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a b s t r a c t

In recent decades, application of magnetic nanocomposites as a catalyst to remove organic contaminants
and antibiotics has attracted a great deal of attention on account of having production simplicity, stability
and recyclability, operating under environmental conditions, high chemical stability and easier separa-
tion, as well as full degradability of organic materials. This experimental research was conducted at
laboratory scale with the aim of investigating the efficiency of a new magnetic nanocatalyst (FeNi3/SiO2/
CuS) for degradation of tetracycline-the second common group of antibiotics in terms of production and
consumption in the world-in the presence of ultraviolet light in aqueous solutions. To this end, first,
FeNi3/SiO2/CuS was synthesized. The morphology and other characteristics of the produced nanocatalyst
were specified by X-ray diffraction, energy dispersive spectroscopy, field emission scanning electron
microscopy, vibration sampling magnetometer, and transmission electron microscopy. The factors
influencing tetracycline removal by the mentioned nanophotocatalyst, including pH (3, 5, 7, 9), contact
time (5e200min), contaminant concentration (10e30mg L�1), and nanocomposite dose (0.005
e0.1 g L�1), were studied. The results indicated that FeNi3/SiO2/CuS possess accumulation and agglom-
eration structure, good monodispersity, superior magnetic properties (Ms¼ 19.42 emu g�1). In addition,
the findings showed that with elevation of pH, the percentage of degradation increased from 75.6 to
99.5%, and when the nanocatalyst dose and the initial concentration of the contaminant reduced, the
removal percentage increased (95.54e57.7%) and (96.71e78.21%), respectively, so that under optimal
conditions (tetracycline concentration: 10mg L�1, time: 200min, pH¼ 9, nanocatalyst dose: 0.005 g L�1),
the efficiency of the photocatalytic process using FeNi3/SiO2/CuS in tetracycline degradation reached
almost 100% and the mineralization rate was 64.96%. Furthermore, the kinetics of the rate of this
pollutant degradation followed pseudo-first-order kinetics (R2> 0.98) and the constant rate of degra-
dation was obtained as 0.0257 min�1. The findings suggested that after five cycles, the nanocatalyst
efficiency did not decrease significantly, such that the removal efficiency showed a reduction of only 15%
from the first to the last cycle. Eventually, based on the results obtained in the present study, it can be
concluded that the FeNi3/SiO2/CuS photocatalytic process enjoys a suitable efficiency for the removal of
tetracycline from aqueous solutions.

© 2018 Published by Elsevier Ltd.
1. Introduction

Nowadays, a growing public concern has been aroused over the
issue of environmental pollution (Song et al., 2017). Antibiotics are
man-made organic materials traditionally used for preventing hu-
man and animal infections. These materials are considered as
emerging pollutants and today, include a major part of research
related to water and wastewater treatment (Lu et al., 2013). Annual
consumption of antibiotics in the world has been estimated to be
between 100,000 and 200,000 tons. Following consumption,
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antibiotics are seldom metabolized completely in the body, so that
30e90% of them remain active after discharge (Wang et al., 2017).
Accordingly, it can be concluded that annually in good conditions
30,000 but in bad conditions 180,000 tons of active antibiotics
enter into the environment. Indeed, these chemical compounds can
cause contamination of natural environment by developing bio-
logical imbalance and bacterial resistance (Almasi et al., 2016).
Tetracycline [TC] is a bacteriostatic antibiotic that affects gram-
positive and gram-negative bacteria as well as some myco-
plasmas and fungi. TC is used for the selective treatment of in-
fections resulting from chlamydia (cause of trachoma disease,
salpingitis, urethritis, and lymphogranuloma venereum), Rickettsia
(cause of Q fever disease) and mycoplasma. Regarding its mecha-
nism of action, TC develops disorder in the protein-making of
bacteria (by affecting bacterial ribosomes) and prevents their
growth and proliferation (Daghrir and Drogui, 2013). Moreover, TC
has damaging effects on microbial respiration, nitrification process,
and regeneration of iron (III) in soil. Therefore, due to high con-
sumption of antibiotics, their concentration in water increases,
resulting in diminished water quality (Katipoglu- yazan et al.,
2015). The physiochemical property of tetracycline is summarized
in Table 1(Oturan et al., 2013). Moreover, Fig. 1 shows the chemical
structure and functional groups of TC in different pHs in aqueous
solution. Thus far, various methods have been used for the removal
of residuals of TC from aqueous environments. Studies have shown
that absorption methods with the help of activated carbon (Saygilı
and Guzel, 2016), ion exchange (Ma et al., 2014), membrane pro-
cesses (Liu et al., 2016), Chemical Coagulation Method (Saitoh et al.,
2017) and materials such as montmorillonite (Papolo et al., 2008),
aluminum oxide [Al2O3] (Chen and Huang, 2010), chitosan (Caroni
et al., 2009) can be effective in removal of TC. These methods are
often ineffective at low concentrations and are non-economical. For
instance, in the adsorption process, the contaminant is adsorbed by
the adsorbent and no change is developed in its structure, and it
Table 1
The chemical specifications of the tetracycline used in this research.

