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ABSTRACT

In this research, magnetic and photocatalytic nanoparticles of copper
ferrite were synthesized using hydrothermal methods. The synthesis was
repeated in the presence of ultrasound waves to determine the effect of
these waves on the nanostructure of the materials. photocatalytic property
of copper ferrite was investigated in the degradation of two toxic dyes,
methyl orange and methyl red under UV- IR radiation. Due to magnetic
property of copper ferrite nanoparticles, they have the ability to direct
photocatalytic reaction products out of the reaction environment too. On
the other hand, aluminum hydroxide and aluminum oxide nanoparticles
were also synthesized by the same method. Aluminum oxide nanoparticles
with high porosity are very suitable absorbents for color absorption.
Finally, a core-shell magnetic nanocomposite was made with copper
ferrite, alumina and aluminum hydroxide absorbers with hydrothermal
method assisted by ultrasound waves and the photocatalytic potential of
prepared nanocomposite was assessed using acidic pH methyl orange and
methyl red solutions under UV- IR radiation. Also all of products were
analyzed by X-ray diffraction (XRD), scanning electron microscope (SEM)
and vibrating sample magnetometry (VSM).
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INTRODUCTION

Metals and metal oxides, commonly known as

of that material.

magnetic materials such as iron, cobalt, nickel,
copper and ... are widely used in industry. These
materials react to an external magnetic field and
deviate in its presence. Conductivity, mechanical
strength and other magnetic properties of
magnetic particles increase greatly as their
dimensions decrease to nanometers. In fact,
magnetic materials in very small dimensions have
different properties compared to the large volume

* Corresponding Author Email: fmaghazeii@iau.ac.ir

Magnetic nanoparticles, which are usually
ferromagnetic, lose their magnetic properties at
a temperature higher than a certain limit. The
temperature at which permanent magnetism
will change to induction magnetism and vice
versa is called Curie temperature. The magnetic
behavior of various compounds is divided into
five main categories based on how they respond
to an applied external field: dia-magnetism, para-
magnetism, ferro-magnetism, ferri-magnetism
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and anti-ferromagnetism [1-5].

Copper ferrite (CuFe204: including spinel
ferrites and soft magnetic materials) is one of the
most important magnetic materials, because it
has interesting electrical and magnetic properties
with thermal and chemical stability and is widely
used in the electronics industry. Copper ferrite
is a valuable spinel ferrite because of its ability
to change its physical properties such as phase
transition, electrical switching, semiconductor,
magnetic, and electrical properties. Also, the ability
to precisely adjust the structural morphology, it
makes copper ferrite an important ferrite. Copper
ferrite nanoparticles are usually small in size and
have a higher surface-to-volume ratio and may
accumulate when dispersed in water. Therefore,
partial or complete coating of these nanoparticles
helps to improve their stability in facing different
environments [6-9].

A photocatalyst is defined as a compound
or a substance which is capable to produce
chemical transformations of the reaction partners
upon absorption of light. The excited state
of the photocatalyst repeatedly interacts with the
reaction partners forming reaction intermediates
and remain intact or regenerates itself after each
cycle of such interactions [10,11]. Light absorption
by photocatalysts (usually UV radiation) results
an excitation in valence band electrons, therefore
moving them into conducting band. These
electrons have reduction activity. The remaining
holes in valence band possess powerful oxidation
property. Electron-hole pairs react with pollutants
on the surface of catalyst particles and converting
them into simpler and far less dangerous materials
[12,13] therefore, the separation of produced
electrons and holes shows the efficiency of the
photocatalysis phenomena [14-18]. The synthesis
of photocatalysts in nano scale with high surface/
volume ratio increases surface absorption and
improves photocatalytic property [11,19]. Metal
oxides including Al,O, as nanoscale absorbers have
long been of interest to researchers. Research has
shown that AlLO, has very good surface absorption
in terms of capacity and selectivity for metal
pollution and other common pollution such as
water-soluble azo dyes. AlLO, or aluminum dioxide
is one of the most widely used aluminum oxides
and is specifically introduced as aluminum oxide,
which is usually called alumina. Gamma alumina is
most widely used in the catalyst industry due to its
high surface area. Aluminum oxide is an electrical
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insulator, but it also has high thermal conductivity.
Although this thermal conductivity changes with
temperature. This material also has a high melting
point [20-26].

