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ABSTRACT: Cobalt ferrite (CoFe,0,) nanopowder was successfully synthesised by the
coprecipitation method. For the entire experiment, natural iron sand from the Bengawan
Solo River is used as an iron (Fe) cation source. The effect of the annealing temperature of
a coprecipitated CoFe,O, sample from natural iron sand was investigated. The presence
of strong metal oxide bond groups at the tetrahedral and octahedral sites is revealed by
Jfourier transform infrared (FTIR) spectral results, owing to the CoFe,O, characteristic.
Then the X-ray diffraction (XRD) pattern confirmed the formation of a single-phase
CoFe,0, with face centred cubic (FCC) crystal structure closely matched to reference
data ICDD221086. The crystalline parameters such as lattice parameter and crystallite
size modify with the increase of annealing temperature. The saturation magnetisation
(Ms) decreases as the annealing temperature rises. In addition, the coercive fields (Hc)
increases as the annealing temperature rises. As a result, the annealing temperature
affects the performance of the CoFe,O, photocatalyst. The photocatalytic performance of
the annealing temperature sample at 300°C was found to be the best.
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1. INTRODUCTION

Recently, researchers and scientists are interested in spinel ferrite magnetic
materials in the form of nanopowder scale as well as thin-film because of their
appearance-interesting properties.'® Cobalt ferrite (CoFe,0,) is one of the
spinel ferrite magnetic materials which has a face-centered cubic (FCC) crystal
structure Fd-3 m space group. In general, inverse spinel CoFe,O, has a formula
Co*'(Fe*"),0,, with Co*" being a divalent cation occupying an octahedral site
while iron(iii) (Fe¥) is a trivalent cation that occupies both tetrahedral and
octahedral site.”® However, the observed inversion degree (J)is often less than
1 for Co*.Co* ions occupy the octahedral sites in bulk CoFe,O, while Co*
occupies both the tetrahedral and octahedral sites in nano-size order materials.'*!
CoFe,0O, has interesting properties i.e., high magnetocrystalline anisotropy
(~3 x 10° J/m?3), large coercivity at room temperature (~5.4 kOe) and moderate
saturation magnetisation (Ms) (~87 emu/g)."*'* As a result, it has a high potential
foruse in a variety of technologies, including magnetic hyperthermia, antibacterial,
drug delivery and photocatalyst.* %!

Today, research based on natural materials has attracted a lot of attention because
it’s environmentally friendly. Regarding CoFe,0,, several studies show that it can
be synthesised using natural plant extracts as previously reported.!®!” Also, there
are some early studies that natural iron sand can replace Fe*" ions in the synthesis
of lead hexaferrite powder, magnesium ferrite powder and CoFe,O, powder.'82
Moreover, some researchers have modified the properties of CoFe,O, of a such kind
by adding dopant bismuth (Bi), variations in annealing temperature and synthesis
methods to get suitable properties of CoFe,0,. Based on the abundance of natural
iron sand in Indonesia, which has not been fully explored, there are interesting
challenges in researching the preparation of CoFe,0, and its modification.??"-?2

Chemical synthesis methods widely used for the preparation of CoFe,O, include
sol-gel, hydrothermal, auto-combustion and coprecipitation methods.?>2¢ This
method is widely used because it can be carried out at room temperature and is
simple.?”-*® Among these methods, the coprecipitation method is advantageous for
synthesising nanoparticles due to the use of inexpensive materials, low energy
requirements, uniformity in particle size, simple experimental conditions and
easily soluble impurities removed.?®*

In this study, CoFe,O, was synthesised by the coprecipitation method using
natural iron sand as a Fe cation source with the variation of annealing temperature.
The CoFe,O, was characterised using fourier transform infrared (FTIR), X-ray
diffractometer (XRD) and vibrating sample magnetometer (VSM) to determine the
chemical bonding group, crystal structure and magnetic properties, respectively.
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Meanwhile, the photocatalytic activity of the CoFe,0, samples were evaluated
using UV-Vis characterisation.