Tetracycline Chemical formula Molecular weight (g mol�1)

TC C22H24N2O8.HCL 480.9

Fig. 1. Chemical structure and chart o
only changes from solution phase to solid phase. On the other hand,
some adsorbents such as activated carbon are costly and not
economical (Amouzgar and Salamatinia, 2015). The membrane
processes are not economical due to high cost of investment,
operation and maintenance. The chemical coagulation method re-
quires chemicals and produces large amount of sludge during the
process (Saitoh et al., 2017). The disadvantages of the ion exchange
method include consumption of large amounts of chemicals for
regeneration and occupation of larger space considering the vol-
ume of water produced (Salvestrin and Hagare, 2009). Therefore,
based on the results of various studies, it can generally be
concluded that the elimination of antibiotics by physical methods
does not have sufficient efficiency, also biological and chemical
treatments are associated with long-term problems for the first one
and the production of harmful side-effects for the latter. Therefore,
it is evident that the prospect of developing more efficient and
durable systems has become necessary (Assadi et al., 2012).
Advanced oxidation processes [AOPS] are the most effective and
efficient technologies for the decomposition and elimination of
dangerous, biocompatible, and non-degradable organic pollutants
in aquatic environments, which have been widely utilized over the
past decades, and have played an important role in water and
wastewater treatment. The main mechanism of these processes is
based on the production of hydroxyl radicals, which are almost able
to oxidize most of the organic compounds quickly but non-
selectively (Safari et al., 2015). Different advanced oxidation pro-
cesses such as ozonation (Wang et al., 2011), Fenton or electro
Fenton (Barhoumi et al., 2017), ultraviolet radiation (Safari et al.,
2015), etc. have been used to remove organic pollutants, espe-
cially antibiotics from water. Among the various processes of
advanced oxidation, photocatalysis, as a friendly environmental
treatment process is one of the most innovative and promising
technologies that has been considered in recent years to eliminate
organic pollutants and microbial agents due to its low
Solubility (mol l�1) pKa1 pKa2 pKa3

0.041 3.2± 0.3 7.78± 0.05 9.6± 0.3

f TC species in aqueous solutions.
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environmental problems. Semiconductor photocatalyst technology,
as a new eco-friendly technology, has many advantages in
contributing to the degradation of pollutants, such as: excessive
activity of optical degradation and not producing the secondary
pollution. At the same time, some specific semiconductor photo-
catalyst are non-toxic, stable and recyclable, cheap, etc. Therefore,
the technology of semiconductor photocatalyst is used in anti-
corrosion, air purification, antibacterial, fields as well as water
quality improvement. Besides, this technology has many enormous
economic and social benefits. Many semiconductors such as tung-
sten trioxide [WO3] (Singh et al., 2016), cadmium sulfide [CdS]
(V�azquez et al., 2016), zinc oxide [ZnO] (Guo et al., 2014) and tita-
nium oxide [TiO2](Safari et al., 2015) have been studied as a cata-
lyst, for the photocatalytic degradation of antibiotics. Among these
photocatalysts, WO3 is less available; cadmium itself is a toxic
heavy metal and CdS is prone to easy deactivation and photo-
corrosion (Assadi et al., 2012). ZnO and TiO2 havewide bandgap; so,
they can be activated in UV light area which is a little share of
sunlight. Accordingly, these semiconductor photocatalysis have low
efficiency in visible light (Johar et al., 2015). One of the important
semiconductor materials which have excellent physical, chemical,
electrical, magnetic as well as other properties is Copper sulfide
[CuS] with a 2.0 eV band gap (Yang et al., 2014). In recent years,
materials with organic-metal bond such as CuS have attracted a
great deal of attention due to their high photocatalytic potential in
the presence of UV radiation for removing organic compounds from
aqueous environments. The most important advantage of such
materials is the capability of absorbing a wide range of electro-
magnetic waves and their high efficiency in photocatalytic degra-
dation of organic compounds. In addition, non-toxic, absence of
limitation of mass transfer, operating under environmental condi-
tions, high chemical stability within a wide range of pH, and great
resistance to chemical breakdown and optical corrosion and so on
are other major advantages of this catalytic process (Safari et al.,
2015). Although these surfaces enhance the catalyzer's efficiency,
the problem of their recyclability and reusability has not still been
solved completely; therefore, traditional methods of filtration and
centrifugation should still be used. On the other hand, due to
entrapment of reactant materials and products in the pores of these
preservatives, following several times of usage, their catalytic ac-
tivity diminishes. To solve this problem, application of catalyzer
systems based on magnetic nanoparticles has attracted attention,
as magnetic nanoparticles provide reactive molecules with a large
surface area and are also easily separable and reusable using an
external magnet, after completion of the reaction. In recent de-
cades, Nanotechnology has been a high potential for water and
wastewater treatment (Song et al., 2016) and application of mag-
netic nanocomposites as catalysts for removal of organic contami-
nants and antibiotics. This has attracted a great deal of attention on
account of their simple production and easier separation, as well as
their full degradability of organic materials (Kakavandi et al., 2014).

FeNi3 alloy is amagneticmaterial that is widely employed due to
its high saturation magnetization, high permeability, high tem-
perature and low energy losses. There are many concerns about the
synthesis of FeNi3 nanomaterials because each of these two metals
has its own risk, especially nickel nanoparticles which may cause
dermatitis and allergy, and in some cases may be carcinogenic. But
fortunately, it has not yet been reported that FeNi3 is harmful
(Shekari et al., 2017). In spite of the large applications of magnetic
particles in many cases and applied research, their intrinsic insta-
bility in their use over a long term is one of the major problems.
Metal nanoparticles such as (FeNi3) are chemically very active and
are simply oxidized in the air and generally result in the loss of their
magnetic properties and dispersion.
Therefore, keeping them stable for a long time without
agglomerating or sedimentation is a very important issue. Stability
is a decisive requirement for any application of magnetic nano-
particles. Especially for pure metals such as iron, nickel, cobalt and
alloys that are very sensitive to air. It seems that a very simple
method is protection with an impenetrable layer, so that oxygen
cannot reach the surface of the magnetic particle (Nirpuel et al.,
2014). All protective strategies result in magnetic nanoparticles
with core-shell structure, so that the uncoated magnetic nano-
particle -the core-is isolated from the surrounding area by the shell.
These grafting strategies involve coating with organic matter,
including surface stabilizers or polymers, and coatings with min-
eral layers such as silica [SiO2] or carbon. It is worthy of note that in
many cases, the protective shells will also sustain the magnetic
nanoparticles (Nasseri and Sadeghzadeh, 2013).

