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ABSTRACT

In the present study, the potential of synthesized cobalt ferrite nanoparticles using microwave
(M-CF) and conventional hydrothermal (H-CF) methods for degradation of phenol was inves-
tigated during photo-Fenton-like process. The synthesized nanoparticles were characterized
using powder X-ray diffraction, scanning electronic microscopy, and vibrating sample magne-
tometer analysis. The results showed that the microwave heating method produced smaller
size nanoparticles with relatively narrower particle size distribution as well as stronger
magnetic properties, compared with H-CF nanoparticles. The effect of photo-Fenton-like
process parameters including UV light intensity (0-75 W), catalyst dosage (0-0.5 g/L), pH
(2-5), hydrogen peroxide concentration (0-100 mmol/L), phenol initial concentration
(20-500 mg/L), and temperature (35-55°C) on the phenol degradation was investigated. The
kinetic data of phenol degradation using both synthesized nanoparticles were well fitted by
pseudo-first-order kinetic model. The reaction times of phenol degradation over all ranges of
phenol initial concentrations using M-CF catalyst were much smaller than those observed
using H-CF catalyst. The obtained results indicated that the M-CF catalyst had a higher poten-
tial of phenol degradation compared with H-CF catalyst during photo-Fenton-like process.

Keywords: Phenol degradation; Photo-Fenton-like process; Cobalt ferrite nanoparticles; Micro-
wave heating method; Conventional hydrothermal method; Operating parameters

1. Introduction concentrations. The permissible limit of phenol is less
than 0.5 mg/L in USEPA list [1]. Phenol is widely used
in several industries including chemical, petrochemi-
cal, textile, food, and pharmaceutics as a row material
[2]. So, the removal of phenol from wastes of those

Phenol is one of the hazardous materials and it is
highly toxic to humans and environment at very low
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industries is inevitable with respect to the environmen-
tal and public health issues [3]. Conventional methods
including biological treatment, adsorption, and strip-
ping are used to eliminate the phenol from the indus-
trial wastes [4]. These techniques are associated with
problems such as excessive time and lower efficiency
[4]. However, advanced oxidation processes (AOPs)
including Fenton [5], photo-Fenton [6], ozone oxidation
[7], super critical oxidation [8], sonolysis [9], and
photo-catalytic oxidation [10] are widely used for the
treatment of phenol wastes. Among all, photo-Fenton
process could be considered as an effective method.
It could be attributed to its higher efficiency and
more economical feasibility, compared to other AOPs
[11,12]. Degradation of phenol in wastewater by AOPs
is based on the generation of reactive free hydroxyl
radicals (‘OH). It reacts with phenol by forming a
double bond or by subtracting hydrogen atoms from
organic molecules. In Fenton process, free hydroxyl
radicals are generated from H,O, in the presence
of added Fe** ions as shown in the following
equation [13]:

Fe’* + H,0, — Fe*t + OH' + OH™ 1

The degradation of phenol by Fenton process could be
significantly accelerated in the presence of UV light
irradiation (photo-Fenton process) [13,14]. It is because
of Fe** ions formation upon photolysis of Fe’* ions
followed by reaction between Fe** and H,O, to yield
the hydroxyl radicals [Egs. of (2) and (3)].

Fe(OH)*" + hv — Fe?* +OH )
Fe** + H,0, — Fe(OH)*" +"OH @)

The spinel-structured ferrite nanoparticles with a
general formula of MFe,O4 (M = Fe, Co, Cu, Mn, etc.),
due to their unique physical and chemical properties,
as well as magnetic properties, have been widely used
in removing of organic compounds from aqueous sys-
tems [15-18]. Cobalt ferrite (CoFe,O,) nanoparticles,
due to high magnetic anisotropy, high coercivity,
mechanical hardness, chemical stability, moderate sat-
uration magnetization, and magnetostriction, has been
widely used for degradation of organic contaminants
[19]. Several methods including hydrothermal, solvo-
thermal, microwave, mechano-thermal, and seed-
hydrothermal have been used for synthesis of spinel
ferrite nanoparticles [20-22]. Among all, the micro-
wave heating method has been rapidly developed as
an alternative method due to rapid heating, faster

L. Roshanfekr Rad et al. | Desalination and Water Treatment 56 (2015) 3393-3402

kinetics, homogeneity, higher yield, better reproduc-
ibility, and energy saving [23,24].

