0, concentration, and catalyst nanoparticle
dose on TC degradation efficiency using FeNi,@SiO,@TiO,
nanoparticles [50].

3.2.1. Effect of pH on TC degradation

pH is one of the most important factors that can influ-
ence chemical processes such as UV/H,0,/FeNi,@SiO,@TiO,
reaction [51,52]. This is due to this parameter can change
the surface charge of the utilized catalyst as well as its
properties. Besides that, it can also affect the mechanism
of radical hydroxyl production, reaction kinetics, and con-
taminant structure [53]. In the current study, the effect of
pH on the performance of TC degradation was investigated

10
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Fig. 8. VSM analysis of FeNi,, FeNi,@SiO,, and FeNi,@SiO,@TiO, nanoparticles.
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Fig. 10. TGA analysis of FeNi @SiO,@TiO, nanoparticles.

from 3 to 9 (Fig. 11), while keeping the other experimen-
tal factors fixed (i.e., TC concentration = 20 mg/L, catalyst
dose =0.02 g/L, reaction time =200 min, and H,0, concentra-
tion =150 mg/L). According to the obtained results (Fig. 11a),
the highest removal efficiency (100%) was achieved at
pH = 5. Above this pH, TC degradation decreased (Fig. 11).
The pH changes can influence the adsorption of TC onto
the nanocomposite surfaces. Thus, according to the pH
value of the solution, various TC species will predominate
(Fig. 1). At pH < 3.30 (pKal), TC molecules will be mainly
present as fully protonated H,TC", while at 3.30 < pH < 7.68
(pKa2), most TC molecules will occur as neutral H,TC® spe-
cies. In addition, at 7.68 < pH < 9.70 (pKa3) TC will exist as
H,TC- and at pH > 9.70 the TC? will be the predominant

species of the TC molecules [40]. Furthermore, to determine
the catalyst’s surface charge, one of the methods is the pH
analysis. The analysis of point of zero charge (pzc) deter-
mination showed that the FeNi,@SiO,@TiO, nanoparti-
cles pH_, was nearly 6.2 (Fig. 11b). Thus, above the pH_
value, the surface of the prepared catalyst will be saturated
by the negative charges of the surplus OH" ions and pH | .
Thus, the dominant FeNi,@SiO,@TiO, functional groups
of negative charges may get protonated by H* protons,
so in acidic pH the catalyst surface was positively charged.

The nanoparticle surface load and TC were negatively
charged in alkaline pH and, thus, the repulsive force
between them increased [54]. In addition, TC antibiotic exists
molecularly at pHs between 3.3 and 7.68, which is suitable
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for TC adsorption, and due to nanoparticle and TC surface
loads, the UV/H,0,/FeNi,@SiO,@TiO, reaction improves [55].
At low pHs, the positive binding sites are the main cause of
TC degradation, and the high oxidation of TC can be due to
the hydrolysis of this contaminant. Besides that, H,O, is an
oxidizing agent but is not active under normal environmen-
tal conditions and, therefore, it requires an activation agent
such as ultrasonic, UV light, catalyst, or heat [54]. In this
study, UV radiation was the activation agent of H,O, which
was used to produce free radicals and ultimately improve
the UV/H,O,/FeNi,@SiO,@TiO, process through further
oxidation of TC. Rasheed et al. [56] applied MIL-100(Fe)@
Fe,0,/CA magnetic nano-photo-catalysts for TC degrada-
tion by a Fenton-like process and the results were indicated
that the highest efficiency was obtained at pH = 5.