In our research, at first we synthesized
copper ferrite and alumina nanoparticles using
hydrothermal method once in the presence of
ultrasound waves and again without using these
waves. In second step, AIZO3/CuFeZO4 core-shell
magnetic nanocomposite was prepared using
hydrothermal method assisted by ultrasound
waves. XRD, SEM and VSM analysis for the samples
were done. Finally, the photocatalytic behavior
of synthetic nanocomposite for degradation of
methyl orange and methyl red toxic dyes via UV-
visible light irradiation was studied.

MATERIALS AND METHODS
Materials and devices

We used CuCl,.2H,0, Fe(NOs)sl NaOH, AI(NO,),
from Merck company and distilled water and
hydrochloric acid as raw materials for preparing of
our nanomaterials.

Nanoparticles were synthesized by ultrasonic
method. Ultrasound devices was FAPN400.

To determine the structural characterization
of samples, we used XRD analysis with CuKa (A =
1.5418 A) in the range of 26= 10-80°. SEM images
were obtained by MIRA3 TESCAN SEM.

Magnetic properties were evaluated using a
VSM at room temperature (Magnetic Daghigh
Daneshpajouh Co., Iran) in an applied magnetic
field sweeping between £100000e.

Copper ferrite synthesis method
0.5gCuCl,.2H,0and 2.36 g Fe(NO,), (molar ratio
1:2) were dissolved in 150 ml distilled water and
was stirred by a magnetic stirrer. The measured pH
of the solution was 3. The same amount of iron
salt was again dissolved in 50 ml distilled water
as before and then added to the original solution
drop by drop and each time the acidity of the
solution was checked by litmus paper. By adding
2 ml of iron salt solution to the initial solution, the
pH of solution reached 2 and by pouring 50 ml
completely on the initial 150 ml, the pH value of
the solution reached 1. Then the solution was put
on the stirrer and NaOH solution (1M) was slowly
added to it until its pH reach 11. In this stage, the
solution was put in the ultrasonic device with a
power of 50% and 400 watts at room temperature
and the addition of NaOH was continued until
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the color of it becomes cloudy. Then the power
of the device was changed to 25% and about 30
ml of NaOH was again added to the solution until
the color of it turned dark blue. This solution was
placed in the ultrasonic device for another 30
minutes, and then was poured into two test tubes
and placed in the reactor at 240°C for 5 hours
and then was left in the furnace for 24 hours until
becomes clear and the sediment settles. Materials
in both test tubes were centrifuged several times
after cooling and we washed them thrice with de-
ionized water. The products dried in oven at 50°C
for 48 hours to get the desired powder from each
one.

The synthesis of CuFe, O, was repeated exactly
once without the presence of ultrasound waves.

Alumina synthesis method

1 g of aluminum nitrate (AI(NO,),) was
dissolved in 200ml of distilled water and place
a magnet inside it and was stirred by magnetic
stirrer at room temperature for about 10 minutes
to produce a clear solution. NaOH solution (1M)
was slowly added to solution as a precipitating
agent and the acidity of the solution was checked
by litmus paper. pH of solution was adjusted at 11
which measured by calibrated pH meter. Then we
removed the magnet from the solution and poured
itin the flask and put the flask inside the autoclave
reactor at 240 °C for 5 hours. The synthesized
material was centrifuged after cooling. A white
sediment remains at the end of test tube, which
was thought to be AI(OH).. Finally, the obtained
solution is centrifuged, washed with distilled
water and alcohol and dried in the oven. We heat
it at the temperature of 50 °C in the oven (in the
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crucible so that it does not break) for 24 hours to
turn into A|203~ To convert into AI203 phase, we
expected that calcination at temperatures above
400°C would be required. But XRD pattern of the
sample shows that pure phase aluminum oxide
was synthesized only by using hydrothermal at
the specified temperature, fortunately. Due to
the presence of pressure in the autoclave reactor,
the hydroxide phase has the ability to transform
AI(OH), into ALO,.

Alumina synthesis was repeated once again,
but this time the sample was placed in ultrasonic
device with a power of 400 W for 30 minutes
before being placed in the autoclave reactor.

Synthesis of AlO, /CuFeZO4 nanocomposite with
hydrothermal method assisted by ultrasound
waves

Synthesized alumina was used for preparing of
our nanocomposite but, in order for the alumina
to contain a layer of AI(OH),, the calcination
was performed at 400 °C for 2 hours. Aluminum
hydroxide is very hydrophobic due to the abundant
hydroxides on its structure, and therefore was
used for making our composite. The Al,O, sample
after cooling was poured into 200 ml of distilled
water with molar ratio of 1:1 and the result
solution was placed in the ultrasonic device until
AlLO, was completely spread in the distilled water
under ultrasound waves.