2. EXPERIMENTAL

The natural iron sand was taken from the Bengawan Solo River, Bojonegoro, East
Java, Indonesia. Whereas the preparation of natural iron sand as a Fe cation source
follows the procedure as reported previously.* First, the amount stoichiometry of
Co(NO,),.6H,0 (Merck) and iron sand was dissolved in 200 ml of distilled water.
The mixed solution was then heated to 95°C while being stirred at 300 rpm for
20 min. Following that, a 4.8 M NaOH solution was added dropwise to the mixed
solution until a black precipitate formed. The precipitate product was then washed
with ethanol and distilled water. The precipitate product then was dried in the oven
at 100°C for 12 h. Next, the obtained products were crushed for 1 h, then annealed
at different temperatures (300°C, 400°C and 500°C) for 4 h. To investigate the
chemical bonding group, the final product of samples was characterised using
an FTIR spectrophotometer. XRD with Cu-Ka, (1.5406 A) radiation was used to
evaluate the phase material and crystal structure. The lattice parameter @ for the
cubic structure was evaluated using the Bragg Equation as shown below:*!

a = (1)
JR+IEE+P 2sinb

The lattice strain 2 was calculated following the equation:3?

d:

_ Bhkl
2 " 4tan (2)

The crystallite size D of all samples determines using the strongest peak of the
XRD graph with the Debye Scherrer equation.*

_ kA
D_Bcose 3)

With A is the wavelength of the Cu-Ka source and refers to the full width at
half the maximum of the concerned peak. The crystalline density d, is calculated
following the equation:*
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_ &M
dx - Na3 (4)

Where M is the molecular weight, N is Avogadro’s number, is the lattice parameter
and d,_ is the density. The magnetic properties were investigated using a VSM.
Calculation of the total magnetic moment using the formula.**

_ MuX M
5= N, % 9.27 % 107" ©)

With M, and N, are molecular weight and Avogadro’s number. Finally, the
photocatalytic activity of CoFe,O, was evaluated using the degradation of
methylene blue (MB) (after 10 min of UV irradiation) based on its absorbance
measured using a UV-Visible spectrophotometer. It is well known that absorbance
is related to the number of pollutants. Therefore, the degradation efficiency was
evaluated using a comparison of the maximum absorbance of MB with and without
adding powder CoFe,0,. It was calculated using Equation (6) as follows:*

Degradation efficiency = A”IZOA’ *x100% (6)

In this study, the kinetic rate constant was calculated using the first-order kinetics
reaction model equation defined as:

n (%)= ki (7)

o

With ¢ is irradiation time, 4, is the initial absorbance and 4, is the absorbance of
MB after adding powder CoFe,0, at time ¢, respctively.?!

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD diffraction pattern of coprecipitated CoFe,O, at different
annealing temperatures of 300°C, 400°C and 500°C. It can be seen that the peaks
of all samples were well indexed with reference standard ICDD number 221086
namely (220), (311), (222), (400), (422), (511) and (440) which according to a
face-centered cubic crystal structure with the Fd-3 m space group. The absence
of impurity peaks confirms that the synthesis of coprecipitated CoFe,O, with
natural iron sand is a single-phase and still retains the spinel crystal structure.
Furthermore, the strongest peak (311) shifted to a higher angle as the annealing
temperature increased. It indicates a decrease in lattice parameter a which will be
discussed later. This finding is consistent with the previous study.?® Table 1 shows
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the resume of a crystalline parameter such as lattice parameter (a), strain lattice
(2), the crystallite size (D) and crystalline density (d.). The a can be explained
using Equation (1). The X was calculated following Equation (2). While the D was

determined using the strongest peak (311) via Equation (3). The d, is calculated
using Equation (4).
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Figure 1: XRD pattern of CoFe,O, nanopowder for different annealing temperatures of
300°C, 400°C and 500°C.

Table 1: Lattice parameter (a), crystallite size (D), crystalline density (dx) and lattice strain
(%) of CoFe,0,.

Sample a(A) D (nm) d, (g/cm?) 3

300°C 8.3946+0.0168 22.96+0.018 5.27+0.031 0.0050+0.0001
400°C 8.3644+0.0017 23.07+£0.018  5.33+0.031 0.0049+0.0001
500°C 8.3471+0.0069 24.83+0.018  5.360.026 0.0046+0.0003

As seen in Table 1, a decrease with increasing annealing temperature. This finding
is consistent with the previous study.”® Moreover, Y decrease with increasing
annealing temperature namely 0.0050, 0.0049 and 0.0046, respectively. However,
D increase with an increase in annealing temperature (Figure 2). This might be
due that increasing annealing temperature can reduce internal stress and promote
crystal growth which is consistent with the previous study.**® It is also shown
that the crystalline density of the sample increase with annealing temperature i.e.,

5.27 g/em?, 5.33 g/em® and 5.36 g/cm® which is typically owing to the CoFe,O,
nanoparticles.
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Figure 2: Annealing temperature dependence of the crystallite size and lattice strain.

