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ABSTRACT

This paper aims to investigate the efficiency of Fenton (FeNi,/H,O,) and heterogeneous Fenton-like
(FeNi,/SiO,/H,0,) catalytic processes in the degradation of tetracycline from simulated wastewa-
ter. The effect of pH, initial concentration, catalyst dosage, hydrogen peroxide concentration, and
time were evaluated. Results showed an increase in the percentage of degradation of tetracycline
following the increase of the dose of catalysts and the concentration of hydrogen peroxide. The high-
est removal efficiency of tetracycline was obtained at neutral pH, in presence of 0.1 g/L of catalyst
and 200 mg/L of hydrogen peroxide after 180 min. Furthermore, the kinetics of degradation reactions
followed the first-order model. Results demonstrated the efficiency of the used nanocatalysts FeNi,
and FeNi/SiO, on the degradation of the sewage containing antibiotic tetracycline by Fenton and
heterogeneous-like Fenton processes. Furthermore, they confirmed the possibility of their recycling.
Scanning electron microscopy, transmission electron microscopy, X-ray diffraction, and vibration
sampling magnetometer were used for the characterization of the synthesized nanocatalysts.
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1. Introduction

The presence of compounds and drug residues in the
environment, especially in water resources, presents a major
issue due to their persistence and degradability [1]. Antibiotics
along with household (domestic) wastewater, pharma-
ceutical industries wastewater, hospital waste, veterinary

* Corresponding author.

clinics, agricultural products, and fish farming ponds sig-
nificantly enter into water resources and environment [2,3].
Tetracyclines are the second most common group of antibi-
otics in terms of production and consumption worldwide [4].
The presence of these antibiotics in the environment, such
as the aqueous environment, causes various reactions from
simple allergies to direct toxicity in some cases. Moreover,
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tetracycline has destructive effects on microbial respiration,
the nitrification process, and the recovery of iron 3 in the soil
environment [4-7]. Therefore, due to the high consumption
of antibiotics, their concentrations increase and therefore
threaten the water quality. So far, physical, chemical, and
biological methods have been used to minimize the harmful
effect of these toxic pollutants from aqueous environment.
Adsorption methods, electric coagulation process, mem-
brane process, chlorination, chemical coagulation, and ion
exchange are massively used for the removal of these com-
pounds [8]. However, because of low efficiency, investment
cost, difficult management, and maintenance, these methods
are not economical. Furthermore, some of these methods
have disadvantages such as producing a lot of sludge, high
consumption of chemicals [9], destroying antibiotics only in
a low concentration and long-time requirement to remove
pollutants [10]. The advanced oxidation process (AOPS) has
attracted great attention in recent decades due to the produc-
tion of active radicals such as hydroxyl to oxidize organic
compounds and purification of drinking waters [11,12]. The
traditional Fenton system is one of the processes that have
been used since its discovery. This process does not require
special equipment, the use of iron salts and hydrogen perox-
ide (H,0,) is economical and environmentally friendly [13].
However, they have some disadvantages that should not be
overlooked; for example, the homogeneous Fenton catalytic
process requires many iron ions. Moreover, the catalysts used
in the homogeneous Fenton process are difficult to be isolated
and the hydroxyl radicals produced in the process increase
the concentration of iron ions rapidly, somehow considered
as secondary pollutants and, thus, high chemical material is
wasted [14]. Being limited to acidic pH is the main limitation
of the homogeneous Fenton process. Furthermore, in many
cases, homogenous catalysts in the Fenton process require
additional energy from external sources such as electricity,
sonication, ultraviolet light, etc. for speeding up the process,
which accordingly will increase costs [15,16]. Nowadays,
studies have mostly focused on Fenton and heterogeneous
Fenton-like processes, where solid catalysts with metal base
are used instead of iron ions in the homogeneous Fenton pro-
cesses [17]. The amount of sludge produced by this process
is adjustable and does not need purification. Most Fenton
and Fenton-like heterogeneous catalysts are porous materials
(in nano or micro size); therefore, due to their porous nature,
the pollutants may be adsorbed onto the catalyst surface
[18]. Moreover, catalyst recovery is among the other advan-
tages of heterogeneous Fenton-like processes so that they can
remain stable even when used several times. Recently, new
materials and solutions have been introduced for wastewater
treatment with the introduction of new technologies such as
nanotechnology [17-19]. Important reagents in the oxidation
of antibiotics are high-capacity metals, non-metal oxidants,
mineral salts, and organic peroxides [16]. However, despite
these benefits, these compounds have some drawbacks such
as high solubility in polar solvents and low effective surface
area. Many efforts have been made to put these compounds
on porous solid surfaces such as zeolite, silica, and alumina,
etc., aimed at overcoming these limitations. Although these
levels increase the catalyst efficiency, the problem of recycling
and reusing them is still not fully solved, and the traditional
filtering and centrifuging methods must still be used and due

to trapping the reactants and the product in the cavities of
these preservatives, after several times of use, their catalytic
activity decreases [14]. The use of magnetic nanoparticles
catalytic systems has been considered to solve this problem,
as magnetic nanoparticles, in addition of providing a large
surface for reactive molecules, it is easy to separate and reuse
with the aid of an external magnet after the termination of the
reaction. It should be noted that it is necessary to make certain
modifications on their surface to increase their applicability in
different conditions [17]. Surface cover acts not only to protect
magnetic nanoparticles against oxidation and degradation
but also to further functionalization with specific compounds
such as catalytic active materials [20]. Due to some proper-
ties such as relative ease of preparation, good environmental
sustainability, and compatibility with other materials, silica is
an appropriate option for coating nanoparticles. Silica coating
not only protects the magnetic core but also prevents direct
contact with the compounds attached to the silica surface,
as well as unwanted combinations [12]. The coating of FeNi,
nanoparticles with SiO, can effectively improve the electrical
resistance of materials in high-frequency operations [21,22]. So
far, various methods have been used for preparing nanopar-
ticles of magnetic alloys and their nanocomposites. However,
many of them require severe and inappropriate conditions,
such as high pressure, high temperature, vacuum, or H,. In
fact, much concern is related to evaluating the hazards of Fe
nanoparticles. Although Nickel nanoparticles cause allergies
and dermatitis, no report has been made on the harmfulness
of FeNi, nanoparticles. In this study, FeNi, nanoparticles were
prepared with hierarchical structures using polyethylene gly-
col (PEG) [20]. Therefore, the purpose of the present study is
to evaluate and compare the efficiency of FeNi, and FeNi,/
SiO, nanoparticles in the degradation of tetracycline antibiot-
ics in the processes of Fenton (FeNi,/H,O,) and heterogeneous
Fenton-like (FeNi,/SiO,/H,0,), respectively.

