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ABSTRACT
Nat. Env. & Poll. Tech.
Website: www.neptjournal.com Recently, magnetic nanomaterials have gained much attention from researchers because
of their various unique physical and chemical properties and usage in a wide range of
Received: 20-06-2023 technological aspects. In this study, the synthesis of a-Fe,0, nanoparticles was performed
Revised: 13-08-2023 by a simple co-precipitation method. The synthesis of a-Fe,O; nanoparticles was carried
Accepted: 19-08-2023 out by mixing ferric nitrate and oxalic acid in an aqueous solution followed by evaporation,
Key Words: resulting in the solution’s dried form. The synthesized nanoparticles were analyzed by XRD,

a-Fe,05 nanoparticles, FTIR, Raman spectra, SEM-EDX, DSC, BET, and Zeta potential for detailed examination
Hematite of the morphology, structure, and other physicochemical characteristics. The XRD results
XRD confirmed that the nanoparticles formed were Hematite (a-Fe,O,) after the evaluation of
SEM-EDX obtained spectra compared to the Joint Committee on Powder Diffraction Standards Database
Raman spectroscopy (JCPDS). The FTIR spectra showed various bonds among functional groups, O-H bending,
BET Fe-O group, and within-vibration bonds. The phase study of the a-Fe,O5; nanoparticles was
performed by using Raman spectroscopy. SEM depicted a sphere-like or rhombohedral
(hexagonal) structure, and the EDX spectrum confirmed the peaks of iron and oxygen.

INTRODUCTION Nanotechnology has been touted as a modern technology that
helps in outstripping various physical and chemical property
barriers of different materials in nano-forms (Masoomi et al.
2010). The synthesis of nanomaterials can be attempted by
different methods like photochemical reduction, chemical
reduction, spray-pyrolysis, electrodeposition, hydrothermal,
co-precipitation, sol-gel, and microemulsion (Bozkurt 2020).

Nanotechnology, engineering, and manufacturing art of
working and functionating matter at the nanoscale (1-100
nm) has emerged as an attractive option in the field of
engineering and environmental science. Nanotechnology
has a great beneficial potential in a wide range of fields
(Lo et al. 2012) like biomedicine (Ebrahiminezhad et al.
2016), biotechnology, enzyme and protein immobilization, In recent times, iron oxide nanoparticles have attracted
biosensors (Morais et al. 2009), wastewater treatment, great attention due to their excellent thermodynamic
bioremediation of heavy metals (Xu et al. 2022), optics, ~ properties, strong environmental toxicity, resistance to
ceramics, electronics (Rao et al. 2000) and environmental ~ biological toxicity and corrosion, high stability, strong redox
remediation (Villanueva et al. 2009). It has been considered ~ potential, and absorption abilities (Liu et al. 2019). Due
that nanoparticles, mainly metal oxides, are working more  tO their unique physical properties as compared to clump
effectively and efficiently as adsorbents for cleaning material, magnetic nanoparticles have gained significant
environmental pollution because of their smaller size, large ~ interest. The properties of a nanomaterial are greatly
surface area, and zero generation of secondary pollutants.  influenced by surface morphology, phase, and microstructure
They can penetrate deeper contamination zones where  as compared with those of clump materials. However, these
microparticles cannot (Gurlhosur & Sreekanth 2018). parameters are dependent on the quality and purity of the
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phase of the synthesized nanomaterial (Qureshi et al. 2022).
As a result, the importance of single-phase material can not
be emaciated as it is vital for the specific measurement of
different physical properties (magnetic and electrical, etc.)
(Terayama et al. 2018).