Accordingly, considering the disadvantages and adverse effects
that antibiotic residuals may exert on the environment and since
application of magnetic nanocomposites is an up-to-date research
for water treatment, and also with regard to the high efficiency of
oxidation processes in removing organic contaminants, the aim of
this research was to investigate the photocatalytic efficiency of a
new synthesized magnetic nanocomposite, FeNi3/SiO2/CuS
[FNSCS], in the presence of ultraviolet light [UV] for removing TC
from aqueous environments.

2. Materials and methods

2.1. Materials

To synthesize FNSCS, polyethylene glycol (PEG) [H(OCH2CH2)-
nOH] (1.0 g. MW 6000), bivalent iron chloride with the chemical
formula of [FeCl2 (4H2O)], nickel chloride [NiCl2 (6H2O)], hydrated
hydrazinium [N2H4.H2O] with a purity percentage of 80%, tetra
ethyl ortho silicate (TEOS) with the chemical formula of
[SiC8H20O4], copper sulfate [CuSO4], ethylene glycol [C2H6O2], and
sodium thiosulfate [Na2S2O3] were used, all of which were pur-
chased from Merck Co. Germany, Furthermore, different concen-
trations of solutions containing the contaminant were prepared by
dissolving TC hydrochloride salt [C22H24O8N2.HCl] (Sigma Aldrich),
as provided in Table 1 with a purity of over 95%. Deionized water
was used for preparation of solutions across all the stages.

2.2. The properties of the synthesized nanocomposite

Field emission scanning electron microscopy [FESEM] (SIGMA
VP-500, Zeiss, Germany) was employed to study the shape, mean
diameter, and details of the surface of FNSCS. Device X Pert Pro
(Panalytical Co.) was used for X-ray diffraction [XRD] analysis in
order to examine the composition and properties of the crystal
structure of the nanocomposite. The average dimension (D) of nano
particles was estimated by DebyeeSherrers Equation (Eslami et al.,
2016).

D ¼ 0:98l
bcosq

(1)

In the above formula, D is the diameter of particles, b is the peak
width of the diffraction peak profile at half maximum height
resulting from small crystallite size (radians), q is the diffraction
angle at the site of peak, and l is the X-ray wavelength of Cu Ka

radiation (nm), (l¼ 0.1540 nm).
In addition, transmission electron microscopy [TEM] device

(EM10C-100 KV, Zeiss, Germany) was utilized to investigate the
sample with a greater resolution and magnification. Quantitative
detection of the constituent elements of the new synthesized



Fig. 2. Schematic drawing of the pilot UV used in study.

N. Nasseh et al. / Journal of Cleaner Production 179 (2018) 42e54 45
magnetic nanocomposite and their weight percentage were ob-
tained by energy dispersive spectroscopy [EDS] (SIGMA VP-500,
Zeiss, Germany). The magnetic rate of the synthesized magnetic
nanoparticle was also determined using a vibration sampling
magnetometer (VSM 7400).

2.3. Methods

2.3.1. Synthesis of FeNi3/SiO2/CuS magnetic nanocomposite
First, based on previous studies, FeNi3/SiO2 was synthesized

(Nasseri and Sadeghzadeh, 2013; Yang et al., 2015). Subsequently,
0.15 g of it was dispersed in 20ml ethylene glycol (EG) for 30min in
an ultrasonic device. The dispersed materials were then poured
into a 500 cc flask and placed inside oil bath at 120 �C. Thereafter,
0.8 g CuSO4 was added to the above mentioned suspension and
copper sulfate was completely dissolved into the contents inside
the flask. Following this stage, 1.9 g Na2S2O3, which had already
been added to 20ml EG, was poured into the suspension containing
FeNi3/SiO2 and copper sulfate, and reflux operation of the sample
was performed at 140 �C for 90min. Following this time and once
the flask cooled down, the obtained product was separated by N42

magnet and washed with ethanol once and with deionized water
several times, and eventually dried at 80 �C in an oven for 5 h (Beyki
et al., 2016). Some of the possible shortcomings of the synthesized
photocatalyst are humidity, sensitivity and using vacuum condi-
tions to prevent oxidation (Fe and Ni) (especially in the first stage of
synthesis).

2.3.2. The experiments of adsorption and photocatalytic removal of
TC

Stock solution (1000mg L�1) of dissolution of TC hydrochloride
salt was prepared in deionizedwater. This solutionwas synthesized
on a weekly basis and kept at 4 �C inside a refrigerator. The vari-
ables studied in this research were pH (3, 5, 7, 9), value of the
magnetic nanocomposite (0.005, 0.01, 0.02, 0.03, 0.04, 0.05, and
0.1 g L�1), initial concentration of TC (10, 15, 20, 25, 30mg L�1), and
contact time (5, 10, 15, 30, 60, 90 and 200min). A magnetic stirrer
with 300 rpm was used for mixing the samples. In addition, to
obtain pHzpc, initial pH values of Sodium chloride [NaCl] solutions
were adjusted to a value between 2 and 12 by adding 0.1M Hy-
drochloric acid [HCl] or 0.1M sodium hydroxide [NaOH] solutions.
The FNSCS photocatalyst (0.1 g) was added to the solution and after
24 h shaking at 300 rpm; the pHfinal was measured and plotted
against pHinitial. The pHzpc is the point where the curve crossed the
line pHinitial¼ pHfinal(Salarian et al., 2016). All the experiments were
performed in a batch system at temperature (5e50 �C) on 200ml
samples (for adsorption experiments) and at room temperature
(24± 2 �C) on 400ml samples inside a 500ml UV reactor (for
photocatalytic process).

It should be mentioned that, in thepresent study, before per-
forming the photocatalytic experiments of FNSCS in the presence of
UV lamp, the container containing the contaminant and magnetic
nanocomposite was exposed to darkness to perform sorption and
desorption experiments for 30min. Thereafter, its concentration
was re-measured, which was obtained as almost 11± 2% and
considered as the initial concentration of the photocatalytic
process.