3.2.2. Effect of catalyst dose on TC degradation

From an economic perspective, the determination of an
optimum catalyst dose is one of the important parameters

that should be found before applying the UV/H,O,/FeNi,@
Si0,@TiO, treatment method. The effect of the variation
of FeNi,@SiO,@TiO, nanoparticles on the TC removal pro-
cess was investigated within the range from 0.005 to 0.1 g
of catalyst particles at pH = 5, reaction time up to 200 min,
initial TC concentration = 20 mg/L and H,0, concentra-
tion = 150 mg/L. The results revealed that by increasing
the catalyst dose from 0.005 to 0.01 g/L, the degradation
percentage of TC increased. However, TC degradation
decreased at higher doses, so that in 60 min the percent-
age of TC removal was reduced from 100% to 80.58% for
a catalyst dose of 0.01 and 0.1 g/L, respectively. Thus, the
highest TC degradation efficiency was observed at a cat-
alyst dose of 0.01 g/L (Fig. 12). This can be explained by
the increase of the solution turbidity with the increase of
the catalyst dose, which will hinder the penetration of the
UV radiation, thereby decreasing the degradation rate of TC
[53,57,58]. Additionally, the occurrence of the agglomeration
of some catalyst nanoparticles at high doses in the solution
could also be the reason for a decrease in the percentage of
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Fig. 12. Plots of the results of the nanocomposite effect.

TC degradation. Another reason for the decrease of TC deg-
radation by increasing the amount of catalyst in the reactor
is the increase of the reaction sites for the contaminant, also
the absorbed UV radiation by the nanoparticles is elevated,
that ultimately enhance the production of the high reactive
radicals that ready for degradation reaction of pollutants
[59]. Simultaneously, this process will lead to the generation
of more free electrons ready to react with water molecules
and dissolved oxygen in the solution and produce highly
reactive radicals (i.e., OH® and O*-), which are essential to
promote the UV/H,0,/FeNi,@SiO,@TiO, activity towards
organic molecules, as illustrated by the chemical reaction
Egs. from (2) to (9) [41].

UV + Photocatalytic reaction - h* +e” 3)
H,O+h"->OH" +H" (4)
OH +h" > OH’ (5)
O,+e = O ()
O; + H' > HO" @)
H,O, +e” - OH"+ OH" (8)
H,0,+0; - OH +OH +0, 9)
H,0,+UV - 2HO* (10)
H,0, +HO® - H,0+HO; (11)
HO*+HO, — HO; + OH~ (12)

3.2.3. Effect of TC concentration on TC degradation

The initial concentration of the pollutant is another
affecting factor on the efficiency of the UV/H,O,/FeNi,@
SiO,@TiO, process. In this study, the effect of the TC concen-
tration from 10 to 30 mg/L was investigated on the UV/H,O,/
FeNi,@SiO,@TiO, process while keeping the other experi-
mental parameters fixed at their optimal values obtained in
previous tests. According to the obtained results, increasing
the TC concentration from 10 to 30 mg/L led to a reduction
in the process efficiency from 100% to 89.1% for a reaction
time of 60 min (Fig. 13). This could be due to lower con-
centrations of TC, there are more available sites on the sur-
face of the nano-catalyst for TC adsorption. But increasing
the concentration of TC will lead to a decrease in the avail-
able sites on the surface of the catalyst for TC adsorption.
But the mean reason for this trend may be related to the
fact that the concentrations of radicals produced are the
same in all solutions, therefore, the rate of decomposition
is higher in the solution with a low concentration of TC.
The obtained results are consistent with those reported by
other researchers [40,44].

3.2.4. Effect of H,O, concentration on TC degradation

Hydrogen peroxide is a powerful oxidizing agent used
in oxidation hybrid processes. Since the number of hydrox-
ide radicals produced is directly related to the degrada-
tion process, the percentage of degradation raises with the
increasing concentration of hydrogen peroxide [53,60].

In the current study, the experiments were further
performed to investigate the effect of H,O, concentration
(50-200 mg/L) on TC degradation in the FeNi,@SiO,@TiO,/
UV/H,O, process while the other experimental parame-
ters that affect the TC degradation mechanism such as pH,
TC concentration and FeNi,@SiO, catalyst dosage were
fixed at their optimal values obtained in previous tests.
The obtained results showed that increasing hydrogen
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peroxide concentration led to an increase in TC degradation
efficiency such that by increasing hydrogen peroxide con-
centration from 50 to 200 mg/L, TC degradation efficiency
increased from 88% to 100% for a contact time of 60 min
(Fig. 14). This could be attributed to the production of
more oxidizing agents (OH") in the UV/H,O,/FeNi,@SiO,@
TiO, process, which would result in the degradation of
more TC molecules. In other words, hydrogen peroxide
is an oxidizing agent and it is inactive in environmen-
tal conditions, but when affected by UV irradiation, H,0,
will be activated and the result is hydroxyl radical (OH")
production [41]. In the study conducted by Shiraz et al. [51]
the investigation of catechol degradation by persulfate acti-
vated by UV and ferrous ions led to similar results.