2. Materials and methods
2.1. Chemicals

For the synthesis of FeNi, nanoparticles and FeNi,/SiO,
magnetic nanocomposite, materials such as PEG (1.0 g MW
6000), NiCl, (6H,0) nickel chloride, bivalent FeCl, (4H,O),
sodium hydroxide (NaOH), hydrazine hydrate (N,H,-H,0)
with a purity of 80%, tetraethyl orthosilicate (TEOS) with
molecular formula (SiC;H,,O,), ammonia (NH,) were used,
all of which the products of Merck GmbH pharmaceutical
company (Germany).

Different concentrations of contaminated solutions
were made from an antibiotic solution. The specifications
of tetracycline powder used in this study are presented in
Table 1. It should be noted that deionized water was used
to prepare solutions at all stages.

2.2. Characterization of the catalyst

The morphological characterizations of samples were
determined by transmission electron microscopy (TEM)
device Zeiss-EM10C-100 KV model (Germany) with a high
resolution made in Germany with higher resolution and
magnification. The determination of the shape, medium
diameter, details of the surface of the nanocomposite, and
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Table 1
Chemical characteristics of tetracycline used
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Tetracycline Molecular Molecular weight Solubility pKa, pKa, pKa,
formula (g/mol) (mol/L)
TC C,,H, N,O, HCL 480.9 0.041 32+0.3 7.78 £ 0.05 9.6+0.3

the synthesized nanoparticle were performed using the field
scanning electron microscopy (FESEM) with SIGMA VP-500
made by ZEISS, Germany. The determination of the compo-
sition and characteristics of the nanocomposite crystalline
structure were done by X-ray diffraction (XRD) characteri-
zations using an X-ray diffractometer Panalytical’s X model
device made by Pert Pro Company (Cambodia). The deter-
mination of the magnetic rate of the synthesized magnetic
nanoparticle was carried out by magnetometer device with
oscillating sample with a vibration sampling magnetometer
(VSM) 7400 model.

2.3. Synthesis of FeNi, nanoparticle

The nanoparticles were synthesized according to Nasseh
et al. [23]. First, 1 g of PEG 6000 was dissolved in 300 mL of
deionized water. Then, 1.4 g of nickel chloride and 0.6 g of
iron chloride were dissolved in two containers containing
30 mL of deionized water separately and added to the first
solution. After perfect mixing, using sodium hydroxide 1
normal, the pH of the solution in an alkaline limitation was
adjusted from 12 to 13, and then 27 mL of hydrazine hydrate
(N,H,-H,O) was added to the prepared suspension. The reac-
tion was carried out for 24 h at room temperature and during
this time the pH was regularly monitored to maintain the
desired range [24].

2.4. Synthesis of FeNi /SiO, nanocomposite

FeNi, alloy is a magnetic material widely used due
to its high saturation magnetism, high permeability, high
temperature, and low energy losses. However, these nano-
adsorbents are easily oxidized and rust, thus, the research-
ers generally used functionalized polymers, antioxidants
materials, or metal oxides. Silica coating prevents iron oxi-
dation. Moreover, the silica coating can provide the con-
text for corrections in the nanoparticle surface by creating
Si-OH groups. For this purpose, after the synthesis of FeNi,,
this magnetic nano-core was core shelled with SiO, [20,24].
Then, 0.5 g of synthesized FeNi, magnetic nanoparticles in
a mixture containing 80 mL of ethanol and 20 mL of deion-
ized water and 2 mL of ammonia of 28% was dispersed.
Then, 1 mL of TEOS was added to the previous solution and
was stirred at 300 rpm for 24 h at room temperature. Finally,
the FeNi,/SiO, magnetic nanoparticle obtained was washed
several times with water and ethanol. The synthesized
nanocomposite was dried in a vacuum oven at 353.15 K
for 8 h after separation by an external magnetic field [25].

2.5. Experiments of adsorption and degradation of TC

The stoke solution used in this study was prepared by
solubilizing tetracycline hydrochloride salt (C,,H ,O,N,-HCL;
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Fig. 1. Experimental method used for the preparation of tetracycline acetone solution.
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purity higher than 95% and obtained from the Sigma
Aldrich Company, United Kingdom) in deionized water.
This solution was made weekly and was stored in the dark at
277.15 K in the refrigerator.

The variables studied were pH (3, 5, 7, and 9), initial
concentration of tetracycline (10, 15, 20, 25, and 30 mg/L),
contact time (5, 10, 15, 30, 60, 90, and 200 min), the value of
magnetic nanocomposite (0.005, 0.01, 0.02, 0.03, 0.04, 0.05,
and 0.1 g/L), and hydrogen peroxide concentration (50,
100, 150, and 200 mg/L). It should be noted that a magnetic
stirrer (COMBI-Shaker, NB-101MT, France) at 350 rpm
was used to mix the samples and pH meter model (Knick,
Calimatic) was used for the adjustment of pH with NaCl
and NaOH (0.1 Na). All experiments were carried out in a
discontinuous system at room temperature (273.15 K) on
400 mL specimens. In the next step, these synthetic mate-
rials were used as a catalyst in the presence of hydrogen
peroxide for the degradation and removal of this antibiotic.
It should be noted that in the samples containing hydrogen
peroxide immediately after sampling, 200 uL of Na,S,0,
0.2% solution was used to minimize the interference effect
of H,0, in the results [26]. All experiments were done in
a discontinuous system at room temperature (273.15 K).
The samples were extracted from the reactor at specified
intervals using a sampling tap.

After separating the nano-composite by a magnet,
the remaining tetracycline concentration was measured
using a spectrophotometer device (T80 + UV/visible) at
A =358 nm [27] verifying the law of the Beer-Lambert with a
correlation coefficient (R?) equal to 0.999.

R% = [(CU—C(t))‘| x100
G

where C; and C, respectively, are the initial concentration
and the final concentration of mg/L [28,29].

)

v
quﬁx(co—c,) )

where g, is the adsorbent equilibrium capacity in mg/g;
V is the volume of solution in L, M is the adsorbent mass
in g, C;, and C, respectively, the initial concentrations and
final concentration in mg/L [30,31].
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2.6. Effect of kinetic study

The determination of the kinetics of reaction rate was
performed in order to investigate the catalytic processes for
treating wastewater, especially pharmaceutical wastewater.

