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Abstract: In this work, the effects of co-precipitation temperature and post calcination on the magnetic properties and
photocatalytic activities of ZnFe,O, nanoparticles were investigated. The structure, magnetic and optical properties
of zinc ferrite nanoparticles were characterized by X-ray diffraction (XRD), vibrating sample magnetometry and UV—
Vis spectrophotometry techniques. The XRD results showed that the coprecipitated as well as calcined nanoparticles
are single phase with partially inverse spinel structures. The magnetization and band gap decreased with the
increasing of co-precipitation temperature through the increasing of the crystallite size. However, the post calcination
at 500°C was more effective on the decreasing of magnetization and band gap. Furthermore, photocatalytic activity of
zinc ferrite nanoparticles was studied by the degradation of methyl orange under UV-light irradiation. Compare with
the coprecipitated ZnFe,O, nanoparticles with 5% degradation of methyl orange after 5 h UV-light light radiation,
the calcined ZnFe,O , nanoparticles exhibited a better photocatalytic activity with 20% degradation.
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1. INTRODUCTION

Zinc ferrite semiconductor photocatalyst has
been applied widely to degrade the organic
pollutants for the remediation of hazardous
wastes, contaminated groundwater and the
control of toxic air contaminants [1]. Zinc ferrite
with spinel crystal structure offers the advantage
of a narrow band gap (1.9 eV) capable of
absorbing visible light, as well as the spinel
crystal structure, which enhanced efficiency due
to the more available catalytic sites by virtue of
the crystal lattice [2]. Moreover, the used
magnetic ZnFe,O, powders are easy to collect,
which make ZnFe,O, powders one of the most
promising photocatalysts in the field of industrial
photodegradation of organic pollutants [3].
However, the photocatalytic activity of pure
ZnFe,0, is worse than that of anatase TiO,, due
to the poor separation efficiency of
photogenerated eclectrons and holes [4].
Consequently, many strategies, including the
surface modification [5], surface area [6], metal
ion (e.g. Ag) doping [7], nonmetal ion (e. g. S)
doping [8], coupling with other semiconductors
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[9-11], etc. have been adopted to synthesize
ZnFe,O,-based photocatalysts. Furthermore,
several synthesis methods such as ball milling
[12], sol-gel [13], co-precipitation [14],
hydrothermal [15] auto-combustion [16] and
ultrasonic cavitation [17] have been used to
promote the charge-transfer process and increase
the surface/volume ratio, and finally promote the
photocatalytic activity of ZnFe,O,. Fan et al. [15]
reported the various special ZnFe,O,
nanoparticles synthesized via the different
hydrothermal processes exhibited the better
photocatalytic activities compare to the bulk
ZnFe,0, samples, due to the high surface area
structures [18]. However, the co-precipitation is a
simple technique to synthesize the ferrite
nanoparticles at low temperatures. Furthermore,
the coprecipitated nanoparticles with high purity
and no agglomeration are appropriate for
photocatalytic activity [19].

In this work, we have synthesized zinc ferrite
nanoparticles via co-precipitation technique and
investigated the effects of the co-precipitation
temperature and post calcination process on the
magnetic properties and the photocatalytic
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activities under UV light radiation.
2. EXPERIMENTAL PROCEDURE

Iron (IIT) chloride hexahydrate (FeCl3.6H,0),
zinc (II) chloride (ZnCl,), sodium hydroxide
(NaOH) and acetone with analytical grade were
purchased from Merck Co.

Zinc ferrite nanoparticles were synthesized by
chemical co-precipitation method. In this
procedure, a mixed aqueous solution prepared by
dissolving iron and zinc chlorides with the molar
ratio of Fe to Zn as 2:1 in 100 mL distilled water.
50 mL aqueous solution of 1.5 M NaOH was
used as the precipitating agent. Metal chloride
and NaOH solutions were added drop wise from
two separate burettes into a reaction vessel
containing 100 mL of distilled water for
obtaining uniform particle size distribution. The
reaction vessel was heated up to the desired
temperature (40-80 °C) under magnetic stirring.
The resultant precipitations were collected and
centrifuged at 6000 rpm and then washed with
distilled water and acetone for several times and
finally dried in air. Some of the coprecipitated
ZnFe,O, nanoparticles were also calcined at
500°C for 1 h.

