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Abstract---This research synthesized nano-ferrite with Rare Earth substitution using the co-precipitation method.
The main goal was to produce nanometer-sized RE/Ca-(Fe304) ferrite utilizing sand as the primary raw material.
This research also sought to generate public interest in natural resources to maximize their benefits. Sand is
abundantly available in Indonesia and is commonly used in the production of concrete, bricks, and roads. To obtain
nanometer-scale particles, the co-precipitation method was employed in this study. Initially, iron sand was dissolved
in HCI, stirred until homogeneous, filtered and NHAOH was added. The mixture was then precipitated, filtered and
washed through a repetitive process until the nano-ferrite particles were obtained. To enhance the magnetic
properties, rare earth elements (RE) were introduced during the ferrite formation. The results of FTIR
characterization revealed absorbance at 1000, 1400, 1600 and 3400 cm-1, indicating vibrations caused by
stretching vibrations of the metal-oxygen tetrahedral band, stretching and HOH vibrations of anti-symmetrical NO
stretching vibrations arising from the nitrate group still present in the sample. XRD characterization demonstrated a
spectrum predominantly composed of RE/Ca-(Fe304) with a purity exceeding 90%, along with the detection of SiO2
impurities. Substitution of Gd, GdNd, and Nd results in an increase in lattice constant values for the a, and b-axis,
however, decrease for c-axis sequentially. Also, the substitution of Gd, GdNd, and Nd results in an increase in the
coercivity and remanence magnetization values sequentially. The average particle size obtained was 150 nm.
Keywords---co-precipitation, ferrite, magnetization, x-ray diffraction.

Introduction

Research on ferrite is increasingly being carried out related to several applications including microwave devices
(Thakur & Gupta, 2016), and antenna rods (Prakash et al., 2020). This study investigated the nanometer-sized
RE/Ca-ferrite ferrofluid materials through the incorporation of Ca and rare earth doping using the co-precipitation
method (Theiss et al., 2016). Locally available sand was employed as a natural raw material that is abundant in
nature and commonly utilized in the production of concrete, bricks, and other materials in Indonesia. Interestingly,
these natural materials possess significant economic potential due to their high content of iron-oxide compounds
(FesO4/Fe;03) in the form of iron sand, both exploited and untapped, that exist in various regions of Indonesia. This
research focuses on studying sand as a natural source of iron oxide, which will undergo further processing to produce
magnetic nanoparticles.

Ferrite is a magnetic material composed of iron and oxide ions, and its magnetic properties are attributed to the
presence of magnetic ions known as cations. It possesses a spinel structure referred to as ferro-spinel, which is
closely related to the crystal structure of spinel MgO.Al>,Oz (Thakur et al., 2020).

The spinel structure consists of two types of arrangements: tetrahedral and octahedral structures. Ferro-fluid, on
the other hand, is a magnetic nanomaterial in liquid form consisting of particles with dimensions of approximately 10
nm. The magnetic characteristics of ferrite can be controlled through the process of doping. In previous studies
(Bueno et al., 2008; Gul et al., 2008; Peng et al., 2004), researchers have utilized divalent metals M = Mn, Co, Ni,
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Cu and Zn, in various molar ratios denoted as x in the formula MxFes-xO4, to manipulate the magnetic properties
(Rafique et al., 2013; Ali, 2017). Theoretically, the magnetic strength of MyFes-xO4 can be enhanced by
incorporating an Mn*2 cation, which has a magnetic moment per atom of 5uB, larger than that of Fe*? (4uB),
following the molar content (x). Conversely, the magnetic properties of ferrite magnets can be diminished by
utilizing cations with lower magnetic moments such as Co*? (3uB), Ni*? (2uB), Cu*? (1uB) and Zn*? (0). In another
research conducted by Mohammad Hosein Sham and colleagues, the addition of Ba (barium) doping treatment to
Mg-Ti compounds was carried out to investigate the electromagnetic wave absorption characteristics (Shams et al.,
2008).

The properties of the final product obtained in the production of ferrite are influenced by the methods and
conditions employed. In the wet method, the necessary salts, serving as the foundation materials, are dissolved
together in an acidic solvent. To achieve high homogeneity, a homogeneous solution is formed, and NaOH
precipitate is added. Alternatively, NH4sOH precipitate can also be utilized, offering advantages such as the ability to
remove any remaining NH4OH contaminants in the precipitate through high-temperature heating.

Ferrite, in general, possesses a BCC (Body Centered Cubic) structure where all axes have equal lengths and the
angle between them is 90° degrees. Within the ferrite family, there are various terms used to describe combinations
or mixtures of iron (Fe) and carbon (C) ions. The first combination is pure ferrite, which has a structure primarily
composed of Fe and contains a small amount of carbon (less than 0.01% at room temperature). It is commonly
known as iron. The second combination is Austenite, which represents the Fe structure at high temperatures (above
912°C). The third combination is Cementite, which is a mixture of iron (Fe) and iron carbide (FesC). Cementite is a
hard substance. The fourth combination is Pearlite, which is a mixture of ferrite and cementite. The fifth combination
is Martensite, which is a combination of Fe and carbon. Martensite possesses extremely hard properties.