Based on results obtained, the pseudo-first-order model
described well the photocatalytic degradation of various
organic compounds, especially antibiotics. Generally, the
reaction rate for the removal of pollutants, such as heteroge-
neous catalytic processes, as well as photocatalytic processes,
are described by Langmuir-Hinshelwood (L-H) under the
conditions of the kinetic model illustrated in Eq. (3).

r=k'9:—d—czk' KE
dt 1+ KC

where r is the oxidation reaction rate (mg/L/min), k' is the
of the reaction rate constant (1/min), C is the pollutant
concentration (mg/L), K is the adsorption coefficient of
reactant (mg/L), and 0 equals the reactor site. For solutions
with very low concentrations (such as drugs in water) with
K<<1, the L-H [Eq. (1)] is simplified into a first-order kinetics
law (PFO) as illustrated in Eqs. (4) and (5).

®)

dcC
—=k, C 4
d t obs ( )
C
In| — |=-k ¢t 5
(CO j obs ( )
where k, is the constant pseudo-first-order reaction

observed (1/min), t is the time for reaction (min), C is the
remaining concentration after the given time, and C is the
initial concentration of the pollutant in terms of (mg/L) [32].

3. Results
3.1. Characterization of catalyst

Fig. 3a presents the FESEM images obtained for the
surface morphology of the synthesized nanoparticles
FeNi, and FeNi,/SiO,. The micrographs obtained from the
synthesized materials are well defined and showed an
increase in the particle size from the beginning of synthesis
to the end. The average particles sizes is 45.02 and 47.31 nm,

Sean Specine Cura
1.000
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Fig. 2. UV spectrum of 20 mg/L of tetracycline solution at the wavelength A = 358 nm.
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Fig. 3. Specifications of nanoparticles synthesized in the present study (a) FESEM ((al) FeNi/SiO, and (a2) FeNi,), (b) TEM

((b1) FeNi/SiO, and (b2) FeNi,), (c) XRD, and (d) VSM.

respectively the FeNi, (Fig. 3a,) and FeNi,/SiO, (Fig. 3a,).
Based on these observations, it is clear that the materials
have a massive property that tends to an accumulation or
an aggregation. This agglomeration mode can be related to
their magnetic property; which facilitated the adsorption

of different pieces or particles of matter and allowed their
placement side by side.

As for Fig. 3b, it presents the TEM images of FeNi, and
FeNi,/SiO, nanoparticles with different magnifications of
6,000 and 46,460 kx (the image of the samples are taken
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from a closed surface and the shape of their materials do
not change). Results obtained indicated that the magnetic
nanoparticles synthesized are formless or amorphous.
Therefore, a regular structure is not recommended for
them. In addition, it can be clearly seen that the texture of
the materials is densely packed and has a high density in
terms of compressibility.

Fig. 3c, presents the XRD pattern of the crystal struc-
ture of FeNi, obtained at 20 equal to 75.5°, 51.7°, and 44.5°,
respectively, for the 10°-20° wide peaks confirmed the pres-
ence of amorphous silica, in the FeNi,/SiO, nanoparticle.
The size of the synthesized nanoparticles was determined by
Scherrer’s equation, where the most intense peak of diffrac-
tion was obtained at 23 and 31 nm in terms of full width in
half the maximum (FWHM). Since results obtained FESEM
analysis are more precise, the resulting nanoparticles tend
to accumulate due to their magnetic properties, therefore,
the size of the particle is larger than the one calculated by
Scherrer’s equation.

The magnetic properties of nanoparticles synthesized
are also studied using vibrating sample magnetometer
(VSM) at room temperature. Fig. 3d presents the main
results obtained. The curves indicated that the synthe-
sized magnetic nanoparticles and nano-composite from the
beginning to the end of synthesis have reduced the mag-
netic saturation, as the amount for FeNi, and FeNi,/SiO,
is 68.52 emu/g, 99.58. However, the reduction of the final
material has acceptable magnetic properties. Accordingly,
one can conclude that the nanoparticles studied are dis-
persed in water and can be easily collected by means of an
external magnetic field within a short time, and then can
be separated again with a slight flicker.

3.2. Degradation of tetracycline experiments
3.2.1. Effect of pH

pH is usually considered as one of the important
factors in oxidation processes. In the present study, the deg-
radation of tetracycline pollutant was done in the pH range
of 3-9 using FeNi/H,O, and FeNi,/SiO,/H,O, processes.
It should be noted that the use of hydrogen peroxide alone
did not have a significant effect on the removal of pollutants
under study. For tetracycline pollutant, it showed an effi-
ciency of about 25%-30%. Therefore, the pH of the solution
has an important role in the dissolution rate of the catalyst
as well as its surface load and can have a great effect on
the degradation of these antibiotics from aqueous environ-
ments in the Fenton catalytic and heterogeneous Fenton-like
processes [33]. The efficacy of removing 20 mg/L of tetra-
cycline at pH = 7 (for both processes FeNi,/H,O, Fenton
and heterogeneous Fenton like FeNi,/SiO,/H,0,) using a
catalyst dose of 0.02 g/L and 60 min was obtained 53.72%
and 68.72%, respectively (Fig. 4). Consequently, the results
show that the value of pollutant removal by the magnetic
nano-catalysts in the Fenton and heterogeneous Fenton-like
systems in the presence of hydrogen peroxide at pH =3 is
less than neutral activity. In addition, the pH of the solu-
tion can affect the properties of the surface of the catalysts.
The pH, = of FeNi, and FeNi,/SiO, magnetic nanoparti-
cle in the neutral range reached respectively 6.64 and 7.5.
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Fig. 4. Effect of pH on removal of tetracycline using Fenton and
heterogeneous pseudo-Fenton processes (Tetracycline concen-
tration 20 mg/L, catalyst mass 0.02 g/L, room temperature, and
hydrogen peroxide concentration 150 mg/L).