The phase composition was analyzed by
Philips X’pert Pro prefix powder X-ray
diffractometer using monochromatic CuKa
radiation (A = 1.5405 A). The average crystallite
size of the samples was also calculated by using
peak broadening of (311) peak in Scherrer’s
equation.

The morphology and microstructure were
observed by a Philips CM200 transmission
electron microscope (TEM) at 200 kV. Selected
area electron diffraction (SAED) pattern was also
taken on TEM. A vibrating sample magnetometer
(Meghnatis Daghigh Kavir Co., Iran) was
employed to measure magnetic properties of the
samples at room temperature.

The optical absorption spectrum was recorded
on an Avaspec 2048 TEC UV-Vis
spectrophotometer with the wavelength range of
300-800 nm. Photocatalytic activity of the
prepared ZnFe,O, was evaluated by the
degradation of methyl orange in aqueous solution
under UV light irradiation. A cut-off filter was

placed under the UV lamp (8 W) to remove all
wavelengths less than 400 nm. In each
experiment, 0.1 g of photocatalyst was added into
100 ml methyl orange solution with a
concentration of 10 mg/l. The suspension was
magnetically stirred in the darkness for 1 h to
establish the adsorption/desorption equilibrium at
room temperature, then the solution was
irradiated using UV radiation. During irradiation,
stirring was continued to keep the mixture in
suspension. At regular intervals, samples were
taken from the suspension and then centrifuged to
remove the photocatalyst particles. The change in
the concentration of each degraded solution was
monitored on UV-Vis—NIR spectrophotometer
Raylight UV-1600 via measuring the absorbance
in 300—600 nm for methyl orange.

3. RESULTS AND DISCUSSION

Fig. 1 shows XRD patterns of the samples
coprecipitated at different temperatures (40-
80°C) and the sample coprecipitated at 80 °C and
subsequently calcined at S00°C. The XRD results
indicated that the all samples were single phase
zinc ferrite and all peaks can be indexed to cubic
spinel structure of ZnFe,O, (JCPDS NO. 22-
1012). However, the diffraction peaks became
narrower and  sharper with  increasing
precipitation temperature from 40°C to 80°C and
calcination at 500°C, indicating an increase of
crystallinity and crystallite size. Moreover, the
measured lattice parameters decreased with
increasing synthesis temperature, as presented in
Table 1. Furthermore, the lattice parameter was
larger than that of the normal spinel structure of
zinc ferrite (a=8.4412 A). This indicated that the
samples had partially inverse structure, because
of the substitution of some Zn2+ cations with
large ionic radius (0.74 A) for Fe3* cations (0.65
A) in octahedral sites which resulted in the
expansion of the spinel lattice [20]. However, the
redistribution of Zn2* and Fe3* cations into
tetrahedral and octahedral sites, respectively,
after calcination at 500 °C resulted in the smallest
lattice parameter. The presence of (222) peak in
Fig. 1d for the sample calcined at 500 °C also
confirmed the decreasing of the inversity
according to the literature [21].
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Fig. 1. XRD patterns of ZnFe,0, nanoparticles synthesized at (a) 40 °C, (b) 60 °C and (c) 80 °C and (d) synthesized at 80
°C and post calcined at 500 °C..

TEM images of zinc ferrite nanoparticles, one
only coprecipitated at 80°C and the other post
calcined at 500 °C are presented in Fig. 2. It can
be seen that the ZnFe,O, nanoparticles are
monodisperse and spherical. The average particle
size of zinc ferrite nanoparticles precipitated at

80°C is 11 nm, increasing up to 21 nm after
calcination at 500°C, which are in agreement
with the crystallite sizes calculated from XRD
patterns (Table 1).

The magnetization curves of the samples
shown their XRD patterns in Fig. 1 are exhibited

Table 1. Lattice parameter, crystallite size, magnetization at 10 kOe and band gap as a function of synthesis temperature.
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Temperature 2 (A) Crystallite size | Magnetization Eg
(°O) (nm) (emu/g) (eV)

40 8.4480 7 7.2 2.05

60 8.4469 8 6.5 1.96

80 8.4439 10 5.4 1.83

500 8.4420 19 2.7 1.88
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Fig. 2. TEM micrograph of ZnFe,O, nanoparticles (a)
synthesized at 80 °C and (b) synthesized at 80 °C and post
calcined at 500 °C.