Iron oxide is a renowned conventional semiconductor
with a negative temperature resistance coefficient (Terna
et al. 2021). The quest to prepare a homogenous mixture
of iron nanoparticles has led researchers to develop
various practices for the manufacturing process of iron
oxide nanoparticles, such as chemical precipitation, sol-
gel process, pulsed layer ablation, electro-spinning and
solvent precipitation, hydrothermal, combustion technique,
etc. (Farahmandjou & Soflaee 2015, Ganguli & Tokeer
2007, Subaihi & Naglah 2022). The pathway used for the
synthesis of nanomaterial greatly influences the standardized
physicochemical characterization of magnetite nanoparticles
by affecting the crystallinity, structure, and surface area
(Chircov & Vasile 2022). However, there is still a major
challenge in the development of a simple and more
efficient method for the synthesis of pure and homogenous
magnetite particles with high dispersion and narrow-size
dispensation (Terayama et al. 2018). There are two familiar
crystalline phases of iron oxide (Fe,05), i.e., the y-phase
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has a cubic structure, maghemite, and the a-phase has a
rhombohedral structure, hematite (Wang et al. 2013). The
process of calcination performs the conversion of y-phase
to o-phase when the temperature reaches 400°C, and this
forms a-Fe,O5; nanoparticles with significant grain growth
(Farahmandjou & Soflaee 2015). The a-phase is considered
to be the most important polymorph existing as hematite
with a rhombohedral-centered hexagonal structure and a
close-packed oxygen lattice (Basavegowda et al. 2017).
Hematite (o-Fe,03), the most stable form of iron oxide,
is one of the most environment-friendly semiconductors
having a band gap energy of Eg = 2.1 eV (Cao et al. 2003).
It is conventionally used for gas sensors, catalysts, fine
ceramics, electrodes, magnetic materials, photocatalytic
activity, red pigment, and anticorrosion protective paints
(Farahmandjou & Soflaee 2015). While synthesizing iron
nanoparticles, some important factors must be considered,
such as the size and shape of nanoparticles, intrinsic
properties, surface charge and surface coating, non-toxicity,
and their stability in the aqueous environment (Chircov &
Vasile 2022). Therefore, the choice of a suitable synthesis
method offers the ability to control the shape, size, stability,
and surface coating of the nanoparticles (Ansari et al. 2022).
The salt (precursor) and reactants ratio used in the chemical

Ferric nitrate + Oxalic acid dihydrate

' Mixed in molar ratio of 3:1

Stirred for 1h at room temperature using magnetic stirrer

l Greenish yellow coloured appeared

Evaporation at ~125 °C

' Further drying

Dark Brown Precursor

y

Calcination (2.5 h at 450 °C)

U

Iron Nanoparticles

Fig. 1: Flow diagram of a-Fe,O5 nanoparticles synthesis.
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Fig. 2: Pictorial representation of methodology of a.-Fe,O; nanoparticles synthesis.

methods of iron nanoparticle synthesis greatly influences its
composition, size, shape, and ionic strength. The mixing rate
and the temperature provided during the process, along with
the agitation provided, also influence the properties of the
iron nanoparticles formed (Aragaw et al. 2021).

In the present study, iron oxide nanoparticles were
synthesized by a simple chemical method. Analytical grade
chemicals (Ferric nitrate and Oxalic acid) were used as the
initial compounds, along with water as a solvent for the
synthesis of nano-sized, single-phase hematite (0-Fe,O5). The
morphological and structural characterization was performed
by SEM-EDX, FTIR, XRD and Raman spectroscopy, DSC,
BET, and Zeta potential.

MATERIALS AND METHODS

Synthesis Procedure of a-Fe,O; Nanoparticles

The whole process of iron nanoparticle synthesis was used
according to Pant et al. (2009). The whole procedure of
o-Fe,O5 synthesis is represented in the form of a flow diagram
in Fig. 1. The chemicals used for the synthesis of a-Fe,O4
were ferric nitrate anhydrous and oxalic acid dehydrates
of analytical grade without any further purification. Nano
powder synthesis process was carried out by mixing ferric
nitrate and oxalic acid aqueous solutions in a molar ratio of
3:1 and stimulated at room temperature for one hour with
the help of a magnetic stirrer (Fig. 2). Evaporation of this
mixture was done by heating on a hot plate at temperature ~
125°C and a greenish yellow colored precursor was formed.
Further drying of the precursor formed was performed for

@ @ This publication is licensed under a Creative
Commons Attribution 4.0 International License

about 1 h until the color changed from greenish yellow to
dark brown. The dark brown precursor was ground to make
iron oxide powder, followed by calcination for 2 and a half
hours at temperatures ranging from 250-450°C.