At pH above the isoelectric point, the surfaces of nano-
catalysts are negative and the hydroxyl groups available on
nano-catalysts lose their positive charge and produce OH~
[34]. The ionized iron in these structures may be combined
with OH™ groups and create the formation of iron hydroxide
deposits, thus preventing the adsorption of sites. Therefore,
at high pH, the proton deficiency will stop Fenton and
Fenton-like reactions. When the pH of the solution is close
to the pH,_of the FeNi,/SiO, catalyst, the surface load of
the nano-catalysts is completely zero [33]. This means that
the adsorption or degradation of the contaminant on their
surface is not carried out by electrostatic forces. Under these
conditions, the activity of hydroxyl groups is more stable
and thus, the elimination and degradation of tetracycline
contamination is enhanced [34]. This mechanism can be a
good reason for explaining the percentage of removal of
tetracycline at neutral pH in the Heterogeneous Fenton-like
processes. It should be noted that, at optimal pH, near to
pH, . in FeNi,/SiO, nanoparticle, OH" groups could produce
chelate (hybrld bands) Additionally, at pH lower than pH,_,
a load level of catalysts is positive. In these conditions, the
combined H* in water increases the hydroxyl groups of the
desired catalysts levels and thus, hydrate increases their
surface [16]. Additionally, reduction of pH produces OH?*
which causes the surface charge to be positive that results
in a repulsive effect. The loose of positive charge at the cata-
lysts level occurs when the pH of the solution is higher than
pH, . this behavior can be related to the decrease of their
cataiytlc ability due to the reduction of radical hydroxyl.
Therefore, the percentage of removal at this pH is due to
the adsorption of pollutants onto the surface of the desired
nano-catalysts. In acidic pH, the protonation occurs due to
the increase of radical hydroxyl onto the surface of FeNi,
and FeNi,/SiO, nanoparticles [35]. Moreover, some previous
studies specific to the catalytic heterogeneous Fenton-like
processes with silica coating have revealed optimum pH in
the neutral region related to the SiO, coating on the catalyst
used in those studies [33].

Besides, in the catalytic systems of Fenton and hetero-
geneous Fenton-like FeNi,/SiO,/H,0,, a solid-liquid contact

27
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surface will be created and will result in high adsorption of
these two. It should be noted that the catalytic decomposi-
tion of H,O, occurs onto the surface of the catalysts and the
product of this degradation is OH radical with a great abil-
ity to oxidize contaminants. Many studies have been carried
out on the removal of tetracycline in desired process, most
of results showed that the highest removal efficiency was
observed at neutral pH. In this regard, we can mention the
studies by Hou et al. [6] and Zheng et al. [36].

3.2.2. Effect of FeNi, and FeN1,/SiO, nano-catalyst dose

Experiments were conducted at pH =7, a concentration
of H,0, concentration = 150 mg/L and a concentration of
tetracycline concentration = 20 mg/L. In order to investigate
the effect of doses of synthesized magnetic nano-catalysts
on the value of desired pollutant degradation in Fenton and
heterogeneous Fenton-like systems, the doses were varied
from 0.005 to 0.1 g/L. Fig. 5 shows the percentage of catalytic
degradation of tetracycline in the FeNi/H,O, Fenton system
and heterogeneous Fenton-like FeNi, /SiO,/H,0, in different
doses of nano-catalysts. As shown in these graphs, increas-
ing the dose of nano-catalysts used in the catalyst processes
leads to an increase in the percentage of pollutant removal,
so that at a dose of 0.005 and 0.1 g/L FeNi, and FeNi,/SiO,
nano-catalysts the removal efficiency of tetracycline were
obtained 45.91% and 50.21%, and 61.98% and 79.43%,
respectively, after 180 min. Therefore, for a concentration
of 150 mg/L of catalyst, there is an increase in the percent-
age of removal of tetracycline pollutants. This increase can
be related to the presence of a hydrogen peroxide coupled
catalyst. This behavior can explain the increase of the value
of active sites available for the decomposition of hydrogen
peroxide, which increased, in turn, the dose of nano-catalyst
and the reactive oxidants such as radical hydroxyl [37].

Yang et al. [17] have studied the removal of methylene
blue color using the catalytic nanoparticle Fe,O,/SiO, and
reported similar results. This comparison well shows that
the SiO, coating is vital for the catalytic process. Based
on the literature, results achieved for the removal of vari-
ous pollutants using a Fenton-like heterogeneous process
have confirmed the obtained results of the present study
[8,38]. Furthermore, Hou et al. [6] and Zheng et al. [36]
have confirmed the results obtained for the degradation of
tetracycline using the described process.

3.2.3. Effect of initial concentration and contact time

The effect of initial concentration of tetracycline con-
tamination in Fenton and heterogeneous Fenton-like pro-
cesses was investigated. Optimal conditions were chosen
for this study; neutral pH, concentration range between
10 and 30 mg/L, catalytic dose = 0.1 g/L and concentra-
tion of hydrogen peroxide = 150 mg/L. Fig. 6 presents the
effect of the variation of initial concentration of tetracy-
cline in Fenton and heterogeneous Fenton-like processes.
Based on the results shown in Fig. 6, there is an inversely
proportional relationship between the initial concentration
and the removal rate. The increase of the initial concentra-
tion of drug from 10 to 30 mg/L has caused the decrease
of the removal rate with FeNi,/H,O, and FeNi,/SiO,/H,O,
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Fig. 5. Effect of nano-catalysts dose on tetracycline removal
using Fenton and Heterogeneous Fenton-like processes (pH =7,
concentration of polluant = 20 mg/L, T =273.15 K, and hydrogen
peroxide concentration = 150 mg/L).

processes after 180 min of experimentations. The rate of
removals passed from 85.26% to 52.1 % and from 36.94%
to 64.53%, respectively for the Fenton and heterogeneous
Fenton-like processes. This behavior can be explained
by the fact that in all concentrations the value of catalyst
(FeNi,, FeNi,/SiO,), contact time, pH and H,O, concentra-
tion is the same. Therefore, the same amount of produced
radical of hydroxyl for degradation of pollutant was for all
concentrations tested. Thus, the high percentage of removal
of tetracycline will be obtained at low concentrations [15].
Additionally, for high concentrations, the presence of more
pollutant molecules which can be adsorbed onto the sur-
face of the nano-catalyst will increase in the adsorption of
these antibiotics. Therefore, these last can play an inhibitory
effect on their reaction with hydroxyl radicals, due to the
reduction of direct time between them [39,40].