In the present study, cobalt ferrite nanoparticles
were synthesized via microwave and conventional
hydrothermal methods and the potential of synthe-
sized nanoparticles was investigated for phenol degra-
dation during photo-Fenton-like process. The
influence of operating parameters including light
intensity, catalyst dosage, pH, hydrogen peroxide con-
centration, phenol initial concentration, and tempera-
ture on the phenol degradation was investigated
during photo-Fenton-like process.

2. Experimental
2.1. Materials and instruments

The chemical reagents were used containing
FeSO47H,O (Sigma Aldrich, USA), CoCl,-6H,O
(Sigma Aldrich, USA), NaOH (Merck, Darmstadt,
Germany), Ethanol (Merck, Darmstadt, Germany), and
phenol (analytical grade; Fluka).

The microwave equipment used in this study was
a commercial microwave oven (CE1110 C, Sumsung,
Korea) with 900 W output power at a wavelength of
2.45 GHz. The oven was equipped with an electronic
system in order to control the temperature accurately.

2.2. Synthesis of cobalt ferrite nanoparticles

Cobalt ferrite nanoparticles were synthesized using
both conventional and microwave heating methods. In
both heating methods, firstly, 0.56 g of FeSO,7H,O
and 0.24 g of CoCl,-6H,0O were dissolved in 20 mL of
de-ionized water by intensive stirring to obtain the
homogeneous solution. Then, NaOH was added to the
solution and the stirring was continued at room tem-
perature for 1 h. Since heating is known as a driving
force of nanoparticles synthesis, the fundamental step
in the synthesis is the application of conventional or
microwave heating. Conventional hydrothermal
method was conducted at 200°C for 5h in a teflon-
lined stainless-steel autoclave [25], whereas, the micro-
wave heating method was applied at temperature of
160°C for 10 min. Then, the solid products were col-
lected by magnetic filtration and washed by de-ion-
ized water and ethanol. Finally, the samples were
dried in a vacuum oven at 100°C for 6 h [26].

2.3. Measurement and methods

The powder’s X-ray diffraction (XRD) patterns
were recorded at 25°C on a Philips instrument (X'pert
diffractometer using Cu-Ka radiation) with a scanning
speed of 0.03° (20) min~' to confirm the cobalt ferrite
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nanoparticles structure. The morphology and particle
size of nanoparticles were characterized using a scan-
ning electron microscopy (SEM, TESCAN, VEGA 3SB).
Magnetic characterization was conducted on a vibrat-
ing sample magnetometer (VSM, LDJ, 9600-1) at
300 K. Phenol concentrations were determined using a
UV-vis spectrophotometer (JAS.CO V-530, Japan) at
271 nm.

2.4. Photo-Fenton-like process

The performance of the synthesized catalysts was
evaluated in the photo-Fenton-like process of phenol
degradation. Phenol degradation experiments were
carried out under four UV lamps (one lamp inten-
sity = 15 W, Amax =365 nm) in a 500 mL pyrex-glass
cell wrapped in aluminum foil. The schematic of
photo-Fenton-like process is shown in Fig. 1. The
effect of photo-Fenton-like parameters including UV
light intensity (0-75 W), catalyst dosage (0-0.5g/L),
contact time (0-120 min), initial concentration of H,O,
(0-100 mM), pH (2-5), phenol initial concentration
(20-500 mg/L), and temperature (35-55°C) were stud-
ied on the phenol degradation. Analysis was done
using UV-vis spectroscopy at a maximum absorption
peak of 271 nm. The degradation rate of phenol was
calculated as follows:

(Co—Cy)

x 100% 4)
where D, is the degradation rate of phenol after f min
of reaction, C; is the concentration of phenol after
t min of reaction, and Cj is the initial concentration of
phenol.
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Fig. 1. Schematic of photo-Fenton-like process for phenol
degradation.
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3. Results
3.1. Characterization of cobalt ferrite nanoparticles

