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ABSTRACT ARTICLE HISTORY

Ferrite materials have found applications in numerous areas, chiefly Received 24 February 2022

for hyperthermia in cancer therapy, targeted drug delivery and Accepted 12 August 2022

photodegradation. In this work, magnesium ferrite nanoparticles

(MgFNPs) were formulated using polyethylene glycol (PEG) as a cap-

ping agent to tailor the properties and heighten the biocompatibility ) i
: . . L o magnesium nanoparticles;

for suitable biomedical applications. The characterization results microstructural properties;

clearly showed the effect of PEG tailoring the properties of the for- optical properties;

mulated MgFNPs. A crystallite size with a value between 16 and polyethylene glycol

91 nm was determined from the X-ray diffraction (XRD) analysis. The

scanning electron microscopy (SEM) analysis showed particles of

spherical shape for all the samples and the particle size was

enhanced as the concentration of PEG increased. The vibrating sam-

ple magnetometer (VSM) showed a ferromagnetic nature for the

samples with reduced saturation magnetization as the concentration

of PEG was increased. The PEG concentration heightened the proper-

ties of the sample and can be highly optimized for suitable biomed-

ical applications.

KEYWORDS
ferrite materials;

1. Introduction

Nanotechnology is an emerging branch of science that describes the properties of
incredibly small size aggregate of molecules and atoms round about 1-100nm and it’s
one of the most exciting and fast-moving current areas of science.'! This multidisciplin-
ary field involves a large number of chemists, physicists, material scientists and engi-
neers analyzing the materials at the nanoscale. Nanotechnology via nanomaterials has
found a myriad range of applications in the fields of nanomedicine, biomaterials and
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energy production.!"! Spinel ferrites, with the general formula often expressed as
MFe,03 (M = Co, Mg, Ni, Mn, etc.) in which M ions are placed at the tetrahedral sites
(A) and Fe™ are placed at octahedral sites (B) enclosed by oxygen ions, have received
tremendous attention.'”) The distribution of M ions at A-sites and Fe™ ions at B-sites
has shown some influence on the magnetic properties of MFe,O4; we suggest it can be
controlled by suitable thermal treatment and control of the particle size.>~

Magnesium ferrite (MgFe,O;), a spinel-type ferrite, has been considered a very valu-
able material due to its wide variety of attractive electrical, optical and magnetic proper-
ties. In addition, such ferrites have demonstrated more ingenious advantages, such as
being a heterogeneous catalyst,'® photo-catalyst,!”! oxygen sensor,! and liquefied pet-
roleum gas (LPG) sensor,””! as compared to other ferrite nanomaterials. The magnetic
properties variation with the particle size promote its uses for the treatment of indigen-
ous hyperthermial® and drug delivery,””! gas sensing,!'® magnetic resonance imaging
(MRD)!M! applications, etc. In recent years, extensive investigations have already been
carried out for the synthesis of magnesium ferrites with developed magnetic and phys-
ical properties./'*'*

The substitution of various cations can modify the properties of MgFe,O;. In order
to understand the effect of the cations distribution in material applications, the synthesis
of the nanomaterials must be done based on high purity materials. Generally, solid-state
reactions are used to synthesize magnesium ferrites at high temperatures above 1000 °C,
which easily produce agglomerated particles having irregular shapes.'*'*! In recent
years, numerous wet chemical techniques have been proposed to prepare magnesium
ferrites nanoparticles using sol-gel,"*™'®! solution combustion,""***! polymeric precur-
sor,?!) reverse micelle,” microemulsion® and hydrothermal procedures**2° and
biogenic/biosynthesis,’*”} etc. Among these methods, biogenic/biosynthesis is one of the
most approachable contemporary techniques for producing various nanoparticles. This
method involves using an organic solvent, such as urea, and biopolymers, polymers,
plant extract, etc., as a chelating agent. Polyethylene glycol (PEG) is a hygroscopic
macromolecule with a well-defined structure. It has good water and organic solvent
solubility and low toxicity, is highly biocompatible and is biodegradable. Owing to all
these properties, PEG has a wide range of applications in the chemical, biochemical,
and biotechnological industries.!**

Herein a bio-inspired synthesis protocol was used to produce PEG-MgFNPs by vary-
ing the concentrations of PEG as a potential capping agent to tailor the microstructural,
optical and magnetic properties and enhance the biocompatibility of the sample. Based
on the various characterizations, the properties of the samples were enhanced and they
were made suitable for biomedical applications.