3.2.4. Effect of hydrogen peroxide concentration

The addition of hydrogen peroxide to heteroge-
neous Fenton-like catalytic process in most cases leads to
an increase in catalytic oxidation rate. In order to main-
tain the efficiency of the added H,0,, the choice of H,O,
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Fig. 6. Effect of initial concentration on the removal of tetra-
cycline by Fenton and heterogeneous Fenton-like processes
(pH = 7, concentration of nano-catalysts = 0.1 g/L, T = 273.15 K,
and concentration of hydrogen peroxide = 150 mg/L).

concentration must be appropriate to the type and concen-
tration of the contaminant. To examine the effect of H,0O,
in the Fenton-like catalysis system of heterogeneous FeNi,/
H,O, and FeNi,/SiO,/H,0, on the removal of tetracycline;
optimal conditions were fixed as follows: the dose of the
nano-catalysts, FeNi,, and FeNi /SiO, = 0.1 g/L, optimal pH,
initial concentration = 20 mg/L and H,O, pollutant varied
from (200 and 150, 100, and 50 mg/L). As shown in Fig. 7 for
the tetracycline contaminant, the percentage of removal has
increased with the increase in the concentration of hydrogen
peroxide. Therefore, the best dose of H,O, was obtained for
200 mg/L of tetracycline. The increase in the percentage of
removal of the pollutant can be explained by the increase in
the concentration of hydroxyl radicals and the increase of
the concentration of H,O, from 50 mg/L upward. Therefore,
the determination of the optimal value of hydrogen perox-
ide in the catalytic heterogeneous Fenton-like process is nec-
essary for many reasons as mentioned below [15,37,38,41].

* An economical aspect related to the increase of the
cost following the increase of the used concentration of
hydrogen peroxide.

¢ Radical hydroxyl production decreases with the increase
of H,0, concentration (H,O, which acts as a hydroxyl
scavenger agent).
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Fig. 7. Effect of hydrogen peroxide concentration on the removal
of tetracycline by Fenton and heterogeneous Fenton-like pro-
cesses (pH = 7, concentration of nano-catalyst value = 0.1 g/L,
T=273.15K, and pollutant concentration = 20 mg/L).

* The increase of chemical oxygen demand (COD) in
the tested samples due to the presence of the remaining
H,0,.

* Similar results were obtained in the previous researches
[38,34].

3.3. Kinetics study

In order to study the kinetics of degradation of vari-
ous antibiotic concentrations of tetracycline in the Fenton
and Fenton-like processes; experiments were carried out
under optimal conditions (nano-catalyst dosage = 0.1 g/L,
contact time = 180 min, optimal pH, and hydrogen per-
oxide concentration = 200 mg/L). Results illustrated in
Fig. 8 and Table 2 show that the pseudo-first-order kinet-
ics model described well both reactions rates; it showed
excellent results with acceptable expression coefficient
(R?) for all concentrations of pollutants tested. The con-
stant reaction rate of both processes has increased with
the increase in the used concentration of tetracycline. This
can be due to the increase of the concentrations of inter-
mediate products, reactive hydroxyl radicals. Chen et al.
[2] and Eslami et al. [32] have calculated their reaction rate
in different kinetic-degradation reactions in accordance
with the pseudo-first-order model.
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First-order pseudo-kinetic parameters for the destruction of tetracycline at different concentrations in the FeNi,/H,O, Fenton

and Fenton like FeNi,/SiO,/H,0O, processes

Concentration Equation K, (1/min) R? t,, (min)
(mg/L)
FeNi,/H,0,
2 Y =0.0776x +2.02 77.6 x 107 0.9766 8.93
5 Y =0.0553x + 1.7347 55.3 x 107 0.9954 12.53
10 Y =0.0237x + 1.601 23.7 x 107 0.9575 29.24
15 Y =0.0223x + 1.3188 22.3x10° 0.9831 31.07
t,, = 0.693/K,
Concentration Equation K, (1/min) R? t,,, (min)
(mg/L)
FeNi,/SiO,/H,0,
10 Y =0.0081x + 0.7645 8.1x10° 0.9241 85.55
15 Y =0.0057x + 0.616 5.7 x 107 0.956 121.57
20 Y =0.0049x +0.0.53 49 %107 0.9171 141.42
25 Y =0.0034x + 0.4296 34x107 0.9347 203.82
30 Y =0.0027x + 0.3 2.7x107 0.9312 256.6
t,, = 0.693/K,
25 3.4. Sustainability and reuse of FeNi, and FeNi /SiO,
' ML FeNiyH,0, nano-particles
, 25 opm Measuring the activity, stability, and reuse of solid
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Fig. 8. Kinetic curves of the pseudo-first-order equation for the
destruction of tetracycline at various concentrations in FeNi3/
H,O, Fenton and pseudo-Fenton FeNi3/SiOZ/HZO2 processes.

catalysts is among the important and reviewed parame-
ters [42]. Thus, some experiments were carried out to study
the reuse of FeNi, and FeNi,/SiO, synthesized nanoparti-
cles as a catalyst in the presence of hydrogen peroxide in
the degradation of tetracycline in 4 alternative cycles; and
under conditions (tetracycline concentration = 20 mg/L,
catalyst dose = 0.1 g/L, contact time = 180 min, and opti-
mal pH). The desired nano-catalysts in each cycle were
separated from the solution using N42 magnet and washed
several times with deionized water and dried at 353.15 K in
the vacuum oven and must be removed again in the next
cycle. The synthesized nanoparticles were used as a cata-
lyst in the presence of hydrogen peroxide during Fenton
and heterogeneous Fenton-like processes to destroy tet-
racycline. The residual contaminant concentration was
measured separately after each cycle, the results of which
are shown in Fig. 9. According to the obtained results, it has
been found that the catalysts used in the present study can
be reused and recoverable. Therefore, after four cycles, their
efficiency in tetracycline degradation did not significantly
reduce. Furthermore, the removal efficiency has decreased
slightly from the first cycle to the last cycle for the cata-
lysts FeNi, and FeNi,/SiO,. The rates reached respectively
were 7.7% and 6.14% which could be due to the reduction
of nanoparticle mass over cycles. According to the obtained
results, FeNi, and FeNi/SiO, can be considered as suit-
able catalysts in the elimination of pollutants in presence
of hydrogen peroxide (Fenton process), thanks to their
affordable use in terms of cost of operation and due to their
high re-usability and good stability [43].
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Fig. 9. Number of reusing cycles of FeNi, and FeNi,/SiO, syn-
thesized nano-particles in the destruction of tetracycline in
the presence of hydrogen peroxide (pH = 7, concentration
of nano-catalyst value = 0.1 g/L, T = 273.15 K, and pollutant
concentration = 20 mg/L).