For radiation of UV, TUV PHILIPS PL-L with a nominal power of
18W, wavelength of 254 nm and radiation intensity of 2500 mcW
(cm2)�1 was used. This lamp was placed in the center of the reactor
inside a quartz sheath. A cooling water wall was devised around the
reactor, which was connected to the weak and direct stream of
water and employed to keep the temperature of the sample inside
the reactor within the range of 24± 2 �C. The samples were with-
drawn from the reactor within certain time intervals using a sample
withdrawal valve (Fig. 2). Following separation of the nano-
composite by the magnet, the residual concentration of TC was
measured by a spectrophotometer device (UV/visible T80þ) at a
wavelength of 358 nm (Liu et al., 2015).

Efficiency of the TC removal process was calculated according to
Eq (2).

Removal % ¼
�
1� Ct

C0

�
� 100 (2)

Where Ct and C0 are the concentration of TC at the time of t and
initial concentration of TC (mg L�1), respectively, and R% represents
the contaminant removal percentage.

Also the mineralization rate was calculated by using the formula
(Lu et al., 2017b):

Mineralization rate ¼�
1� organic carbon content after reaction

total organic carbon content �
� 100

(3)
2.3.3. Determination of kinetics of the reaction rate for degradation
of TC

To examine the catalytic processes for wastewater treatment,
especially pharmaceutical wastewaters, use of reaction rate kinetics
is important. Based on studies, the pseudo-first-order [PFO] ki-
netics model is typically employed for describing photocatalytic
degradation of different organic compounds, especially antibiotics
(Safari et al., 2015).

In general, the rate of heterogeneous catalytic reactions is
explained under the conditions of the Langmuir-Hinshelwood (L-
H) kinetic model (Eslami et al., 2016).

r ¼ k
0
q ¼ �dc

dt
¼ k

0
�

kc
1þ kc

�
(4)

where r is the oxidation reaction rate ((mg L�1) min�1), K0 is
equivalent to the reaction rate constant (min�1), C is the
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contaminant concentration (mg L�1), K denotes the absorption
coefficient of the reactant (mg�1), and q is the fractional site
coverage for the reactant.

For solutions with a very low concentration (e.g., drugs inwater)
with K≪1, the L-H Equation (Equation (4)) is simplified into PFO
kinetics:

dC
dt

¼ kobsC (5)

ln
�
C
C0

�
¼ �kobst (6)

In this equation, Kobs is the constant of the PFO reaction rate
(min�1), t denotes the reaction time (min), C is the residual con-
centration after the time of interest, and C0 represents the initial
concentration of the contaminant (mg L�1).

3. Results and discussion

3.1. Characteristics of the synthesized nanocomposite

To investigate and confirm the accuracy of the magnetic nano-
particles in this study, morphological tests of TEM, SEM, EDX, VSM
and XRD were performed.

3.2. FeNi3/SiO2/CuS

Fig. 3a shows the TEM image related to the nanocatalyst syn-
thesized in this research with a magnification of 46,460 KX, sug-
gesting that the images closer to the surface were images taken
from the sample, the shape of the material did not change, sug-
gesting amorphicity of this nanocomposite. Thus, no regular
structure was suggested for it. Moreover, it can be clearly observed
that the texture of the material in terms of agglomeration was
highly agglomerated, suggesting high density of this material.

Furthermore, Fig. 3b reveals the FESEM image associated with
FNSCS. In the micrograph obtained from the new synthesized
magnetic nanocomposite, it is well observed that the size of the
particles of this nano catalyst ranged from 20 to 70 nm. Clearly, this
material had bulk properties and had a tendency to convert to an
accumulated form, with this agglomeration state possibly due to its
magnetic properties, where the different particles or parts of the
material had absorbed each other and were arranged alongside
each other.

EDS or EDX is a semi quantitative method for determining the
percentage of elements in a sample. This method is based on
interaction between an electron analysis, EDS source and the
sample. This process allows for receiving a range of elements in the
sample by processing the generated X-ray. The descriptive poten-
tials of this method are generally based on the fact that every
element has a unique atomic structure (peaks). Based on Fig. 3c, the
peaks shown in each diagram were associated with one of the
atoms of the synthesized nanocomposite and the height of the peak
represented the concentration of the element of interest in the
sample, where the higher peak led to the greater percentage of the
presence of thematerial. As can be seen in the image, themaximum
weight percentage in FNSCS was associated with Cu and S, while
the minimum percentage belonged to Si in the investigation of the
parameters affecting photocatalytic degradation of TC.

Fig. 3d shows the VSM analysis of each of the nanoparticles
FeNi3 and FeNi3/SiO2 with the new nanocomposite FeNi3/SiO2/CuS,
separately. The obtained magnetic resonance curves show that
nanoparticles and synthesized nanocomposite have a good mag-
netic property, and the magnetic saturation value of FeNi3, FeNi3/
SiO2 and FeNi3/SiO2/CuS is 68.52, 58.99 and 19.42, respectively.
Thus, the synthesis of the final material in this study showed that
FNSCS still has an acceptable magnetic property. Accordingly, it can
be concluded that FeNi3/SiO2/CuS is dispersed easily in water and
can be collected by external magnetic field quickly and then can be
easily dispersed with a slight twitch (Lu et al., 2016).

The XRD patterns of FeNi3, FeNi3/SiO2 and FeNi3/SiO2/CuS have
been presented in Fig. 3 e1.