2. Materials and experimentation

Analytical grade Mg(NO3),-6H,0 and Fe(NO3);-9H,O precursors, commercial products
of Sigma Adrich Co. in Pakistan were used without further purification. PEG (6000 g/
mol) was used as a capping agent. The synthesis procedures were conducted in double
distilled water (DDW). Magnesium ferrites nanoparticles were synthesized by a biogenic
scheme using a stoichiometric quantity of magnesium nitrates and iron nitrate without
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Table 1. Composition of the samples.

Sample Mg(NOs), (g) Fe(NO,); (g) PEG (g)
T, 0.97 4.04 0.0
T, 0.97 4.04 3.0
Ts 0.97 4.04 6.0

further purification. In this procedure, we placed 0.97 g of Mg (NO3),-6H,0 and 4.04 ¢
of Fe (NO;);-9H,0O in a beaker containing 50ml DDW and stirred for 30 min; we
obtained a clear yellow solution that would be predicted to be a magnesium ferrites
solution. Then, separately, we dissolved 3 g PEG in 20 ml DDW and stirred for 20 min,
at 30 °C. The resulting solutions were mixed well at room temperature, then stirred con-
tinuously for 2h at 60 °C to form a gel. The obtained gel of the PEG/Mg ferrite and the
Mg ferrite solution were both transferred into an oven at 70°C for 9h to enhance the
complete drying of the samples, after which the dry, solid brown crystals were trans-
ferred into a vacuum tube oven for calcination at 400°C for 2h, respectively. These
procedures were repeated for 6 g PEG with the composition listed in Table 1. The Mg
ferrite sample prepared was named T; and the 3 and 6g PEG doped samples were
named T, and Tj, respectively. The formulated samples were characterized using X-ray
diffraction (XRD) spectroscopy (XRD-6000, Shimadzu Co., Japan). CuK, radiation
(0.154nm) was used to analyze the samples at room temperature between 20° and 70°
20. Characterization of the morphology of the samples was conducted using scanning
electron microscopy (SEM) using a SEM1010 SEM instrument (JEOL, Ltd, Japan). The
EDX attached to the SEM microscope was used to determine the elemental composi-
tions of the samples. An FTIR (FTIR-1650, PerkinElmer Co., USA) model spectrometer
was used in the range of 4000-500cm'. Thermogravimetric analysis (TGA) was done
with a TGA-60H thermal analyzer (Shimadzu Co., Japan) in the temperature range of
49-995°C at the heating rate of 20 °C per min. under nitrogen atmosphere, was used to
characterize the thermal degradation properties. UV-visible diffuse reflectance spectros-
copy (UV-DRS) (UV-3600, Shimadzu Co., Japan) was used to characterize the absorb-
ance and the reflectance properties, and a vibrating sample magnetometer (VSM)
Quantum design, (VSM-4700, model) Versalab Lake Shore Co. Ltd., USA measurements
was done in the range of +20 KOe to characterize the magnetic properties of
the samples.

3. Results and discussion of properties of the MgFNPs and PEG-MgFNPs
3.1. Thermogravimetric study of PEG-MgFNPs

The thermal stability of the previously calcinated samples was determined using TGA
by heating to 1000°C at 10°C/min, as shown in Fig. 1. The figure revealed that the
decomposition of the sample occurred in several stages. In the first stage, 15% weight
loss was recorded, as a result of the evaporation of water molecules. The second stage
involved 10% weight loss, ascribed to removing the phytochemical moieties, and the
third stage involved 12% weight loss which we ascribed to the complete removal of
the phytochemical moieties, after which no further weight loss was recorded. Hence, the
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Figure 1. Thermogravimetric analysis of thermal stability of Ts (6g-PEG-MgFNPs).
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Figure 2. XRD spectra of the samples T;, T,, and Ts.

prior calcination process resulted in further increase in the decomposition of the sample
during heating to 400 °C.