3.5. Removal of COD and TOC in optimal conditions

Fig. 10 shows the removal efficiency of total oxygen car-
bon (TOC) and COD of tetracycline synthetic contaminant
over different times and under the optimal conditions (con-
taminant concentration = 20 mg/L, catalyst dose = 0.1 g/L,
pH =7, hydrogen peroxide concentration = 200 mg/L, and
room temperature). As seen, the removal of tetracycline in
the above conditions, respectively, in FeNi,/H,0, and FeNi,/
SiO,/H,O, processes reached about 82.46% and 92.31%, and
the % of COD and TOC removals reached, respectively,
68.3% and 79.46%, 45.97% and 58.76%. The determina-
tion of TOC and COD were carried out using the methods
5310 B and 5220 D of the Standard Methods for water and
wastewater tests. Following the Fenton and heterogeneous
Fenton-like processes, the present study does not fully ana-
lyze the part of the antibiotic to be considered and it has
reduced the removal efficiency of COD and TOC compared
to the antibiotic removal efficiency of tetracycline by becom-
ing organic intermediate products. In other words, one can
state that the amount of antibiotics has been completely
decomposed into the expected inorganic compounds of
H,O and CO,, and in contrast, it has been transferred to the
organic sub-products. In order to identify the intermediates,
the GC device was used to analyze the samples. As shown
in Fig. 11a, as using FeNi /SiO2 (heterogeneous Fenton-like)

Table 3
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Fig. 10. Evolution of the % of removal of tetracycline, COD,
and TOC as a function of Comparison reaction time (tetracy-
cline concentration = 20 mg/L, catalyst dose = 0.1 g/L, pH 7, and
200 mg on liter hydrogen peroxide concentration).

four distinct peaks were generated which were correspond-
ing to ((5-hydroxy-2-methylimidazol-1-yl)), nitroacetic acid
methyl ester, 2-methyl-2-pentenal and, 4-methyl-2-pentenal.
According to Fig. 11b, the results of TC degradation using
FeNi, (Fenton process) showed four distinct peaks were
generated which were related to 1,2-benzenedicarboxylic
acid, 3,4-dimethyl-6 (2-methypropyl) decane, 2-methyl-3-
ethyl-2-pentene and, 2-methyl-1-pentanol, respectively.

3.6. Mechanism for Fenton and heterogeneous Fenton-like processes

Based on results obtained during this study, a pos-
sible mechanism is proposed for Fenton-like degrada-
tion of tetracycline using FeNi, and FeNi,/SiO, Catalysts

Comparison of tetracycline removal efficiency with different catalysts

Used catalysts pH Dosage Tetracycline Time % of tetracycline References
(g/L) concentration (mg/L) (min) removal

Fe,0,/Na,S,0,/US 37 1 100 90 89 [45]

Fe/Co 7 0.6 30 180 86 [46]

Fe,0,@MSC - - - 40 99.2 [47]

Fe,O, 60 93.6 [6]

FeNi,/SiO,/H,0O, 7 0.1 20 180 92.3 Present study
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Fig. 11. Results of GC analysis of identification of intermediate compounds using FeNi,/SiO, (a) and FeNi, (b) for TC degradation.

[Egs. (6)—(9)]. At first, tetracycline adsorbs onto the sur-
face of Fe nanoparticles. The presence of Fe* causes the
decomposition of H,0, and produces large numbers of OH
radicals when Fe** was oxidized into Fe** by H,0, [44].

Fe’* +H,0, - Fe’'H,0, 6)
Fe*'H,0, - Fe** + HO, + H" @)
Fe** + HO, —» Fe*" + 0, +H" ®)
Fe? +H,0, - Fe’* + OH+ OH )

Table 3 presents the comparison of tetracycline removal
efficiency with different catalysts.

4. Conclusion

In the present study, we tried to synthesize FeNi, and
FeNi,/SiO, magnetic nanoparticles and evaluate their

efficacy in the presence of hydrogen peroxide in antibi-
otic removal of tetracycline regarding the disadvantages
of the homogenous Fenton system and the advantages of
the Fenton and heterogeneous catheter Fenton-like sys-
tems. Several parameters were studied in order to deter-
mine the optimal conditions for the best removal efficiency
of tetracycline by Fenton and heterogeneous Fenton pro-
cesses. One of the desired goals was the decrease in the
economic dose of the chemicals used during experimenta-
tions. Results confirmed the efficiency of the synthesized
catalyst for ten removals for tetracycline. Moreover, the
combined effect of synthesized magnetic nanoparticles in
the presence of hydrogen peroxide during Fenton and het-
erogeneous Fenton-like processes can effectively eliminate
tetracycline antibiotics under optimum conditions and can
be used to remove antibiotics with similar structure and
increase their biodegradability.

Therefore, this combined process can be used as a use-
ful way to remove these emerging and severely degradable
pollutants from water and sewage. Thanks to the super
paramagnetic properties and uniform distribution of the
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synthesized magnetic nano-catalysts encouraging results
were achieved. Finally, experiments confirmed that the syn-
thesized nanoparticles have the potential for high recycle
and reuse.

References

(1

(2]

(3]
(4]

(5]

(6]

(71

(8]

(%1

(10]

(11]

(12]

(13]

(14]

[15]

(16]

(17]

M.J. Ahmed, S.K. Theydan, Microwave assisted preparation
of microporous activated carbon from Siris seed pods for
adsorption of metronidazole antibiotic, Chem. Eng. J., 214 (2013)
310-318.

J. Chen, X. Qiu, Z. Fang, M. Yang, T. Pokeung, F. Gu, W. Cheng,
B. Lan, Removal mechanism of antibiotic metronidazole
from aquatic solutions by using nanoscale zero-valent iron
particles, Chem. Eng. J., 181-182 (2012) 113-119.

R. Daghrir, P. Drogui, Tetracycline antibiotics in the environ-
ment: a review, Environ. Chem. Lett., 11 (2013) 209-227.

F. Deng, L. Zhao, X. Luo, S. Luo, D.D. Dionysiou, Highly
efficient visible-light photocatalytic performance of Ag/
AgIn5S8 for degradation of tetracycline hydrochloride and
treatment of real pharmaceutical industry wastewater, Chem.
Eng.]., 333 (2018) 423-433.