Three diffraction peaks for FeNi3 (2q¼ 75.47�, 53.56�, and
44.22�) marked by the indexes ((022), (002) and (111)), respec-
tively, were observed. Moreover, it was found that the crystal sys-
tem of FeNi3 is Cubic (ICSD Collection Cod: 040,334). Furthermore,
the wide peak (2q¼ 10�e25�) represented with code of (200) show
amorphous silica (Fig. 3 e2 (ICSD Collection Cod: 646,573). Thus the
presence of silica layer in the catalyzer is confirmed (Nasseri and
Sadeghzadeh, 2013). 2q regions equal to 29.35�, 31.85�, 33.00�,
39.06�, 49.04� and 59.38� identified by index ((201), (301), (600),
(501), (701) and (611)), respectively are the peaks in relation to CuS
(ICSD Collection Cod: 032,105) (Fig. 3e3). The size of the synthesized
nanoparticles and the most intense diffraction peak was calculated
by the Debye-Sherrer equation Eq. (1) as 48 nm, considering the full
width at half maximum (FWHM). Nevertheless, it has been re-
ported that particles size determined by TEM and SEMmethods are
sometimes larger than sizes determined by XRD methods. This
difference could be attributed to two reasons:

1) In SEM and TEM, the obtained nanoparticles tend to accumulate
due to magnetic properties, and thus the particles size was
larger than the size obtained from the Debye-Sherrer equation
which is sometimes higher or lower than 70 nm.

2) TEM and SEM methods showed the particle size while the XRD
methods determined the crystalline size; knowing that the
crystalline size is usually smaller than the particle size
(Suryanarayana, 2004).
3.3. TC adsorption experiments

The experiments of absorption of tetracycline by FeNi3/SiO2/CuS
magnetic nanocomposite in conditions with pH (3, 5, 7 and 9), dose
of nanocomposite (0.005e0.1 g L�1), initial concentrations of TC
(30-10mg L�1), contact time (5e180min) and temperature
(5e50 �C) were performed in the batch system. The effect of pH in
the TC absorption process was investigated in 200ml samples at a
concentration of 20mg L�1 and absorbent dose of 0.02 g L�1 at
room temperature (24± 2 �C) at different pHs. The results are
presented in Fig. 4 b. As can be seen, the absorption of tetracycline
at a contact time of 60min at pH 3, 7, and 9 is 52.24, 37.74 and
25.24%, respectively. This decrease can be attributed to the elec-
trical charges of TC as well as the superficial charge of the absorbent
in different pHs. When the pH is in acidic environment, the
absorbing surface is bombarded with Hþ ions. So this type of sur-
face is very suitable for adsorption of negative charge ions. In
addition, tetracycline is present in acidic, neutral and alkaline en-
vironments with functional groups such as amine, carboxylic,
phenolic, alkylic and ketone. According to Fig. 1 and Table 1,
tetracycline has 3 types of acid decomposition (PKa) (3.3, 7.7 and
9.7). In acidic conditions, due to proton bombardment of dime-
thylamine groups in tetracycline, this pollutant has a positive
charge and has positive/negative loads at pH values of 3.7e7.7 in
neutral form. This kind of tetracycline molecule in neutral condi-
tions is due to the fact that the amount of protons in the semi-
saturated group of phenotype diketone has been lost. Finally,
tetracycline molecules have a negative charge in alkaline



Fig. 3. The morphology and other characteristics of the magnetic nanocomposites.
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Fig 4. Tetracycline absorption experiments on the FeNi3/SiO2/CuS nanocomposite. a)
Zeta potential of FeNi3/SiO2/CuS at different pH values, b) Tetracycline (TC) adsorption
by nanocomposite FeNi3/SiO2/CuS with different pH (initial TC concentra-
tion¼ 20.0mg L�1, FNSCS dose¼ 0.02 g L�1, Time: 200min).
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environments (G�omez-Pacheco et al., 2012; Chen and Huang,
2010). Besides, the absorber isoelectric point (pHzpc) is about 6.25
(Fig. 4 a), as it is well known, the charge level of the absorbent in
pH< pHZPC is positive and at a pH higher than pHZPC, the adsorbent
has a negative charge. According to the above description, the effect
of the pH of the solution on the efficiency of tetracycline removal
can be justified by the FeNi3/SiO2/CuS adsorbent. In acidic pH less
than 5.5, most of the predominant species in tetracycline have a
negative and somewhat positive load, while the adsorbent surface
has a positive charge. Therefore, electrostatic gravity between
negative tetracycline molecules and adsorbent positive surface will
increase the absorption efficiency (Noorisepehr et al., 2014).
Following this, with increase in the pH of the solution and reaching
about 9, the adsorbent level has a negative charge due to the
presence of negative charge ions (OH�), and on the other hand,
tetracycline molecules also have a negative charge. Therefore, the
efficiency of the absorption process is reduced.

Furthermore, at 180min, the efficiency of TC adsorption
increased from 37.02 to 69.02% by increasing FeNi3/SiO2/CuS
nanocomposite dosage. This can be due to the enhancement in
exchange sites at the adsorbent surface. In addition, absorption
percentage decreased (from 79.92 to 53.02%) with the elevation of
the initial concentration of TC (from 10 to 30mg L�1) at 180min,
which was due to the fact that FNSCS absorbent has a limited
number of active sites, which might be saturated at high concen-
trations (Ali et al., 2018; Nasseh et al., 2017b). Eventually, in the
adsorption process, it was found that with the elevation of tem-
perature from 5 to 20 �C, there was a remarkable increase in the
removal percentage of TC (from 41.3 to 68.02%), while the
temperature increased from 20 to 50 �C, the extent of pollutant
adsorption grew mildly (68.02e73.84%) at 180min. The reason for
the elevated removal percentage, in this part can be attributed to
the increase in adsorption reaction rate, because the adsorption
process is endothermic (Nasseh et al., 2017a).
3.4. Investigation of the parameters affecting photocatalytic
degradation of TC

3.4.1. The effect of pH
Based on the results obtained from various studies, pH plays an

important role in the degradation and removal of antibiotics. In
advanced oxidation processes, pH can have a huge influence on
absorption capacity, distribution of electric charge on the catalyst
surface, degradation rate of the contaminant, and oxidation po-
tential of the valence band. In this research, pH also had a signifi-
cant effect on the process of degradation of TC, so that at pH¼ 9 and
pH¼ 3, the highest and lowest degradation percentage, respec-
tively, were obtained (Fig. 5a). Accordingly, photocatalytic degra-
dation of TC better occurred in alkaline conditions (G�omez-Pacheco
et al., 2012).