In the next step, 0.5 g copper salt (CuCl,) and
2.36 g iron salt (Fe(NO,),) were added to the
solution and stirred with magnetic stirrer. Then,
NaOH solution (1M) was slowly added to the
solution until its color changed to brown and
sediment settled (about 11 ml). Beaker containing

centrifuging sediment

l R
Calcinate
at 400 °C
7
waves Q =
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-

/
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Fig. 1. Schematic diagram for Al,O,/CuFe,0, nanocomposite synthesis
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the solution was placed in the autoclave reactor
for 5 hours at a temperature of 240°C. The
synthesized material was centrifuged after cooling
and its excess water was poured out and put in the
oven for 24 hours at 50°C for completely drying

(Fig. 1).

RESULTS AND DISCUSSION
Fig. 2 shows XRD pattern of copper ferrite

nanoparticles. The XRD pattern reveals the typical
diffraction pattern of pure cubic phase which is
consistent of pure phase of CuFe,O, in agreement
with JCPDS 77-0010. XRD pattern of AlO,
nanoparticles is illustrated in Fig. 3. Most of the
observed peaks in the pattern are in agreement
with standard peaks of rhombohedral phase with
JCPDS 42-1468, also there are some peaks related
to tetragonal phase in agreement with JCPDS 47-
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Fig. 2. XRD pattern of copper ferrite nanoparticles
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Fig. 3. XRD pattern of Al,O, nanoparticles
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Table 1. Average crystallite size of the samples

Sample d (hm)
CuFe;04 35
Al;0O3 45

1770.

The crystallite size of samples was calculated
from the full width at half maximum (FWHM)
of the diffraction peaks using Debye-Scherrer’s
equation:

kA
Bcos6

(1)

where d is the average crystalline dimension
perpendicular to the reflecting phases, A is the
x-ray wavelength, k is Scherrer constant (0.94), B is
the FWHM intensity of a Bragg reflection excluding
instrumental broadening and 0 is the Bragg angle
[27,28]. Table 1 indicates the calculated average
crystallite size of the both samples.

Fig. 4(a,b) show the SEM image of copper
ferrite synthesized by hydrothermal method and
hydrothermal method assisted by ultrasound
waves. As it can be seen in Fig. 4-a, the
nanostructure consists of small and uniform
grains with average diameter of 42 nm that are
stuck together in some areas. The small size of

U &
'WD: 5.87 mm i

(a)

IRA3 TESCAN

these particles is very important to optimize
their magnetic properties. Hydrothermal method
is a simple method to obtain nanoparticles with
ideal size, but SEM images of copper ferrite
synthesized by ultrasonic method (Fig. 4-b) shows
smaller and more uniform nanoparticles without
agglomeration. By applying ultra-sound waves
with trapping air in the solvent, nano bubbles are
created in the solvent, as we know after collapsing
and exploding of bubbles micro jet are created
that can prepare high energy for breaking of bonds
and agglomeration. As a results mono-disperse
nanoparticles with average size around 30 nm
were prepared.

Fig. 5(a,b) discloses SEM images of alumina
prepared by hydrothermal method at 250°C and
hydrothermal method assisted by ultrasound
waves (400 W, 60 min). As it can be seen, compared
to Fig. 5-a, the structure of alumina synthesized
by ultrasonic method (Fig. 5-b) is very uniform
and contains small grains with average size of 48
nm. The porous structure in Fig. 5-b indicates the
readiness of a suitable nanostructure of alumina

SEM HV: 15.0 kV
View field: 4.61 ym

(b)

Fig. 4. SEM images of copper ferrite synthesized by: a) hydrothermal method b) hydrothermal method assisted

by ultrasound waves
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for photocatalytic behavior. Fig. 6 illustrates SEM
images of AI203/CuFe204 nanocomposite. Despite
the combination of two different materials,
one of which is a magnetic material and the
other is a strong absorber, fortunately, uniform
and very small size nanoparticles without any

SEM HV: 15.0 kV
View field: 4.61 pm

MIRA3 TESCAN

(a)

agglomeration in a porous structure are seen in
this figure. The average size of nanoparticles was
achieved 59 nm by SEM. Obtaining nanoparticles
with uniform structure and suitable size using a
simple chemical method and especially without
the presence of surfactant and expensive

SEM HV: 15.0 kV MIRA3 TESCAN

View field: 4.62 um

(b)

Fig. 5. SEM images of alumina synthesized by: a) hydrothermal method b) hydrothermal method assisted by

ultrasound waves

a ~
SEM HV: 15.0 kV
View field: 4.61 pm

S
MIRA3 TESCAN

Fig. 6. SEM image of AL,O,/CuFe,0O, nanocomposite
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equipment, is a difficult task which has been made
possible in this synthesis.