N.K. Eswar, S.A. Singh, G. Madras, Photoconductive network
structured copper oxide for simultaneous photoelectrocatalytic
degradation of antibiotic (tetracycline) and bacteria (E. coli),
Chem. Eng. J., 332 (2018) 757-774.

L. Hou, L. Wang, S. Royer, H. Zhang, Ultrasound-assisted
heterogeneous Fenton-like degradation of tetracycline over a
magnetite catalyst, J. Hazard. Mater., 302 (2016) 458—467.
A.Vazquez, D.B. Herndndez-Uresti, S. Obregén, Electrophoretic
deposition of CdS coatings and their photocatalytic activities
in the degradation of tetracycline antibiotic, Appl. Surf. Sci.,
386 (2016) 412—417.

H. Wang, J. Li, M. Zhou, Q. Guan, Z. Lu, P. Huo,
Y. Yan, Preparation and characterization of AgZO/SWNTs
photocatalysts and its photodegradation on tetracycline, J. Ind.
Eng. Chem., 30 (2015) 64-70.

M. Mehrvar, W. Anderson, M. Moo-Young, Photocatalytic
degradation of aqueous organic solvents in the presence of
hydroxyl radical scavengers, Int. J. Photoenergy, 3 (2001)
187-191.

Y. Ma, N. Gao, C. Li, Degradation and pathway of tetracycline
hydrochloride in aqueous solution by potassium ferrate,
Environ. Eng. Sci., 29 (2012) 357-362.

D.R. Santana, M.R. Espino-Estévez, D.E. Santiago, ].A.O. Mén-
dez, O. Gonzalez-Diaz, ].M. Dofia-Rodriguez, Treatment of
aquaculture wastewater contaminated with metronidazole
by advanced oxidation techniques, Environ. Nanotechnol.
Monit. Manage., 8 (2017) 11-24.

N. Nasseh, T. Al-Musawi, M. Miri, S. Rodriguez-Couto,
A. Hossein Panahi, A comprehensive study on the application
of FeNi,@5i0,@ZnO magnetic nanocomposites as a novel
photo-catalyst for degradation of tamoxifen in the presence of
simulated sunlight, Environ. Pollut., 261 (2020), doi: 10.1016/j.
envpol.2020.114127.

Y. Kuang, Q. Wang, Z. Chen, M. Megharaj, R. Naidu,
Heterogeneous Fenton-like oxidation of monochlorobenzene
using green synthesis of iron nanoparticles, J. Colloid Interface
Sci., 410 (2013) 67-73.

J. Lopez-Pefialver, M. Sanchez-Polo, C. Gémez Pacheco, J. Rivera-
Utrilla, Photodegradation of tetracyclines in aqueous solution
by using UV and UV/H,O, oxidation processes, J. Chem.
Technol. Biotechnol., 85 (2010) 1325-1333.

H. Shemer, YK. Kunukcu, K.G. Linden, Degradation of the
pharmaceutical metronidazole via UV, Fenton and photo-
Fenton processes, Chemosphere, 63 (2006) 269-276.

J. Shen, J. Zhu, Y. Kong, T. Li, Z.-L. Chen, Synthesized
heterogeneous Fenton-like goethite (FeOOH) -catalyst for
degradation of p-chloronitrobenzene, Water Sci. Technol.,
68 (2013) 1614-1621.

S.-T. Yang, W. Zhang, J. Xie, R. Liao, X. Zhang, B. Yu,
R. Wu, X. Liu, H. Li, Z. Guo, Fe,0,@SiO, nanoparticles as a

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

(33]

[34]

[35]

273

high-performance Fenton-like catalyst in a neutral environment,
RSC Adyv., 5 (2015) 5458-5463.

B. Bhuyan, B. Paul, D.D. Purkayastha, S.S. Dhar, S. Behera,
Facile synthesis and characterization of zinc oxide nanoparticles
and studies of their catalytic activity towards ultrasound-assisted
degradation of metronidazole, Mater. Lett., 168 (2016) 158-162.
EN. Chianeh, ].B. Parsa, Electrochemical degradation of
metronidazole from aqueous solutions using stainless steel
anode coated with SnO, nanoparticles: experimental design,
J. Taiwan Inst. Chem. Eng., 59 (2016) 424-432.

H. Shekari, M.H. Sayadi, M.R. Rezaei, A. Allahresani, Synthesis
of nickel ferrite/titanium oxide magnetic nanocomposite and its
use to remove hexavalent chromium from aqueous solutions,
Surf. Interfaces, 8 (2017) 199-205.

M. Khodadadi, T. Al-Musawi, H. Kamani, M. Silva, A. Hossein
Panahi, The practical utility of the synthesis FeNi,@SiO,@TiO,
magnetic nanoparticles as an efficient photocatalyst for the
humic acid degradation, Chemosphere, 239 (2019) 124723.

M. Khodadadi, M.H. Ehrampoush, M.T. Ghaneian, A. Alla-
hresani, A.H. Mahvi, Synthesis and characterizations of
FeNi,@SiO,@TiO, nanocomposite and its application in photo-
catalytic degradation of tetracycline in simulated wastewater,
J. Mol. Liq., 255 (2018) 224-232.

N. Nasseh, L. Taghavi, B. Barikbin, M. Nasseri, A. Allahresani,
FeNi,/SiO, magnetic nanocomposite as an efficient and
recyclable heterogeneous fenton-like catalyst for the oxidation
of metronidazole in neutral environments: adsorption and
degradation studies, Composites, Part B, 166 (2018) 328-340.
M. Nasseri, S.M. Sadeghzadeh, A highly active FeNi -
SiO, magnetic nanoparticles catalyst for the preparation of
4H-benzo[b]pyrans and spirooxindoles under mild conditions,
J. Iran. Chem. Soc., 10 (2013) 1047-1056.

N. Nasseh, B. Barikbin, L. Taghavi, M.A. Nasseri, Adsorption
of metronidazole antibiotic using a new magnetic nano-
composite from simulated wastewater (isotherm, kinetic and
thermodynamic studies), Composites, Part B, 159 (2019) 146-156.
Y.-Y. Chen, Y.-L. Ma, J. Yang, L.-Q. Wang, J.-M. Lv, C.-]. Ren,
Aqueous tetracycline degradation by H,0, alone: removal and
transformation pathway, Chem. Eng. J., 307 (2017) 15-23.