Previous studies have explained this based on the fact that with
elevation of pH of the solution, quantum efficiency of TC increased.
TC is an amphoteric molecule with multiple ionizing functional
groups. As mentioned earlier, different functional groups of TC had
different pKa at various pHs in aqueous environments. According to
Fig. 1, three protonated functional groups were introduced in TC
molecule including TC1 (tricarbonyle methane group), TC2
(phenolic deketone group), and TC3 (dimethyl amino group) as
presented in Fig. 1. Therefore, the effect of changes of pH on
degradation rate and quantum efficiency of TC can be attributed to
dominance of one or several genera of TC in environments with
different pHs. Various research projects have also reported the
same results (Pablos et al., 2010). This study showed that in a
photocatalytic process, where there was H4TCþ in the environment,
TC degradation was minimum. At pH¼ 3, after 200min, the
contaminant removal percentage reached 75.6%, whereas when
H2TC� was dominant, the removal percentage in this process
increased (in pH¼ 9, reaching 99.5% within this time), since elec-
tron density in the cyclic system of H2TC� was larger than that in
H4TCþ in TC molecule, and thereby enhanced the aggression of
radical genera (Pablos et al., 2010; Xue et al., 2015). This is in line
with the results obtained by Xue Zheua et al. Yan Ma et al. (Xue
et al., 2015; Ma et al., 2012).

Also, according to the semiconductive photocatalytic processes
mechanism, the most important agents of oxidation at neutral and
alkaline pHs were OH radicals, which resulted from the reaction
between hydroxide ions (OH�) and positive holes (Long et al.,
2017). On the other hand, at acidic pHs, the most important
oxidizing agents were on the positive holes (Safari et al., 2015).
Furthermore, the surface available to the magnetic nanocomposite
for absorbing TC and optical photons decreased at acidic pH in
aqueous solutions, as the nanocatalyst particles intended to accu-
mulate and agglomerate, and thus the removal percentage of this
process was lower at acidic pHs. The reaction mechanism can be
listed as follows (Xue et al., 2015):

Photocatalyst !hwhþ þ e� (7)

H2Oþ hþ/ � OH þ Hþ (8)

OH� þ hþ/ � OH (9)



Fig. 5. a) Tetracycline (TC) degradation by nano photocatalysis FeNi3/SiO2/CuS with different pH. b) Compare of the reaction rate constant (kobs) for photocatalytic degradation of TC
at different pH.
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Fig. 6. Effect of Nanocomposite Dosage in the presence of UV light on tetracycline
degradation.

Fig. 7. Compare of tetracycline degradation in various processes with optimal
conditions.
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(10)

(11)

�HO2 þ �HO2 /H2O2 þ O2 (12)

(13)

HO�
2 þ Hþ/H2O2 (14)

According to Equations (7)e(9), it is understood that the for-
mation of the �OH under UV light causes reaction positive holes
and H2O as well as OH� on the surface of photocatalyst.

If in the acidic condition of the solution, Hþ ions are too high and
concentration of OH� ions is low, the production of �OH is stopped.
In addition, the reaction of Equation (11) was done in the opposite
way. Therefore, the generation of �OH2 is reduced. As a result of this
change, the reaction in Equations (12)e(14) is stopped and finally
these reactions led to inhibition of oxidation. Based on these
changes, photocatalytic processes do much better in neutral or
alkaline condition rather than acidic condition.

The results of changes in pH indicated that the kinetics of the
photocatalytic reaction of FNSCS in removing TC followed the PFO
model with a correlation coefficient of R2> 0.9. Furthermore, Kobs at
pHs 3 and 9 was obtained as 0.0068 and 0.235 min�1, respectively,
suggesting high reaction rate at pH¼ 9. Fig. 5b represents Kobs
across different pHs of this process. Furthermore, Fig. 5c demon-
strates the absorption spectrum associated with photocatalytic
degradation of TC across different pHs. As can be observed, the
highest peak was related to initial concentration of TC (20mg L�1).
The other spectra were associated with the removal of TC across
different pHs. Based on the image, it is evident that at different pHs,
the absorption spectrum of the contaminant was higher and with
elevation of pH toward neutral and especially alkaline pHs, the
height of the peak declined, confirming the increased removal
percentage of TC at pH¼ 9.

3.5. Comparison of UVeVisible spectra of TC in different pH

3.5.1. The effect of the dose of FNSCS
The effect of the dose of FNSCS was examined within the range

of 0.005e0.01 g L�1 in the presence of UV light for degradation of
TC. The experiments were conducted on 20mg L�1 TC at pH¼ 9. As
can be seen in Fig. 6, the removal efficiency of TC decreased in the
presence of UV light with elevation of the FNSCS dose, such that
after 200min, at 0.005 and 0.1 g L�1, the removal percentage
decreased to95.54 and 57.7%, respectively.

Numerous studies have confirmed these results (Lu et al.,
2017a), where it seems that development of turbidity in the solu-
tionwith elevation of the content of FNSCS is one of the reasons for
the diminished removal efficiency of TC, causing a complete dis-
order in transmission of light in the solution (Eslami et al., 2016;
Safari et al., 2015; Xue et al., 2015). To remove turbidity and
investigate the effect of elevation of the FNSCS dose in removing
the contaminant in the presence of UV light, the blending factor
was removed and the nanoparticles were poured into the UV pilot
without turning on the magnetic stirrer. The results showed that in
spite of the increased removal percentage with elevation of the
FNSCS dose (at 200min of contact time, the removal percentage
grew from 33 to 49.6% for 0.005 and 0.1 g L�1, respectively), it was
insignificant in comparison with the time when blending occurred
in the pilot; this is because the maximum removal percentage of
the contaminant in the photocatalytic process with the blending
was 96.17%, which was significantly different from the rate ob-
tained during the absence of blending. This result confirms that
blending in the pilot is a very important determining factor for
contaminant removal (Fig. 7).