Several methods of ferrite have been carried out by previous researchers such as the use of co-precipitation
(Zipare et al., 2015; Dubey & Kain, 2018; Arévalo et al., 2017), gamma irradiation (Zorai et al., 2023), sol-gel (Gore
et al., 2017), and hydrothermal methods (Nejati & Zabihi, 2012). While variations of doping have also been carried
out by several researchers such as Cr (Lakshmi et al., 2016), and Cu (Surashe et al., 2020).

The synthesis of RE/Ca-ferrite nanoparticle ferrofluid used sand as raw material through the co-precipitation
method. The rare earth elements selected for this study were Yttrium (), Neodymium (Nd) and Gadolinium (Gd) to
gain desirable magnetic properties with significant magnetic field values. The co-precipitation method was employed
to generate ferrite compounds with particle sizes on the nanometer scale.

Experiment

The nano-ferrite FesO. synthesis process involved the use of permanent magnets for extraction. HCI was added, and
the mixture was stirred at 50°C for 10 hours. The obtained results were filtered and treated with NH4OH, followed by
another round of stirring at 50°C for 10 hours. The filtered results were then washed. Once the nano-ferrite powder
Fe304 was obtained, the synthesis process for FesO4 nano-fluid was initiated. The synthesis process for RE/Ca-Fe;04
nano-ferrofluid is followed:

o Weighing of the starting material Fe304, CaCOs, Gd203, Nd2O3 based on the molar composition ratio;

e Dissolving the starting material with HCI to be mixed using a magnetic stirrer to form a homogeneous
mixture;

e The homogeneous mixture was heated at a temperature of 100°C until it thickened;

e Compounds in the form of crust were sintered at 600°C for 2 hours;

e Surfactant was added.

To determine the success of the synthesis process, these characterizations and measurements were carried out:

XRD (X-ray Diffraction) characterization to identify the crystallinity of the formed phase;
SEM characterization to examine the particle size and morphology;

FTIR characterization to analyze the functional groups of compounds formed;

LIBS characterization to determine the elements that make up the compound.
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Results

Figure 1 presents the FTIR characterization results for RE/Ca-(Fes0.) samples, where RE elements (Gd, GdNd, and
Nd) were varied and subjected to the calcination process at 600°C. These figures display absorption patterns within
the wave-number region, which are largely similar but differ in terms of absorption percentage.
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Figure 1. The FTIR characterization results for RE/Ca-(Fe304) samples

Figure 1 exhibits absorbance peaks at 1724 cm™ and 1635 ¢cm™, indicating the presence of an asymmetric carbony!l
group, representing COOH and COO-, respectively. The symmetric stretching of the same carbonyl group is
observed at frequencies of 1445 cm™ and 1389 cm™. The range of 1665-1565 cm™ encompasses the frequencies of
asymmetric carbonyl stretching. Within the range of 1000-350 cm?, two broad metal-oxygen (M-O) bands are
observed in the infrared spectrum, notably a ferrite-specific band at 407 cm attributed to the stretching vibrations of
the metal-oxygen tetrahedral band. The spectrum further illustrates a distinct band between 3400 and 1600 cm™,
associated with the stretching and vibrational modes of H-O-H. The presence of the nitrate group is indicated by a
band near 1400 cm™?, resulting from anti-symmetric N-O stretching vibrations that persist in the sample.

The synthesized RE/Ca-(Fe304) sample is in the form of powder. The powdered sample was subjected to X-ray
Diffraction (XRD) characterization, utilizing an angle (20) ranging from 10 to 90° degrees (Nath et al., 2020). Figure
2 displays the results of the XRD characterization of the RE/Ca-(Fe304) samples. Overall, the XRD spectra exhibit
well-defined and smooth peaks, indicating the complete crystallization of the sample. The spectra demonstrate a
consistent pattern in terms of both the position of the 20 angle and the relative intensity of each peak. Notably,
several peaks with high intensity are observed at the angles of 24.21°, 33.23°, 35.73°, 40.97°, 49.51°, 54.15°, 62.57°
and 64.05°.
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Figure 2. The XRD characterization results for RE/Ca-(Fe304) samples
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The results of the X-Ray Diffraction (XRD) characterizations were analyzed using the Match! 3. Program Match! 3
aims to observe the RE/Ca-(Fe304) phase and the impurity phase in the sample by referring to the reference database
in the form of a PDF (powder Diffraction File) contained in the program. However, several peaks do not match with
the reference peaks, indicating the presence of impurity phases. These non-matching peaks are referred to as
impurity phases. By referring to the appropriate reference, namely PDF number 00-033-0664, the sample can be
identified as a compound of Iron Oxide FesO. (hematite). Furthermore, the impurity phase corresponds to PDF
number 00-046-1045, which is silicon oxide SiO, (quartz). The calculated volume fractions for each sample are
presented in Table 1. The inclusion of RE doping elements (Y, Nd, Gd and Eu) results in volume fraction values
exceeding 90%, with variations among the different samples.