Figure 3 shows FTIR spectra of CoFe,O, at annealing temperatures of 300°C,
400°C and 500°C. It was found the presence of strong absorption bands in the
range of wavenumber k£ = 414.71 cm™ — 444.61 cm™ and 568.99 cm™ — 573.85
cm™ attributed to the vibration of metal oxide bonds at a tetrahedral site (v,) and
octahedral site (v,), respectively. The v, and v, indicate the absorption of the Fe-O
and Co-0O, respectively. This is a typical characteristic of spinel ferrite material.***°
Then, it was discovered that, in addition to the main IR absorption band owned by

CoFe,0, material, which is shown in Table 2, other IR absorption bands appeared
in the samples from this study.
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Figure 3: The typical FTIR spectra of CoFe,O, at various annealing temperatures of 300°C,
400°C and 500°C.
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Table 2: Bond analysis FTIR spectra of CoFe,0, based on iron sand at different annealing

temperatures.
Wavenumber k (cm™!)
Bond Mode
300°C 400°C 500°C
Co-O 414.71 442.68 43497  Stretching
Fe-O 568.99 569.03 569.03  Stretching

Cc-O 1,020.39 1,014.60 1,040.64  Stretching
O-H 3,412.20 3,417.40 3,427.65  Stretching

Figure 4 shows the surface morphology of CoFe,O, nanoparticles using natural
iron sand as the source of Fe cations. It was observed that the nanoparticles formed
a hollow structure. The large hollow is formed at a lower annealing temperature
and decreases with increasing annealing temperature. This demonstrates that an
increase in annealing temperature is used when individual nanoparticles close to-
gether and then combine to form larger and more compact granules, resulting in a
smaller hollow. The particle size of the CoFe,O,nanoparticles samples made from
the iron sand of the Solo River was observed to be ~100 nm larger than in previ-
ous studies.’” Tt seems that the energy required for the granules to coalesce is less
than that of CoFe,O, nanoparticles synthesised with all analytical pure chemical
materials as before.

Figure 4: SEM images of coprecipitated CoFe,O, nanoparticles with annealing temperatures
0f 300°C, 400°C and 500°C.
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Figure 5 shows the M-H hysteresis curve of coprecipitated CoFe,O, nanoparticles
magnetic with different annealing temperatures. The magnetic-parameter
properties, on the other hand, can be calculated and summarised in Table 3.
Ms was obtained for nanoparticle samples at 30.8 emu/g and 30.55 emu/g after
annealing at 300°C and 400°C. The Ms then decreases to 23.25 emu/g at 500°C of
annealings. Moreover, the total magnetic moment, calculated using Equation (5),
also showed a similar trend. The magnetic moment’s n, were 1.3 pg, 1.28 pg, and
0.98 g for annealing temperatures of 300°C, 400°C and 500°C, respectively. The
decrease in Ms as annealing temperature increased was similar to the previous
study, although some report an increase in Ms value with increasing annealing
temperature.** The difference in the results obtained was allegedly due to the
characteristics of each material. Cation redistribution between octahedral sites
(B-sites) and tetrahedral sites can explain a decrease in Ms (A-sites). The total
magnetic moment of CoFe,O, nanoparticles can be expressed as . Furthermore
in this study, lower should result in the migration of Fe** cation from octahedral
sites (B-sites) to tetrahedral sites (A-sites) and consequently decrease Ms.
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Figure 5: Hysteresis loop of CoFe,O, nanoparticles for different annealing temperatures of
300°C, 400°C and 500°C.

Other, the coercive fields (H.) are obtained at 113.5 Oe, 122.5 Oe and 161.5
Oe for annealing temperatures of 300°C, 400°C and 500°C, respectively. These
results can be correlated with the increase in magnetic anisotropy (K,) constants
of 1.92 10* erg/cm?, 2.08 10* erg/cm® and 2.09 10* erg/cm® for each annealing
temperature of 300°C, 400°C and 500°C. These findings confirm that the increase
in the K, contributes to the increase in the coercive field in this sample of CoFe,0,
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nanoparticles. Another factor contributing to the increase in the H. magnitude
for this nanoparticles sample is domain wall pinning at the interface caused by a
change in crystallite size.!*

Table 3: Magnetic properties of coprecipitated CoFe,O, nanoparticles for a different
annealing temperature.