Characterization of Synthesized a-Fe,0; Nanoparticles

The prepared 0-Fe,O; nanoparticles were characterized
with the help of instruments like XRD, SEM-EDS, FTIR,
Raman spectrometer, and BET for structure and surface
morphological properties and size specification of the
synthesized 0-Fe,O; nanoparticles. An X-ray diffractometer
was used to record spectra of the synthesized a-Fe,04
nanoparticles for identifying the structural phase and to
estimate particle size. The model used for the analysis was
the Rigaku Miniflex-II diffractometer, Japan. Scanning
electron microscopy (SEM) was used for morphological
structure analysis of synthesized a-Fe,O; nanoparticles by
using an instrument with model number JSM 7610 F+, JEOL,
Japan, operated at an accelerating voltage of 15kV. EDS
measurement was done for the estimation of the chemical
composition of the prepared sample’s weight and atomic
percentage. The BET analysis was performed by using
Micromeritics Gemini V2.00.

The Raman spectra were recorded by a Raman
spectrometer (Alpha 300, WITec Focus Innovations with
an Excitation laser line of 632 nm from a He-Ne laser) at
room temperature. Fourier transform infrared (FT-IR) spectra
were recorded by using Spectrum Two, PerkinElmer in a
range of 400 cm™! t0 4000 cm™ wavenumbers for identifyin g
the chemical bonds along with the functional group of the
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Fig. 3: SEM-EDS analysis of a-Fe,0; nanoparticles. (a) SEM image of a-Fe,03 nanoparticles at 100000 X magnification; (b) SEM image of a-Fe,05
nanoparticles at 75000 X magnification; (c) SEM image of a-Fe,0; nanoparticles at 50000 X magnification; (d) SEM image of a-Fe,05
nanoparticles at 25000 X magnilation; (e) depiction of EDS peaks of the elements in a-Fe,O5 nanoparticles; (f) Weight percentage
of the elements in o.-Fe,03 nanoparticles.
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synthesized a-Fe,O; nanoparticles. Differential Scanning
Calorimetry (DSC) was used for differential scanning
calorimetry examination and the thermal stability of
o-Fe,05 nanoparticles between 0-500°C under a nitrogen
atmosphere with an increase in temperature of 10°C.min"".
The model used was Discovery 25/TA Instruments Waters.

Zeta potential was measured with a Malvern Zeta analyzer.

RESULTS AND DISCUSSION
SEM-EDX Analysis

A scanning electron microscope (SEM) is a type of
microscope that provides high-resolution images of any
sample or object by scanning it with a focused beam of
electrons across the surface and detecting backscattered
electron signal with up to ~50000 X magnifications (Nahari
et al. 2022). Energy-dispersive X-ray spectroscopy (EDX
or EDXS), also known as Energy dispersive X-ray analyzer
(EDA) or energy dispersive X-ray microanalysis (EDXM),
is an analytical technique used to provide the elemental
analysis, quantitative composition, and chemical composition
of a sample (Sayed & Polshettiwar 2015). Scanning Electron
Microscopy was used for the qualitative analysis of surface
morphology and structure of calcined a.-Fe,O5; nanoparticles
(Fig. 3). In Fig. 3(a-d), a-Fe,O; nanoparticles images at
different magnifications at the nanoscale are shown. The
assembly of o-Fe,0; nanoparticles was compact, having
a spherical or rhombohedral (hexagonal) structure. The
synthesis of a-Fe,O; nanoparticles had a diameter in the
range of 9 nm-12.5 nm.