The X-diffraction patterns of synthesized cobalt
ferrite nanoparticles by conventional (H-CF) and
microwave heating methods (M-CF) are shown in
Fig. 2. The diffraction of prepared nanoparticles using
both of the methods indicated the expected peaks for
the pure inverse spinel structure of CoFe,O, (JCPDS
221086) [27]. Diffraction peaks of both nanoparicles
revealed that no impurity was detected in the synthe-
sized nanoparticles. Furthermore, diffraction peaks for
M-CF nanoparticles was broader than those of another
sample, indicating that the former sample consists of
smaller crystallites compared with H-CF nanoparticles.
The crystallite sizes (D) of nanoparticles were calcu-
lated from XRD peak broadening of the (311) peak
using Scherrer formula: D = 0.94/f cos 6, where 1 is
the wavelength of CuKo, £ is the full width at half
maxima of the diffraction peaks, and 6 is the Bragg's
angle. The crystallite sizes of H-CF and M-CF
nanocatalysts were found to be about 26 and 14 nm,
respectively.

Fig. 3 shows SEM images and particle size
distribution of the CoFe,O, nanocatalysts prepared by
both techniques. As shown, the particle size of M-CF
nanocatalyst was more uniform and smaller than that
of H-CF nanocatalyst. The heat gradient in synthesis of
M-CF catalyst may affect the more homogeneity in
comparison to the H-CF catalyst synthesis. The rapid
annealing of microwave sintering could retain the mor-
phology, size, and shape of the nanoparticles during
the densification of the particles which resulted in the
smaller size of nanoparticles with sharper diameter
distribution compared with H-CF nanoparticles. The
average particle sizes of H-CF and M-CF nanoparticles

(311)
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Fig. 2. XRD patterns of cobalt ferrite nanoparticles synthe-
sized by (a) conventional hydrothermal and (b) microwave
heating methods.
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Fig. 3. SEM images and particle size distribution of cobalt ferrite nanoparticles prepared by (a) hydrothermal and (b)

microwave methods.

were found to be 25.4 and 16.7 nm which was in good
agreement with the crystallite sizes calculated by the
XRD patterns.

The magnetic properties of the H-CF and M-CF
nanoparticles are investigated which results are shown
in Fig. 4 and summarized in Table 1. The magnetic
properties of the nanosized materials depend on the
preparation method as well as the crystallite size [28].
As shown, the coercivity (H,) of nanoparticles pre-
pared by microwave and hydrothermal techniques
were found to be 833.7 and 642.5, respectively. It
could be due to the smaller size and more uniform of
samples prepared using microwave heating method in
comparison to sample prepared by conventional heat-
ing method. Similar trends are presented by other
researchers [29,30]. The saturation magnetization (M)

of sample decreases commonly if the particle size
decreases to the nanoscale due to the disorder
canting spins on the surfaces [30]. However, the
obtained saturation magnetization of M-CF nanocata-
lyst (92.5emu/g) was more than H-CF catalyst
(66.5 emu/g). This behavior could be attributed to the
presence of undetectable very small clusters of
metallic Co(0) and/or Fe(0) [31].

3.2. Effect of light intensity on the phenol degradation

To study the influence of different light intensity
on the degradation of phenol during photo-Fenton-like
process, the system was equipped with UV lamps. A
number of experiments were carried out, applying
various light intensities generated from 0, 1, 2, 3, 4,
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Fig. 4. Hysteresis loops of synthesized cobalt ferrite nano-
particles by (a) microwave and (b) hydrothermal methods.

Table 1

Magnetic properties of the cobalt ferrite nanoparticles
Catalyst M, (emu/g) M, (emu/g) H_, (Oe)
H-CF 66.5 31.35 833.7
M-CF 92.5 28.65 642.5

and 5 lamps. The results of phenol degradation per-
centage for initial phenol concentration of 100 mg/L,
hydrogen peroxide concentration of 30 M, catalyst
dosage of 0.3 g/L, pH of 3, and temperature of 35°C
after 2 h reaction time are shown in Fig. 5. As shown,
the phenol degradation percentages were increased by
increasing the light intensity up to 60 W (four lamps
of 15 W) for both synthesized nanoparticles. After that,
the phenol degradation did not change remarkably by
increasing the light intensity. Therefore, the light
intensity of 60 W is selected for further experiments.