Sample Ms (emu/g) ny;(py) H, (Oe) K, (10 erg/cm?)

300°C  30.85 1.30 113.5 1.92
400°C  30.55 1.28 122.5 2.08
500°C  23.25 0.98 161.5 2.09

Figure 6 shows the characteristics of CoFe,O, nanoparticles which were annealed
at 300°C as a photocatalyst to reduce MB under UV light irradiation for 10 min.
The absorption peak decreased with the addition of CoFe,O, concentration as a
catalyst in the MB solution. The percentage reduction obtained for the mass of
CoFe,0, as a 5 mg photocatalyst was 28.36%. Then, for photocatalyst masses of
10 mg, 15 mg and 20 mg, the percentages gradually increased to 42.60%, 49.51%
and 58.01%, respectively. This demonstrated that the CoFe,O, catalyst used in
the current study performs well as a photocatalyst material for the degradation of
20 ppm MB. Other temperature-annealed CoFe,O, samples also showed similar
photocatalytic performance (data not shown). Then the degradation efficiency
of the CoFe,O, catalyst for MB decomposition can be determined from the
absorbance value by Equation (6) as depicted in Figure 7.
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Figure 6: The photocatalytic performance of 5 mg, 10 mg, 15 mg and 20 mg CoFe,0,
nanoparticles annealed at 300°C in 20 ppm of MB under 10 min UV irradiation.
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Figure 7: CoFe,0, catalyst dosage effect with percentage degradation of MB 20 ppm.

It can be seen that the catalyst mass of 20 mg is enough to degrade the 20 ppm of
MB by 58.01% for 10 min. The decrease in degradation efficiency with increased
annealing temperature regarding structure properties of CoFe,O, correlates with
crystallite size. As discussed in the XRD results, the crystallite size increases with
increasing annealing temperature, resulting in a decrease in surface area and as a
result, a reduction in photocatalytic effectiveness. Furthermore, the SEM results
show that the difference in surface morphology in the form of a hollow or granular
compact determines photocatalyst efficiency. Similar to the previous study, the
degradation efficiency increases as the dosage of CoFe,0O, catalyst increases.*>
Because many nanoparticles provide an active surface for the photocatalytic
reaction to form hydroxyl radical groups (OH), the increase in degradation
efficiency with increasing catalyst dosage may be due to the greater quantity of
catalyst dosage.*’

Furthermore, the calculation of the reaction rate can provide the desired information
about the reaction. In this study, the kinetic rate constant was calculated using
the first-order kinetics reaction model equation as defined in Equation (7). As a
result, the kinetic rate constant of CoFe,O, nanoparticles at a different annealing
temperatures of 300°C, 400°C and 500°C for 20 ppm of MB, is depicted
in Figure 8.
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Figure 8: The kinetic rate constant of the CoFe,O, photocatalyst.

The results showed that the kinetic rate constant decreased with annealing
temperatures. This result was related to the increase of the crystallite size which
caused the active surface area for photocatalytic reaction to decrease. These results
agree with previous studies.8*

4. CONCLUSION

The coprecipitated CoFe,O, nanopowder was successfully synthesised and
discussed the physical properties including the photocatalytic performance.
Natural iron sand from the Bengawan Solo River is used as a Fe cation source
for whole experiments. The structural characteristics of the FTIR results show the
presence of strong metal oxide bond groups at the tetrahedral and octahedral sites,
owing to the CoFe,0, properties. The XRD pattern then confirmed the formation
of a single-phase CoFe,O, with an FCC crystal structure that closely matches
reference data ICDD221086. The crystalline parameters such as lattice parameter
and crystallite size change as the annealing temperature rises. The magnetic
properties show that as the annealing temperature rises, the Ms decreases. Whereas
the Hc increase with the increase of annealing temperature. Thus, the annealing
temperature affects the performance of the CoFe,O, photocatalyst. It was found

that the annealing temperature sample at 300°C had the best photocatalytic
performance.
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