3.1. XRD study of MgFNPs and PEG-MgFNPs

The structural properties of the synthesized spinel nanoparticles were investigated by X-
ray diffraction, as shown in Fig. 2. The diffraction peaks at the 20 values shown were in
agreement with the JCPDS card no. 36-0398 for Fe,O;. The most prominent peaks at
the angles listed correspond to the MgFe,0; crystallographic planes 220 (29.9°), 311
(35.3°), 400 (43.0°), 422 (51.0°), 511 (56.9°), and 440 (62.5°). The estimated crystallite
sizes (D) of the MgFe,O3, normal to the 311 plane, based on the Debye-Scherer’s equa-
tion (Eq. 1), are presented in Table 2.
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Table 2. Crystallite size, Raman modes, and the saturation magnetization.

Raman peaks (cm™")

Sample D (nm) M; (emu/g) Ag Ty (2) E,
T 16.6 323 700.5 469.8 311.8
T, 73.2 304 7244 476.6 3171
T3 91.1 271 710.8 476.6 317.1
K2 N
~ PeosO’

where K is a constant ~0.9, / is the X-ray wavelength (4= 1.5406 A), f3 is the full width
at half maximum (FWHM) of the X-ray diffraction peaks, and 0 is the Bragg diffraction
angle in degrees.””! It can be concluded that the intensity and the size of the MgFe,O5
peaks increased with increasing the concentration of PEG, the PEG apparently enhanc-
ing the crystallinity and the crystal size of the MgFe,0s.

3.2. SEM study of MgFNPs and PEG-MgFNPs

Scanning electron microscopy (SEM) was used to analyze the particle morphology, as
illustrated in Fig. 3a-c. The images showed particles of near spherical shape in the
nano-size range. We observed an increase in the particle size as the concentration of
PEG was increased. The particles in Fig 3a were of near uniform size and were distrib-
uted throughout the micrograph with low agglomeration. The PEG enhanced the bind-
ing of the nanoparticles, as observed in Fig. 3b,c. We observed an increase in the
particle size as the PEG crystallite size increased. Energy-dispersive X-ray (EDX) spec-
troscopy attached to the SEM was used to analyze the elemental chemical composition
of the synthesized nanoparticles. Figure 3d shows the EDX spectra of the as-prepared
magnesium ferrite showing the constituent elements. The EDX spectra of the sample
had the highest peaks for Mg, Fe, and O; they also showed a small impurity peak of Na
for the as-prepared sample without the PEG. However, the Na impurity peak was less
with the addition of PEG, as shown in Fig. 3e,f.

3.3. Optical study of MgFNPs and PEG-MgFNPs

The reflectance and the energy bandgap of the samples were investigated using UV-
DRS. UV-DRS has great advantages in studying the optical properties of powder materi-
als from their absorbance spectra in the visible range. The reflectance of the samples is
presented in Fig. 4a. The reflectance data was converted using the Kubelka—Munk (KM)

relation theory to obtain the absorption coefficient («) as presented in Eq. (2).[>*31
« (1-R)"
F R =, 2
(R == @

where F(R) is the KM function.

o = (1 — R)"(molar absorption coefficient).
s=2R (scattering factor).
R ZR (reflectance of materials).



6 A. BATOOL ET AL.

@

O ETEE1162 1764
50.71

Count

0 1.3 2.6 3.9 82 6.5 7.8
Energy (kel)
Fe o Wei g
© Fomt e L

o K 1443 3327
BTN 1193 18.09
I 7364 4863

I 2718 5091
B 1438 17.73
E 5844 3136 Fe

Mg

Count
Count

0 13 26 33 52 65 78 0 13 26 35 i2 —6: s
Energy (keV) Energy (keV)

Figure 3. (a-c) SEM images of T;, T,, and T5 and (d-f) EDX images of T;, T,, and Ts samples.