The second reason for the diminished removal percentage with
elevation of the nano catalyst dose can be attributed to the fact that
at high doses, the nanocomposite finds an agglomerated or
precipitated form, causing diminished active sites available for
absorption of photons on its surface (Rashid et al., 2015).

As can be seen in Fig. 6, the removal efficiency occurred with a
high rate at early minutes, such that at 90min, the removal per-
centage increased significantly, after which the TC removal per-
centage in this photocatalytic process did not have a considerable
increase and the rate of contaminant degradation did not increase
significantly. Therefore, the optimal nanocomposite dose and irra-
diation time for the FNSCS/UV process were 0.005 g and 90min,
respectively, which is also very economical. It is probable that in
real wastewaters, due to the presence of different anions including
bromine, phosphate, chlorine, and sulfate, diminished permeation
of light would occur in the photocatalytic process, thereby
decreasing the removal percentage. The above results are in line
with the results of other studies reported on photo catalysis of 2-
chlorophenol (Rashid et al., 2015), TC (Xue et al., 2015; Safari
et al., 2015), amoxicillin, ampicillin, and cloxacidine (Elmolla and
Chaudhuri, 2010).

Furthermore, Eslami et al. in their study used a photocatalytic
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degradation process of nonsteroidal anti-inflammatory drugs of
naproxen and ibuprofen and N, S co-doped TiO2 nanoparticles in
the presence of visible light. They found that the extent of degra-
dation of these drugs increased with elevation of the nano-
composite dose from 0.5 to 2 g L�1. However, further elevation
above 2 g L�1 resulted in diminished efficiency of the process
(Eslami et al., 2016). Similarly, regarding photocatalytic degradation
of TC using TiO2 nanoparticles in the presence of UV light, Safari
et al. conducted a study and found that the maximum extent of
degradation occurred at 1 g L�1 of TiO2 (Safari et al., 2015).

3.5.2. The effect of tetracycline (TC) concentration and contact time
To examine the effect of TC concentration on the removal effi-

ciency, different concentrations of TC (10, 15, 20, 25, and 30mg L�1)
were used across seven different contact times with the optimized
concentration of FNSCS (0.005 g L�1) at pH¼ 9. The results are
provided in Fig. 8. As can be seen, the TC removal percentage
decreased significantly with elevation of the concentration. For
instance, the TC removal efficiency at 10mg L�1 at 90min was
obtained as 96.71%, whereas this efficiency at the initial concen-
trations of 15, 20, 25, and 30mg L�1 was 90.39, 84.34, 81.4, and
78.23%, respectively. The reason for the elevation of photocatalytic
degradation with reduction of the TC concentration can be attrib-
uted to the fact that under similar conditions, the FNSCS concen-
tration, contact time, and pH of the density of hydroxyl (�OH) free
radicals were equal in the solution. Accordingly, TC reaction with
�OH grew at lower concentrations, causing increased degradation
of TC by free radicals. In addition, with elevation of the concen-
tration of the contaminant, the ray radiated by TC molecules was
absorbed and did not reach the surface of all catalyst particles.
Moreover, in response to lack of excitement of all the catalyst
particles, the extent of degradation decreased significantly (Safari
et al., 2015).

Note that UV radiation alone was effective in removing TC by
33.26% within 200min.

To investigate the kinetics of photocatalytic degradation of TC in
the FNSCS/UV process across different concentrations, the experi-
ments were conducted under optimal conditions (nanocatalyst
dose: 0.005 g L�1, contact time: 90min, and pH¼ 9). The initial
concentration of TC for investigation of the TC degradation kinetics
and optical process mechanism was determined after 30min of
absorption and darkness (Safari et al., 2015). The results revealed
that the (PFO) kinetics model was a suitable model for describing
the rate of this reaction and covered the results for all different
concentrations of TC, such that R2 values were close to 1 and the
reaction rate constant diminished with elevation of the TC con-
centration (Dimitrakopoulou et al., 2012). At high concentrations,
Fig. 8. Effect of initial concentration of tetracycline in the presence of UV light.
due to elevation of the concentration of transition products, the
activated hydroxyl radicals in the reaction became limited and
therefore decreased the degradation rate constant (Fig. 9 and
Table 2).

Based on the results obtained from the previous steps for opti-
mizing the parameters affecting the photocatalytic degradation of
tetracycline, the mineralization rate of this process in optimal
conditions (tetracycline concentration: 20mg L�1, time: 200min,
pH¼ 9, nanocatalyst dose: 0.005 g L�1) was obtained by the ANA
TOC device made by SGE Australia, using the method of 5310 B, the
Standard Methods - For the examination of water and waste-
water(Federation and Association, 2005).

The results showed that the initial TOC of tetracycline before the
start of the degradation process was 117 but after the completion of
the process, reached 41. In other words, the mineralization rate of
this process was 64.96%.
3.6. Experiment for investigation of stability and recycle of FeNi3/
SiO2/CuS

A key parameter for measuring the activity and stability of solid
catalysts can be their recycling. For this purpose, to investigate the
recoverability or recyclability of the nanocomposites synthesized in
this research as an optical catalyst, TC degradation experiments
were conducted in 5 periodic cycles under the following condi-
tions: TC concentration¼ 20mg L�1, FNSCS/UV dose¼ 0.01 g L�1,
contact time¼ 90min, and pH¼ 9. Following each cycle, the nano
catalyst of interest was separated from the solution by a magnet,
washed several times with deionized water, dried in an oven at
80 �C, and reused in the beginning of the next cycle of TC removal.
Eventually, the residual concentration of TC following each indi-
vidual cycle was measured.