3.3. Effect of catalyst dosage on phenol degradation

The effect of cobalt ferrite dosage synthesized
using hydrothermal and microwave heating methods
on the phenol degradation for initial phenol concen-
tration of 100 mg/L, hydrogen peroxide concentration
of 30 M, pH of 3, and temperature of 35°C after 1 and
2 h contact time are presented in Fig. 6. As shown in
Fig. 6(a), the degradation rate of phenol increased by
increasing the catalyst dosage up to 0.3 g/L after 1
and 2 h contact time for cobalt ferrite nanoparticles
synthesized by hydrothermal method (H-CF). Fig. 6(b)
showed that the optimal loading of cobalt ferrite nano-
particles synthesized by microwave heating method
(M-CF) catalyst for the maximum phenol degradation
rate was found to be 0.2 g/L in 2 h contact time and
03 g/L in 1h reaction time. Further increase in the
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Fig. 5. Effect of light intensity on the phenol degradation
for initial phenol concentration of 100 mg/L, hydrogen
peroxide concentration of 30 M, catalyst dosage of 0.3 g/L,
pH of 3, and temperature of 35°C after 2 h reaction time.

catalyst dosage to 0.5 g/L resulted in a reduction of
phenol degradation rate for both of the synthesized
nanoparticles. As shown, the required catalyst dosages
for the complete degradation of phenol were found to
be 0.2 and 0.3 g/L using M-CF and H-CF nanoparti-
cles after 2 h reaction time. It could be attributed to
the smaller size and stronger magnetic properties of
M-CF nanoparticles compared with H-CF nanoparti-
cles which resulted in complete degradation of
phenol in lower catalyst dosages. Increase in phenol
degradation rate by increasing of catalyst dosage up
to 0.3 g/L for both synthesized nanoparticles could be
attributed to the increase in catalyst active surface for
phenol degradation. Reduction of phenol degradation
rate in higher catalyst dosages than 0.3 g/L for both
H-CF and M-CF could be attributed to the agglomera-
tion of catalyst particles which decreased the number
of active sites on the catalyst surface for reaction with
phenol molecules. Furthermore, the excessive catalyst
loading increased the turbidity of the solution and
consequently, decreased the light penetration through
the solution which resulted in the decrease in active
surface of catalyst for light harvesting and reduction
in the catalyst efficacy for phenol degradation. Similar
trends are reported by other researchers [10,32]. More
reduction of phenol degradation gradient for higher
catalyst dosages than 0.3 g/L and contact time of 2 h
compared with 1 h for both synthesized nanoparticles
may be attributed to the agglomeration and coagula-
tion of nanoparticles which decreased the ability of
nanoparticles in degradation of phenol during photo-
Fenton-like process. Furthermore, 0.3 g/L of catalyst
dosages of both synthesized nanoparticles is selected
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Fig. 6. Effect of cobalt ferrite dosage synthesized by (a)
hydrothermal method and (b) microwave methods on the
phenol degradation rate for initial phenol concentration of
100 mg/L, hydrogen peroxide concentration of 30 M, pH
of 3, and temperature of 35°C after 1 and 2 h reaction time.

as an optimum value for further experiments of
phenol degradation.

3.4. Effect of hydrogen peroxide concentration on the phenol
degradation

Hydroxyl radicals play an important role in the
organic containments degradation. Generating more
radicals accelerate the degradation efficiency. By addi-
tion of hydrogen peroxide (HP) into the solution, the
concentration of hydroxyl radicals increases which can
lead to an enhancement in the rate of phenol degrada-
tion. The effect of HP concentration on the phenol
degradation rate using synthesized cobalt ferrite
nanoparticles in the phenol initial concentration of
100 mg/L, pH of 3, and temperature of 35°C after 1 h
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contact time is shown in Fig. 7. As shown, phenol
degradation rate increased by increasing of HP con-
centration amount up to 50 mmol/L. Further increase
in the HP concentration led to decrease in the phenol
degradation rate using both of synthesized nanoparti-
cles. The enhancement of phenol degradation rate by
increasing of HP concentration could be due to the
increase in hydroxyl radical concentration through the
reaction. Reduction in the phenol degradation rates in
HP concentrations higher than 50 mmol/L could be
attributed to quenching of *OH radicals by excessive
HP to form a less active HO, (1.7 eV) compared with
the "OH radical (2.8 eV). Since, the difference of the
phenol degradation rates using 30, 40, and 50 mmol/L
of HP concentrations is low; it is economical to use
30 mmol/L of HP concentration for phenol degrada-
tion. Consequently, the optimum concentration of HP
is selected as 30 mmol/L for further experiments.