The energy bandgaps (E,s) were calculated from the relationship between the KM
relation theory and the Tauc plot, as expressed in Eqs. (2) and (3). The direct allowed
energy transitions of the samples, as shown in Fig. 4b-d, were obtained through
extrapolation of the Tauc plot, as shown in the figures, to (ahv)” = 0.

(ahv)" = A(hv — E). (3)

In Eq. (2), F(R) is proportional to o since s is only dependent on the wavelength.
Hence, the energy bandgaps of the samples were obtained from (ahv)* vs. hv plots by
using the Tauc’s relation (Eq. 3).°**! Studies have shown that a doping agent greatly
influences the energy bandgap of materials.®***) Hence, the decrease in the E, from
3.35 to 2.88 eV, as shown in Fig. 4b-d, is due to the increase in PEG concentration.
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Figure 4. Reflectance and energy bandgap of the samples T;, T,, and Ts.

3.4. Raman study of MgFNPs and PEG-MgFNPs

The Raman spectra results, as shown in Fig. 5, gives information on the vibration
modes associated with the atomic structure and the symmetry of the samples.**! The
Alg and E; modes are related to the symmetric stretching and bending of the oxygen
anions in MgFNPs, respectively, whereas the T2, mode is associated with the asymmet-
ric stretching of the oxygen anions in the tetrahedral A-sites and the octahedral B-sites
cations.'*”! In Fig. 5, four clear Raman bands can be seen for the curve with the add-
ition of different concentrations of PEG, which altered the Raman bands position of the
sample. As shown, there were changes in the relative intensities and positions of
the peaks with increasing the concentration of PEG. As shown in Table 1 and Fig. 5,
the Raman band between 704 and 712cm ™ is assigned to the Alg band, which is due
to the Fe-O’s stretching vibrations in tetrahedral sites. The Raman band between 469
and 473 cm~! wavenumbers was assigned to the Ty, (2), the band between 298 and
309cm™' was assigned to E, and the band between 1300 and 1350cm ™' was assigned
to the D-band band. An increase to the same higher wavenumbers was observed for the
Tag (2), E, and A, bands with the addition of 3 and 6 g of PEG to the sample, as pre-
sented in Table 2. Raman bands shifts were observed in all the samples with the add-
ition of PEG. In addition, the addition of PEG decreased the intensity of the peaks in
the Raman spectra.
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Figure 6. Magnetic properties of the samples T;, T,, and Ts.

3.5. Magnetic properties study of MgFNPs and PEG-MgFNPs

The hysteresis loops of the obtained samples were determined using a vibrating sample
magnetometer. The loop of magnetization against the magnetic field, as shown in Fig.
6, shows the effect of PEG on the magnetic properties of the samples. All the samples
exhibited a ferromagnetic nature, as seen in Fig 6. The saturation magnetization (M),
as presented in Table 2, decreased as the amount of PEG increased. We presume the
decrease in M, should be attributed to the cation site distribution associated with the
spinel ferrite structure or the decrease in the Fe content in the material as PEG
increases. Hence, the PEG concentration influenced the decrease in the M; in the mag-
netic properties of the samples.
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4, Conclusions

The properties of MgFNPs and PEG-MgFNPs prepared via a bio-inspired synthesis
protocol, using PEG as a potential capping agent to tailor the microstructural properties
of the sample, were successfully determined. The characterization via TGA, XRD, SEM,
DRS, and VSM showed the effect of PEG on the samples. The XRD gave a crystallite
size increasing from 16 nm for the MgFNPs to 90 nm for the PEG- MgFNPs with 6.0¢g
of PEG. In addition an increase in the crystallinity of the sample was observed due to
the PEG. The SEM images showed a spherical morphology for all the samples, with
enhanced particle size with increasing PEG. The Raman band intensity decreased as the
PEG concentration increased. The magnetic properties had a ferromagnetic nature with
reduced saturation magnetization as the PEG increased. It is noteworthy that the PEG
concentration influenced the desirable properties of the sample, enhancing their suitabil-
ity for biomedical applications; with the most desirable being the sample with 6 g PEG.
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