Fig. 7 reveals the average particle diameters for
all synthesized samples that compared through a
bar chart.

Magnetic properties of CuFe,0O, and our
nanocomposite were studied by VSM instrument
at room temperature. Fig. 8(a,b) shows the
hysteresis loops of these samples. The shape
of curves and the low values of residual
magnetization and coercivity indicates that both
samples have superparamagnetic properties. Also
Table 2 shows magnetic parameters related to
these two samples.

60

Average size of particles (nm)
o o o

(=]

50 1: CuFe;04 (hydrothermal
method)

4 2: CuFe;04 (ultrasonic
method)

3 3: Al;0z (hydrothermal
method)

2i 4: Al;03 (ultrasonic method)
5: ALO3/CuFe:04

1

0
1 2 3 4 5

Photocatalytic
nanocomposite

The photocatalytic activity of ALO, /CuFe,O,
nanocomposite were investigated in this work.

Active radicals that generated by AlLO, react
with organic pollutants, deleted them and produce
CO, and H,0.

Alumina with E=37eVis activated with UV
light. The electrons are excited by absorbing UV
light from valence band to conduction band. The
electron- hole pairs are able to reduce and/or
oxidize a molecule adsorbed (O,, H,0 and etc.)
on the photocatalyst semiconductor surface and
produce hydroxyl radicals (OH) and superoxide

activity of ALO, /CuFe,O,

Fig. 7. The average grain diameters for all synthesized samples

“« T T T T T T T T

et

oal
/

g 20 i g

g {

=

E

L

2 o0

N

H

g f

= o} / -

40 1 1 1 1 1 1 1 1
-10000 -8000 -6000 -4000 -2000 0 2000 4000 6000 8000 10000

Applied Field(Oe)

(a)

Fig. 8. Hysteresis loops for: a) CuFe,O,
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Table 2. Magnetic parameters of CuFe,O, nanoparticles and Al,0,/CuFe,O, nanocomposite

Saturation magnetization Residual magnetization Coercivity M,

Sample v

Ms (emu/g) Mr (emu/g) (Oe) M,
CuFe204 32 4.2 80 0.131
CuFe204/Al203 5.9 0.8 50 0.135

anion radicals (0,7). Following reactions are
happened during degradation of pollutants on the
AlLO, surface:

Al203 + hv (UV light) > e + h+ (2)
H20 + h+- OH' + H+ (3)
02 + 2e- + 2H+- H20: (4)
H20: + e- + H*— OH' + H20 (5)
2H20 + 2h+— 2H* + H20: (6)

Addition of copper ferrite to ALO, and
preparation of Al,O, /CuFe,0, nanocomposite,
in addition to helping to remove photocatalytic
reaction products from the aqueous medium by
applying an external magnetic field, also helps to
improve the photocatalytic properties of alumina.
The energy gap of copper ferrite is about 1.42 eV
in the region of visible light energy.

In AIZO3 /CuFeZO4 nanocomposite, the transfer
of holes and electrons occurs in the energy bands

of both materials (Increasing charge carriers and
as a result, increase the photocatalytic reactions).
It is expressive of reduced recombination of
charge carriers, leading to availability of more
reactive radicals in nanocomposite for the
enhanced photocatalytic activity. Superoxide
anion radicals generated by CuFe,0, can react
with hydrogen peroxide and leading to hydroxyl
radical’s production [29, 30]:

H202 + 02— OH + OH + 02 (7)

Fig. 9 shows the coupling mechanism of two
materials for photocatalytic activity.

To analyze the photocatalytic behavior of
prepared nanocomposites, we used methyl orange
(S,NaO,N_H ,C) and methyl red (C H N.O,) as
natural contaminant. These dyes are widely used
in photocatalytic researches due to their structural
stability.