3.5. Effect of pH on the phenol degradation

The pH of the solution has a major role in the deg-
radation of organic pollutants. The influence of pH on
the phenol degradation rate using of both H-CF and
M-CF catalysts in the pH range of 2-5 for the phenol
concentration of 100 mg/L, catalyst dosage of 0.3 g/L,
HP concentration of 30 mM, and temperature of 35°C
after 1 h contact time is presented in Fig. 8. As shown,
the phenol degradation rate reached a maximum
value at pH of 3.0. The lower degradation rate of phe-
nol at lower pH values than 3 could be due to OH"
scavenging by H' ions (OH+H' + Fe** —
H,O + Fe*"). Furthermore, at lower pH values, the
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Fig. 7. Effect of hydrogen peroxide concentration on the
phenol degradation using H-CF and M-CF catalysts after
1 h contact time for phenol concentration of 100 mg/L, pH
of 3, and temperature of 35°C.
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reaction was slowed due to the formation of com-
plexes of [Fe(H,0O)¢]>*, which reacted more slowly
with hydrogen peroxide in comparison to reaction rate
of [Fe(OH)(H,0)s]** which led to reduction of phenol
degradation efficiency. Reduction in the phenol degra-
dation rate in the pH values more than 3, could be
attributed to the decrease in the oxidation potential of
‘OH with an increase in pH values. Therefore, the pH
of 3 is selected as an optimum value for further exper-
iments of phenol degradation.

3.6. Effect of phenol initial concentration on the phenol
degradation

The effect of phenol initial concentration on the
degradation of phenol, using both synthesized nano-
particles in the catalyst dosage of 0.3 g/L, H,O, con-
centration of 30 mM, pH of 3, and temperature of
35°C are shown in Fig. 9. The results indicated that
the irradiation time required for complete degradation
of phenol wusing both synthesized nanoparticles
increased by increasing the initial phenol concentra-
tion. Furthermore, at higher concentrations than
100 mg/L wusing H-CF catalyst as well as higher
concentrations than 200 mg/L using M-CF catalyst,
the complete degradation of phenol, due to the limited
number of requirement of reactive species ((OH and
‘O,) needed for the complete degradation of phenol,
was impossible. Also, the higher degradation rate of
phenol using M-CF catalyst comparing with H-CF
catalyst could be attributed to higher specific area,
smaller size, and more homogeneity of M-CF catalyst

60 I —— H-CF catalyst ]
¥ M-CF catalyst

20 ¢ .

Phenol degradation percentage (%)

0 1 1 1 1 1
2 2.5 3 35 4 4.5 5

pH

Fig. 8. Effect of pH on the phenol degradation rate using
of both H-CF and M-CF catalysts for initial phenol
concentration of 100 mg/L, catalyst dosage of 0.3 g/L,
H,0, concentration of 30 mmol/L, contact time of 1 h, and
temperature of 35°C.
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Fig. 9. Effect of phenol initial concentration on the degra-
dation of phenol, using both synthesized nanoparticles in
the catalyst dosage of 0.3 g/L, H,O, concentration of
30 mmol/L, pH of 3, and temperature of 35°C.

nanoparticles comparing with H-CF catalyst nanopar-
ticles, which resulted in the more number of available
sites of M-CF catalyst and, consequently, in the higher
catalytic activity of M-CF catalyst for phenol degrada-
tion compared with H-CF catalyst.