3.2.5. Kinetics study

In the chemical processes to evaluate the degradation
rate of organic pollutants, calculating the reaction kinetics is

an important factor. The Langmuir-Hinshelwood model is
used to describe the kinetics study and degradation rate of
organic contaminants such as the TC antibiotic.

The results of the reaction kinetics study of the
Langmuir-Hinshelwood model to describe the TC deg-
radation process of UV/H,0,/FeNi /SiO,/TiO, are shown
in Fig. 15 and Table 1. Due to the obtained high R? values,
a satisfactory agreement has been observed between the
experimental data and the Langmuir-Hinshelwood model.
Moreover, According to the obtained results the reaction
rate constant (K , ) significantly decreased by increasing the
TC concentration, so that for an initial TC concentration of
10 mg/L K, was 256/9 x 10> min™ and for an initial TC con-
centration of 30 mg/L, K, _dropped to 21.4 x 10 min™".

3.2.6. Reusability of FeNi,@S5i0,@TiO, nanoparticles

The results of Fig. 16 illustrates the economic and opera-
tional capability of FeNi,@SiO,@TiO, nanoparticles through
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Fig. 15. Linear fitting of the kinetic data of TC degradation at different initial concentrations.

Table 1
Results of the modeling of experimental kinetic data of TC degradation with the pseudo-first-order equation
Initial TMX Equation where k, (1/min) t,, (min) R?
concentration (mg/L) y= ln[ C ] and x =t
CO
10 Y =0.256x + 1.6323 256 x 107 271 0.9765
15 Y =0.099x +1.1387 99 x 1073 7.00 0.9921
20 Y =0.052x +0.9008 52.8 x 10°° 13.125 0.9951
25 Y =0.041x + 1.0702 414 x10° 16.74 0.9533
30 Y =0.021x + 0.883 21.4 x107° 32.38 0.9650
4. Conclusions
100 -
o8 | 97.5 The analysis of FTIR confirmed the formation of bonds
o6 | o in the nanocomposite. According to the analysis of XRD,
_ 936 the mean crystallite size of FeNi,/SiO,/TiO, nanocompos-
S ite was 77 nm and the FE-SEM analysis showed their ten-
g 2 913 dency to agglomeration. The analysis of VSM indicated
E o0 that the synthesized nanomaterial had magnetic proper-
£ ties. In addition, the TGA technique showed that FeNi,@
= 56 | Si0,@TiO, nanoparticles had a high resistance to heat.
The results of TC degradation showed that the UV/H,0,/
81 FeNi,/SiO,/TiO, process eliminated 100% of TC when oper-
82 1 ating at pH = 5, FeNi,/SiO,/TiO, dose = 0.01 g/L, initial TC
80 - concentration = 20 mg/L, H,O, concentration = 150 mg/L,
cyclel cycle2 cycle3 cycle4 and reaction time = 90 min. Moreover, the kinetics study

Fig. 16. Reusability percentage of FeNi,@SiO,@TiO, magnetic
nanocomposite.

sustainability and reusability experimental tests. The
achieved results demonstrated a very low reduction of UV/
H,0,/FeNi,@SiO,@TiO, nanoparticles activity at the end of
each cycle. Thus, only 10% of nanoparticle activity dropped
after four consecutive cycles. This reveals that FeNi @SiO,@
TiO, has high reusability and thus their application will be
affordable as a catalyst in photo-catalytic processes.

highlighted that the experimental data of TC degradation
in the applied treatment system could be modeled by the
simplified form of the Langmuir-Hinshelwood equation
(pseudo-first model). As a result, the UV/H,0,/FeNi,/SiO,/
TiO, process can be applied to decompose TC antibiotics
appropriately in optimal conditions.
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