First, using distilled water as solvent, color
solutions were prepared with two concentrations
of 50ppm and 100ppm of these two dyes, and
by adding hydrochloric acid, acidic dye solutions

nmen
(hv)

0.7
e CB
¢/ 00000000
CB e &
02 & e e“{
V 000
A‘ OH  (or) H,0
2000000 4

(.‘u Fe:o.‘ b

AL O; Ol

Fig. 9. Schematic of photo-catalyst levels under solar irradiation
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with a pH of 4 were obtained. Then the absorption
spectra of these solutions under UV-visible
radiation in the wavelength range of 250- 700nm
were obtained by UV-visible spectrometer and
the maximum absorption wavelength (A ) was
determined for each dye solution.

Then in 20ml of dye solutions with
concentrations of 50ppm and 100ppm, 0.1g of
nanocomposite was added as adsorbent. After
resting in a dark place for a few hours, the dye
solutions were stirred with a magnetic stirrer.
They were exposed to UV-visible radiation for 30
minutes. This experiment was repeated for 60 and
90 min. irradiation time with the same conditions.

Fig. 10 schematically shows the mechanism of dye
degradation under irradiaton.

At the end of the irradiation time for each of
the dye solutions, the final absorbance at A__
was determined by the spectrometer and using
these results, the percentage of reduction of the
dye concentration (degradation efficiency) was
obtained from the following equation in each
experiment:

_ co-ct (8)
co

x100

Where C, and C.are the initial and final azo dye

.

Degradation
products
v
=z
-
E=
a8 e
2 E
A|203/CUF6204 ;5 g
Magnetic Stiming / .
Dye
Fig. 10. Mechanism of dye degradation
9100 ppm dye concentration m 100 ppm dye concentration
100 1150 ppm dye concentration 9Q _ ~ 1150 ppm dye concentration
,.. — 100 83
X § /7
) 70 71 = .
> 80 A > 80 64
c c
o o
S 60 49 51 260
'E a— E 42 46
o 35 o
540 5 40 28
] . R
° s
8 20 T 20
g P —
o ,V o
0 0
30 1 2 3
Irradiation time (min) Irradiation time (min)

(a)

(b)

Fig. 11. The results of degradation efficiency for dye solutions with two different dye concentrations at different irradiation times: a)

methyl orange b) methyl red
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S
]
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Fig. 12. The effect of AIZOB/CuFeZO4 nanocomposite on degradation of dye solutions with different dye
concentration: a) methyl orange b) methyl red

concentrations respectively.

Fig. 11(a,b) visualize the results of degradation
efficiency for two dye solutions in 50 and 100
ppm dye concentrations at different irradiation
times. Degradation efficiency increases with
the irradiation time. Because with prolongation
of irradiation time, the amount of reactive free
radicals will increase. As the concentration of

J Nanostruct 13(4): 948-959, Autumn 2023
Jov

dye solution increases from 50ppm to 100ppm,
the degradation efficiency decreases. The reason
being the number of reactive free radicals for
degradation of dyes being the same in each
concentration, but the amount of pollutants (the
dyes) increasing.

Fig. 12(a,b) illustrates the changes in the dye
concentration by adding 0.1 g of ALO, /CuFe,O,
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30 min

60 min 90 min

30 min 60 min

Fig .13. Photo degradation of 20 ml of azo dyes solutions with 0.1 g adsorbent and 50 ppm dye concentration under 0, 30, 60 and 90

min solar irradiation: a) methyl orange b) methyl red

nanocomposite to two different dye solutions
with 50 and 100ppm concentration of dye after 90
minutesirradiation from UV-vis absorption spectra.
Also Fig. 13(a,b) shows the color degradation of
these dye solutions during the irradiation time.

CONCLUSION

Inthefirst step, CuFe,0,and Al,O, nanoparticles
were synthesized by hydrothermal method. The
synthesis was repeated once in the presence of
ultrasound waves to determine the effect of these
waves on improving the nanostructure and grain
size of the samples.

Then AI203 /CuFe204 nanocomposite was
prepared by the same method. The hysteresis
curves obtained using the VSM analysis showed
that both of CuFeO, and AlLO, /CuFeZO4 had
superparamagnetic properties.

Finally, the photocatalytic behavior of ALO, /
CuFe, O, nanocomposite was studied using the
degradation of methyl orange and methyl red
solutions with two dye concentration under
different times of UV-visible light irradiation. The
nanocomposite had the photocatalytic properties.
The color degradation increased with increasing
theirradiation time until the degradation efficiency
reached 77% for 100ppm and 83% for 50ppm dye
concentrations of methyl red solution and 71%
and 90% for same conditions of methyl orange
solution after 90 minutes irradiation respectively.
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