3.7. Effect of temperature on the phenol degradation

The effect of temperature on the phenol degrada-
tion using both synthesized cobalt ferrite nanoparticles
for 500 mg/L of phenol concentration, catalyst dosage
of 0.3 g/L, HyO, concentration of 30 mM, and pH of 3
are shown in Fig. 10. As shown, the phenol degrada-
tion rate increased with the increasing of temperature
amount up to 45°C. Further increase in temperature
amounts led to decrease in phenol degradation using
both synthesized nanoparticles. When the reaction
temperature increased, the rate of hydroxylation at the
catalyst active sites produced more ‘OH free radicals
resulted in higher collision between the ‘OH radicals
and the phenol molecules and consequently, increase
in phenol degradation rate. Decreasing of phenol deg-
radation rate in temperature higher than 45°C could
be attributed to the thermal decomposition of hydro-
gen peroxide (H,O, — H,O + O,) which resulted in
scavenging of OH radicals and decreasing of phenol
degradation rate which were not investigated in this
work. Similar trends are reported by other researchers
[33,34].
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Fig. 10. Effect of temperature on the phenol degradation
using both synthesized cobalt ferrite nanoparticles for
500 mg/L of phenol concentration, catalyst dosage of
0.3 g/L, HyO, concentration of 30 mmol/L, pH of 3, and
temperature of 35°C.

3.8 Kinetic and half time reaction

The Langmuir-Hinshelwood model is usually used
to describe the degradation of organic pollutants in
aqueous suspension. This model is expressed as
follows:

Table 2
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—dc  kkC
dt  1+kC

%)

where r is the reaction rate, k, is the reaction rate con-
stant, k, is the absorption coefficient of the reactant,
and C is the reactant concentration. When the reactant
concentration is low, Eq. (5) can be described as first-
order kinetic model.

—dc
a = kC (6)

where k is the first-order rate constant. Set t =0,
C = Cy, Eq. (7) could be induced.

C = Coexp(—kappt) )

where C is the initial concentration of the pollutant.
The constant of the first-order kinetic model was cal-
culated by plotting C vs. t at different concentrations
of phenol (20, 50, and 100 mg/L) using both of synthe-
sized nanoparticles, the results of which are presented
in Table 2. The higher values of correlation coefficient
(R® than 0.99 confirmed that the first-order kinetic
model was well described, the kinetic data of phenol
degradation.

For the reaction with the first-order kinetic model,
the half-life time can be calculated as follows:

In2

t
kﬂpp

8)

1
2

where #, is the half-life time reaction of phenol degra-
dation. The results of which are also presented in
Table 2. As shown, the half-life times reaction (t%) of
phenol degradation over all ranges of phenol initial
concentrations (20-100 mg/L) using M-CF catalyst
were much smaller than those observed using H-CF
catalyst. These results indicated the higher potentiality
of M-CF catalyst compared with H-CF catalyst for
phenol degradation.

First-order constants, half-life times, and regression coefficients of phenol degradation at different phenol initial

concentrations using synthesized cobalt ferrite nanoparticles

First-order rate constant (k)

Half-life time (ty5)

Catalyst 20 ppm R? 50 ppm R? 100 ppm R? 20 ppm 50 ppm 100 ppm
H-CF 0.1205 0.990 0.0512 0.990 0.0401 0.997 5.75 13.54 17.29
M-CF 0.2769 0.993 0.1089 0.994 0.0574 0.994 2.50 6.36 12.08
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4. Conclusion

Photo-Fenton catalysts of magnetic cobalt ferrite
nanoparticles were successfully synthesized by the con-
ventional hydrothermal method (H-CF) and microwave
heating method (M-CF). The potential of the synthe-
sized nanoparticles for degradation of phenol was
investigated. The XRD patterns of nanoparticles
revealed the formation of single phase of cobalt ferrite
synthesized using both methods. The SEM images of
nanoparticles indicated that the particle size of M-CF
catalyst was more uniform and smaller than that of
H-CF catalyst. The VSM analysis of nanoparticles
confirmed the stronger magnetic properties of M-CF
catalyst compared with H-CF catalyst. The
experimental results of phenol degradation in photo-
Fenton-like process indicated that the optimal
conditions for maximum phenol degradation using
both synthesized nanoparticles were found to have light
intensity of 60 W, catalyst dosage of 0.3 g/L, pH of 3,
hydrogen peroxide concentration of 30 mmol/L, and
temperature of 45°C. Kinetic studies showed that the
phenol degradation onto the M-CF and H-CF catalysts,
followed the first-order reaction. The results of reaction
time effect on the phenol degradation during photo-
Fenton-like process revealed that the required time for
complete phenol degradation using M-CF catalyst was
much shorter compared with H-CF catalyst. The
obtained results of which exhibited the better activity of
M-CF catalyst for phenol degradation compared with
H-CF catalyst.
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