in Fig. 3. The magnetization curves of the
samples were linear with zero coercivity
indicating that the zinc ferrite nanoparticles were
superparamagnetic. Although the bulk ZnFe,O,
with a normal spinel structure is paramagnetic,
these zinc ferrite nanoparticles exhibited a
ferrimagnetic behavior, due to the redistribution
of iron and zinc cations into octahedral and
tetrahedral sites [21, 22]. Furthermore, the
samples were not fully saturated at 10 kOe, due
to the presence of superparamagnetic and single
domain particles [23]. The magnetizations at 10
kOe for these samples were also presented in
Table 1. The magnetization decreased with
increasing the co-precipitation temperature, due

M (emu/g)

H (kOe)

Fig. 3. Magnetization curves of ZnFe,O,4 nanoparticles
synthesized at (a) 40 °C, (b) 60 °C and (c) 80 °C and (d)
synthesized at 80 °C and post calcined at 500 °C.

to the decreasing of inversity originated from the
increasing of crystallite size [19] which is more
obvious in the calcined sample.

The UV—vis absorption spectra of these
samples are shown in Fig. 4 (top). The absorption
spectra showed that the ZnFe,O, nanoparticles
absorbed considerable amounts of visible light,
suggesting their potential applications as visible-
light photocatalysts. The optical direct band gap,
Eg, was determined from Fig. 4 (bottom) by the
equation (ohv)>=A(hv—E,), where hv is the
photon energy in eV, o is the absorption
coefficient, and A is a constant relative to the
material [24]. The band gap of the samples was
also given in Table 1. The absorption of ZnFe,O,
in the visible region can be attributed to the
photoexcited electron transition from O,, level
into Fe,, level since the energy band structure of
ZnFe,0, is generally defined by considering the
O,, level as the valence band and the Fe;, level as
the conduction band [25, 26]. Furthermore, the
band gap energy decreased with increasing the
crystallite size, due to the quantum-size effect
[27].

The photocatalytic activities of the ZnFe,O,
samples, one only coprecipitated at 80°C and the
other post calcined at 500°C, were investigated
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Fig. 4. UV—vis absorption spectra (top) and Tauc’s plots
((ahv)2 vs. hv) (bottom) of ZnFe, 0O, nanoparticles
synthesized at (a) 40 °C, (b) 60 °C and (c) 80 °C and (d)
synthesized at 80 °C and post calcined at 500 °C.

and the results were illustrated in Fig. 5. This
figure shows that the dye concentration decreased
just after removal of darkness, due to the partial
adsorption of organic molecules on the surface of
catalyst in the darkness. The coprecipitated
ZnFe,0, nanoparticles exhibited more reduction
than that of the calcined sample, due to the lower
crystallite size and higher specific surface areas
[6]. With increasing the irradiation time, the
relative concentration of dye decreased in the
calcined sample to 80 % after 5 h, due to
photocatalytic degradation of methyl orange.
However, in the coprecipitated sample the
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Fig. 5. Photodegradation of MO under UV light irradiation
by ZnFe,O, nanoparticles (a) synthesized at 80 °C and (b)
synthesized at 80 °C and post calcined at 500 °C.

relative concentration increased in spite of more
irradiation, because the absorbed organic
molecules were released from the nanoparticle
surface during the stirring, probably showing that
1 h stirring in darkness was not enough for
equilibrium of absorption/desorption. In this
sample, only 5 % of the dye degraded after 5 h
light irradiation, due to the photocatalytic
activity.  Furthermore, the rather  high
photocatalytic activity of the calcined ZnFe,O,
nanoparticles can be attributed to the low band
gap (1.88 eV). The lower band gap results in
generation of more electrons and holes which
interact with surface bound H,0 or OH- to
produce OH  free radicals for the
photocatalyticdegradation process.

4. CONCLUSIONS

Single phase zinc ferrite nanoparticles with
partially inverse spinel structures have been
synthesized by co-precipitation at various
temperatures (40- 80°C) and post calcination at
500°C. The magnetization and band gap
decreased with the increasing co-precipitation
temperature. The calcined ZnFe,O, nanoparticles
exhibited better photocatalytic activity with 20%
degradation, compared with the coprecipitated
ZnFe,0, nanoparticles with 5% degradation of
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methyl orange after 5 h UV-light light radiation
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