J. He, P. Ma, A. Xie, L. Gao, Z. Zhou, Y. Yan, J. Dai, C. Li, From
black liquor to highly porous carbon adsorbents with tunable
microstructure and excellent adsorption of tetracycline from
water: performance and mechanism study, ]J. Taiwan Inst.
Chem. Eng., 63 (2016) 295-302.

T.A. Saleh, VK. Gupta, Synthesis and characterization of
alumina nano-particles polyamide membrane with enhanced
flux rejection performance, Sep. Purif. Technol., 89 (2012)
245-251.

A. Mittal, J. Mittal, A. Malviya, VK. Gupta, Removal and
recovery of Chrysoidine Y from aqueous solutions by waste
materials, J. Colloid Interface Sci., 344 (2010) 497-507.

V.K. Gupta, A. Nayak, S. Agarwal, I. Tyagi, Potential of activated
carbon from waste rubber tire for the adsorption of phenolics:
effect of pre-treatment conditions, ]. Colloid Interface Sci.,
417 (2014) 420-430.

L. Zhang, Z. Cheng, X. Guo, X. Jiang, R. Liu, Process
optimization, kinetics and equilibrium of orange G and acid
orange 7 adsorptions onto chitosan/surfactant, J. Mol. Liq.,
197 (2014) 353-367.

A. Eslami, M. Amini, A. Yazdanbakhsh, A. Mohseni-Bandpei,
A. Safari, A. Asadi, N,S co-doped TiO, nanoparticles and nano-
sheets in simulated solar light for photocatalytic degradation of
non-steroidal anti-inflammatory drugs in water: a comparative
study, J. Chem. Technol. Biotechnol., 91 (2015) 2693-2704.

P.V. Nidheesh, Heterogeneous Fenton catalysts for the abate-
ment of organic pollutants from aqueous solution: a review,
RSC Adv., 5 (2015) 40552-40577.

D.H. Carrales-Alvarado, R. Ocampo-Pérez, R. Leyva-Ramos,
J. Rivera-Utrilla, Removal of the antibiotic metronidazole by
adsorption on various carbon materials from aqueous phase,
J. Colloid Interface Sci., 436 (2014) 276-285.

S. Tian, J. Zhang, J. Chen, L. Kong, J. Lu, F. Ding, Y. Xiong,

Fe,(MoQ,), as an effective photo-Fenton-like catalyst for the


https://doi.org/10.1016/j.envpol.2020.114127
https://doi.org/10.1016/j.envpol.2020.114127

274

[36]

[37]

[38]

[39]

[40]

[41]

B. Barikbin et al. / Desalination and Water Treatment 200 (2020) 262-274

degradation of anionic and cationic dyes in a wide pH range,
Ind. Eng. Chem. Res., 52 (2013) 13333-13341.

P. Zheng, B. Bai, W. Guan, H. Wang, Y. Suo, Degradation of
tetracycline hydrochloride by heterogeneous Fenton-like
reaction using Fe@Bacillus subtilis, RSC Adv., 6 (2016) 4101-4107.
G.H. Safari, M. Hoseini, M. Seyedsalehi, H. Kamani, ]. Jaafari,
A.H. Mahvi, Photocatalytic degradation of tetracycline using
nanosized titanium dioxide in aqueous solution, Int. J. Environ.
Sci. Technol., 12 (2015) 603-616.

M. Liu, L.-a. Hou, B.-d. Xi, Q. Li, X. Hu, S. Yu, Magnetically
separable Ag/AgCl-zero valent iron particles modified zeolite
X heterogeneous photocatalysts for tetracycline degradation
under visible light, Chem. Eng. J., 302 (2016) 475-484.

W. Cheng, M. Yang, Y. Xie, B. Liang, Z. Fang, E.P. Tsang,
Enhancement of mineralization of metronidazole by the
electro-Fenton process with a Ce/SnO,-Sb coated titanium
anode, Chem. Eng. J., 220 (2013) 214-220.

A. Yazdanbakhsh, M. Kermani, S. Komasi, E. Aghayani,
A. Sheikhmohammadi, Humic acid removal from aqueous
solutions by peroxi-electrocoagulation process, Environ. Health
Eng. Manage. J., 2 (2015) 53-58.

R. Nosrati, A. Olad, R. Maramifar, Degradation of ampicillin
antibiotic in aqueous solution by ZnO/polyaniline nanocomposite
as photocatalyst under sunlight irradiation, Environ. Sci. Pollut.
Res., 19 (2012) 2291-2299.

[42]

[43]

[44]

[45]

[46]

[47]

B. Kakavandi, A. Takdastan, N. Jaafarzadeh, M. Azizi,
A. Mirzaei, A. Azari, Application of Fe,O,@C catalyzing
heterogeneous UV-Fenton system for tetracycline removal
with a focus on optimization by a response surface method,
J. Photochem. Photobiol., A, 314 (2016) 178-188.

M. Zhang, W. Song, Q. Chen, B. Miao, W. He, One-pot synthesis
of magnetic Ni@Mg(OH), core-shell nanocomposites as a
recyclable removal agent for heavy metals, ACS Appl. Mater.
Interfaces, 7 (2015) 1533-1540.

M. Khodadadi, A. Hossein Panahi, T.J]. Al-Musawi, M.H. Ehram-
poush, A.H. Mahvi, The catalytic activity of FeNi,@SiO,
magnetic nanoparticles for the degradation of tetracycline
in the heterogeneous Fenton-like treatment method, ]J. Water
Process Eng., 32 (2019), doi: 10.1016/j.jwpe.2019.100943.

L. Hou, H. Zhang, X. Xue, Ultrasound enhanced heterogeneous
activation of peroxydisulfate by magnetite catalyst for the
degradation of tetracycline in water, Sep. Purif. Technol.,
84 (2012) 147-152.

J.Li, X. Li, ]. Han, F. Meng, J. Jiang, J. Li, C. Xu, Y. Li, Mesoporous
bimetallic Fe/Co as highly active heterogeneous Fenton catalyst
for the degradation of tetracycline hydrochlorides, Sci. Rep.,
9 (2019) 15820.

X.Yu, X. Lin, W. Li, W. Feng, Effective removal of tetracycline by
using biochar supported Fe,O, as a UV-Fenton catalyst, Chem.
Res. Chin. Univ., 35 (2019) 79-84.


https://doi.org/10.1016/j.jwpe.2019.100943

	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	_ENREF_35
	_ENREF_36
	_ENREF_37
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_ENREF_44
	_ENREF_45
	_ENREF_46
	_ENREF_47