Table 1
The calculation volume fractions for RE/Ca-(Fe3zO4) samples
No  Sample Volume fraction (%)
1 Gd/Ca-(Fe304) 92.1
2 Gd, Nd/Ca-(Fe30a) 91.8
3 Nd/Ca-(Fe30,) 90.6

The Volume Fraction percentages for each sample are reported in Table 1, with Gd/Ca-(Fe304) at 92.1 %, GdNd/Ca-
(Fes0a4) at 91.8 %, and the sample Nd/Ca-(FesO4) at 90.6 %. These results indicate a successful synthesis process,
although the volume fraction does not reach 100 %. Additional sintering processes can be conducted to remove the
impurity phase or achieve a volume fraction of 100 %, but this would require extra time and cost. Nevertheless, with
a volume fraction exceeding 90%, the samples can still be applied effectively (Adnyana & Suarbawa, 2022).

To assess the suitability of the obtained spectra in this study with reference, a Rietveld analysis was performed
using the Rietica software. This program also calculates lattice constant values, density, unit cell volume and particle
size. The results of the Rietveld analysis for the RE/Ca-(Fes0.) sample demonstrate lattice parameter values in the a-
axis direction, b-axis direction, and c-axis direction.

The refinement results of the ferrite samples are presented in Table 2, showcasing varied lattice constant values.
For the Gd/Ca-(Fesz04) sample, the lattice constants along the a-axis, b-axis and c-axis are 5.954745(4), 5.887364(2)
and 16.873253(5) A, respectively. Regarding the GdNd/Ca-(Fe304) sample, the lattice constants along the a-axis, b-
axis and c-axis are 6.129565(4), 5.934412(6) and 16.808916(8), respectively. Lastly, the Nd/Ca-(Fes0.) sample
exhibits lattice constants along the a-axis, b-axis and c-axis are 6.245926(3), 5.973536 (5) and 16.769247(4),
respectively.
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Table 2
The refinement results for RE/Ca-(Fes0.) samples (lattice constants along the a-axis, b-axis and c-axis
No Sample Lattice constants along  Lattice constants along Lattice constants
the a-axis (A) the b-axis (A) along the c-axis (A)
1  Gd/Ca-(FesOq) 5.954745(4) 5.887364(2) 16.873253(5)
2  Gd, Nd/Ca-(FesOs)  6.129565(4) 5.934412(6) 16.808916(8)
3 Nd/Ca-(Fe20.) 6.245926(3) 5.973536 (5) 16.769247(4)

In this study, the sample densities for Gd/Ca (Fes0,), GdNd/Ca-(FesO4), and Nd/Ca-(FesO4) were 9.682 gricm?,
9.784 gr/cm?, and 9.685 gr/cm?, respectively and the average particle size obtained from the result is 150 nm.

VSM Characterization Results

VSM characterization results of the samples are shown in Figures 3a to 3c. The value of coercivity (Ec), remanence
magnetization (Dr) and saturation magnetization (Ds) of the samples are shown in Table 3. Coercivity values of
RE/Ca-(Fes0a) are increased by 0.002, 0.004, and 0.040 kOe, with the substitution of Gd, GANd and Nd elements,
respectively. The remanence magnetization values were 0.001x102, 0.002x107?, and 0.100x10Z emu/g, for the
addition of Gd, GANd and Nd, respectively. Meanwhile, the saturation magnetization values were 14.00x107,
2.90x1072, and 1.55x10%2 emu/g, respectively of Y, Gd and Nd substitution. The data shows an increase in coercivity
and remanence magnetization values with Y, Gd and Nd element substitutions respectively (Yu et al., 2000).
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Figure 3. The VSM characterization results for RE/Ca-(Fe304) samples: a) Gd/Ca (FesOa);
b) GdNd/Ca-(Fes0.); ¢) Nd/Ca-(Fe304)
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Table 3
The value of Ec, Dr and Ds of all samples
Sample Ec (kOe) Dr (emu/g) Ds (emu/g)
Gd/Ca (Fes04) 0.002 0.001 x 10 0.320 x 1072
GdNd/Ca (Fes0.) 0.004 0.002 x 102 0.260 x 102
Nd/Ca (Fe30a) 0.040 0.100 x 10 0.400 x 1072

Conclusion

Based on the synthesis, characterization, and analysis conducted in this study using the Match and Rietica software,
several conclusions can be drawn as follows:

e The successful synthesis of RE/Ca-(Fe304) samples in powder form with high purity, indicated by volume
fractions exceeding 90 % (ranging from 90.6 % and 92.1 %).

e Substitution of Gd, GdNd, and Nd results in an increase in lattice constant values for the a, and b-axis,
however, decrease for c-axis sequentially.

e Substitution of Gd, GdNd, and Nd results in an increase in the coercivity and remanence magnetization values
sequentially.
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