The results of the experiments are provided in Fig. 10, suggest-
ing that following the five cycles, the nano catalyst efficiency did
Fig. 9. The kinetic curve of the pseudo-first-order equation of tetracycline degradation
at different concentrations.

Table 2
Kinetics parameters of pseudo-first-order for degradation of TC degradation at
different concentrations.

Concentration (mg/L) Equation K0 (min�1) R2 t1/2 (min)

10 Y ¼ 0.0257xþ1.0758 25.7� 10�3 0.9933 26.9
15 Y ¼ 0.0157xþ0.9309 15.7� 10�3 0.9938 44.1
20 Y ¼ 0.0106xþ0.9305 10.6� 10�3 0.9849 65.37
25 Y ¼ 0.0096xþ0.8483 9.6� 10�3 0.9849 72.2
30 Y ¼ 0.0085xþ0.7747 8.5� 10�3 0.9952 81.53

t1/2¼ 0.693/K0.



Fig. 10. Diagram of tetracycline antibiotic degradation in photocatalytic process of
FeNi3/SiO2/Cus nanocomposite in during 5 cycles of reuse.
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not have a significant reduction; accordingly, the removal efficiency
was 87.07% in the first cycle, which decreased to 71.24% in the last
cycle, showing only 15.83% reduction. This can be due to the
diminished mass of the nano composition over the several cycles
(Kakavandi et al., 2016; Zhang et al., 2015). Based on this stage of
the experiment, it can be concluded that this synthesized nano-
composite is not deactivated along the optical catalytic reactions
and its application is economical in terms of operational costs due
to its high reusability potential.
(25)
3.7. CuS photocatalysis mechanism

The main characteristics of semiconductor photocatalytic pro-
cess are Valence and Conduction bands. The area between these
two bands is called “Band Gap".

When optical photons of equal or higher energy (hy) than the
band gap of CuS photocatalysis illuminates the semiconductor, the
photo excitement of the Valence band electron as well as the ab-
sorption of radiation occurs. Therefore, the excited electrons (e�)
existing in the Valence band are transmitted to the conduction
band. This results in the promotion of positive hole (hþ) in the
valence band (Equation (15)).

CuS!hw CuS
�
e� þ hþ

�
(15)

The e-and hþ can both move to the surface of the CuS catalyst, in
which they can begin remediation reactions with other species.

The positive holes (hþ) are excellent oxidants that can result in
direct and indirect oxidation of adsorbent pollution (TC). When the
oxidation process is direct, the pollutants are oxidized by hþ

(Equation (16)).

�
hþ

�
þ TC/ TCþ (16)

Besides, when the oxidation process is indirect, the hþ can react
with electron donors such as hydroxyl ions and water in order to
produce strong oxidizing �OH radicals (Equations (17) and (18)).
�
hþ

�
þ H2O/ � OH þ Hþ (17)

�
hþ

�
þ OH�/ � OH (18)

In the case e�, electron acceptors can scavenge them to stop the
recombination with hþ.

The molecules of oxygen (O2) are among the acceptors which
can be reduced by the e� to superoxide form (�O2

�) (Equation (19)).

(19)

Therefore, a series of more reactions could occur to generate an
additional pathway of radical OH (Equations (20)e(24)).

(20)

2 � HO2/ H2O2 þ O2 (21)

(22)

H2O2 þ e�/OH� þ �OH (23)

H2O2 þ
�
hþ

�
/2 � OH (24)

These active radicals can degrade TC.
We can see from the above mechanism that electron-hole pair is
very important in the reaction of photocatalysis (Lu et al., 2015;
Lam, 2016).
4. Conclusions

In this research, FeNi3/SiO2/CuS synthesized and characterized
as a new magnetic photocatalysis for determining optimal condi-
tions of degradation of TC was examined. Based on the analyses of
the characterization of the nanocomposite, it was found that this
magnetic nanocatalyst was homogeneous and synthesized prop-
erly. In addition, the results showed that FNSCS was super-
paramagnetic at room temperature (Ms¼ 19.42 emu g�1);
therefore, it can be easily separated from the solution with an
external magnetic field.

This study indicated that photolysis process (in the presence of
UV alone) cannot be very effective for TC removal. However, addi-
tion of the nanocatalyst synthesized in this study for this process
enhances the contaminant removal percentage significantly.
Accordingly, this combined process can be employed as a suitable
method for removing this barely biodegradable contaminant from
water and wastewater. Also, results showed that, the maximum
extent of TC degradation in the presence of FNSCS and UV light
reached 96.71% and the mineralization rate was 64.96%, under the
optimal conditions of the reaction (contact time: 90min, catalyst
dose: 0.005 g L�1, pH¼ 9). The kinetics of the TC photocatalytic
degradation reaction followed the pseudo-first order equation
(R2> 0.98) and the rate constant was obtained as 0.0257 min�1.
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This process was influenced by pH and the degradation rate
decreased with elevation of pH from 3 to 9. With elevation of the
nano catalyst dose from 0.005 to 0.01 g L�1, the removal percentage
decreased due to interference in UV light absorption. Furthermore,
removal of TC using the intended magnetic nano catalyst dimin-
ishedwith elevation of the initial concentration of the contaminant.
The results obtained from optical catalyst experiments indicated
that the new nanocomposite synthesized in this research enjoyed a
high recoverability and reusability, as the TC removal percentage
diminished by only 15% following five periodic cycles, since the
descending trend of the removal percentage was lower in the final
cycles, when compared with the early cycles. Eventually, based on
the results obtained in this research, it can be concluded that the
FNSCS photocatalytic process enjoys a suitable efficiency for
removing TC from aqueous environments and it is economical
regarding its recyclability.
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