Energy dispersive spectroscopy (EDS) of a-Fe,04
prepared by the simple chemical method is depicted in
Fig. 1, which confirms the presence of iron and oxygen
elements with their weight percentage in the synthesized
sample. The presence of gold (Au) is because of the gold
coating on the sample during the SEM analysis. The peaks
of iron and oxygen are shown in the EDS graph with fewer
other elements as impurities. The atomic percentage of iron
and oxygen in the sample was 37.3% and 62%, respectively.
The weight percentage of iron and oxygen was 64.8% and
30.9%, respectively, as shown in Fig. 3(f).

FTIR Analysis

Fourier Transformed Infrared Spectroscopy (FTIR) was
used to investigate the functional groups of the synthesized
o-Fe,O5 nanoparticles. Fig. 4 depicts the infrared spectrum
of the synthesized a-Fe,0O; nanoparticles. The spectrum
represents various kinds of chemical bonds and their
functional groups present in the synthesized o-Fe,04
sample. The broader band located at 3409.78 cm™'
wavenumbers is assigned to the O-H stretching vibration,
which indicates a hydrogen bond and confirms the presence
of the hydroxyl (-OH) group (Weldegebrieal & Sibhatu
2021). The stretching and bending vibration peak located at
1631.12 cm™ wavenumbers represents the H-O-H bond of
adsorbed water (Subaihi & Naglah 2022).

The spectrum of a-Fe,O5 confirmed the presence of the
aromatic C-H in-plane bend stretching vibrations observed
at peaks 1023.80 cm™' and 1093.22 cm™! (Khoshnam et al.
2021). The absorption bands at 446.42 cm™ and 531.26 cm™!
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Fig. 4: Fourier Transformed Infrared Spectroscopy (FTIR) analysis of a-Fe,O5 nanoparticles.
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signify the vibrations of the Fe-O stretching bond, which
confirms the presence of a-Fe,O; (Khoshnam et al. 2021).

XRD Analysis

X-ray diffraction (XRD) examination of peaks of the
synthesized a-Fe,O; nanoparticles was studied and shown
in Fig 5. The synthesized iron oxide nanoparticles were
identified as o-Fe,O; (Hematite) on evaluation of the
obtained spectra against the Joint Committee on Powder
Diffraction Standards Database (JCPDS) manual. With
the increase in temperature, the diffraction peak intensity
of the samples also increases and decreases in the peak
width at half maximum, indicating an improvement in
crystallinity (Gurlhosur & Sreekanth 2018). The XRD pattern
of the sample shows the high crystallinity of the a-Fe,O4
sample.

The peaks at 20 were obtained at 30.46°, 35.86°, 43.46°,
57.46° and 63.14° as per ASTM standard for o-Fe,04
nanoparticles. The peaks obtained are typical of hematite and
are in relevance with (Shah 2023.), which obtained o.-Fe,O5
nanoparticles using glucose and sucrose fuels. The XRD
peaks are good indicators of the rhombohedral hematite,
related to the R3c space group with unit cell parameters of

20
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a=5.038 A and ¢ = 13.772 A. Moreover, the XRD results
also showed more intense and sharper peaks, which indicates
the high crystalline nature of the a-Fe,O; (Benhammada et
al. 2020, Khoshnam et al. 2021).

Raman Analysis

Raman spectroscopy is a significant non-destructive tool
to investigate the chemical and structural composition
of a wide range of materials. It has been regarded as the
appropriate technique for the characterization of nano-
sized substances since it allows the identification of slight
vibrations of nonmaterial (Benhammada et al. 2020). To
further clarify the phase of the rhombohedral particles,
Fig. 6 shows the Raman spectrum of the synthesized
o-Fe,0; nanoparticles. The spectrum of synthesized o.-Fe,O;
nanoparticles shows three strong peaks around 227, 289, and
401 cm™ and two weak bands at 494 and 601 cm™'. The
results are in accordance with Kumar et al. (2023). Also, the
two strong peaks at 227 and 289 cm™ can be attributed to the
A,g and E, Raman modes of a-Fe,0; nanoparticles, which
are very near to 224 and 287 cm™' peaks obtained by (Rohilla
etal. 2023, Abad et al. 2020). The different vibrational modes
of the material are presented.
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Fig. 5: X-ray Diffraction (XRD) pattern of synthesized o-Fe,O; nanoparticles.
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Fig. 6: Raman spectroscopy of synthesized a-Fe,O5 nanoparticles.

DSC Analysis

In Differential Scanning Calorimetry (DSC) analysis, the
relationship between heat flow (W/g) and temperature (°C)
is analyzed for the synthesized a-Fe,O; nanoparticles. The
DSC results are depicted in Fig. 7. The two main peaks
observed were an endothermic peak at a temperature of
156.62°C with normalized enthalpy of 121.10 J.g"' and
an exothermic peak at a temperature of 332.37°C with
normalized enthalpy of 35.105 J.g™. The endothermic peak is

associated with a phase change in the sample, which indicates
that the degradation of the sample can occur at a small range
of temperatures. An exothermic peak at 332.37°C showed a
big step change, which indicates the stability of the sample
and phase transition started. These peaks are related to the
transformation of the amorphous phase to crystalline Fe,04
and its transformation to a-Fe,O5 nanoparticles (Bozkurt
2020). The DSC profile confirms the purity of the a-Fe,05
nanoparticle synthesized.
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Fig. 7: Differential Scanning Calorimetry (DSC) graph of a.-Fe,O; nanoparticles.
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Table 1: Zeta potential deviation and parameters.

Mean [mV] Area [%] Standard deviation
Zeta potential [mV] -15.0 Peak 1: -15.0 100.0 3.29
Zeta deviation [mV] 3.15 Peak 2: zero Zero Zero
Conductivity [mS.cm™] 0.320 Peak 3: zero zero Zero
Quality of the result Good
8000 -
6000
n ]
o
C
8 4000
(@)
®© ]
o
o
-
2000
0 -
I i I i I i I i I '
-100 -50 0 50 100
Zeta Potential (mV)
Fig. 8: Zeta potential of synthesized o-Fe,O5 nanoparticles.
Zeta Potential lean toward accumulation (Colla et al. 2012, Nourafkan et al.

Size is one of the most important factors in describing
nanoparticle (NP) properties, although to distinguish NPs
from bulk materials, substantial discussion exists on the size
threshold (Lakshminarayanan et al. 2021). {-potential is the
electrokinetic potential difference between the diffusing
medium and compact layer of fluid in which nanoparticles
are immersed (Kongsat et al. 2021). -potential measurements
were performed for the assessment of colloidal and dispersion
stability. At alow C-potential value, dispersions in due course
are cumulative because of the van der Waals force. Thus,
NPs with a high absolute value of C-potentials are supposed
to have stable dispersions, whereas those with lower values

Vol. 23, No. 1, 2024 ® Nature Environment and Pollution Technology

2017). C-potential is used to measure the stability (C-potential
values with greater than +30 mV and less than =30 mV) of
nanoparticles in an aqueous solution. C-potential was measured
using water as a dispersant, with a refractive index of 1.330,
a dispersant dielectric constant of 78.5, and a viscosity (cP)
of 0.8872. A C-potential of —15 mV was measured for the
synthesized o-Fe,O; nanoparticles, as shown in Fig. 8 and
C-potential deviation and parameters are given in Table 1.
Thus, the synthesized o.-Fe,O nanoparticles are supposed
to have stable dispersal potential. These negative potential
charge values suggest that o.-Fe,O; nanoparticles can be good
adsorbents for various applications.
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Table 2: BET surface area of a-Fe,0; nanoparticles as reported by various
studies.

Method of NP synthesis BET surface ~ References

area [mz.g'l]
Chemical synthesis 79.2 (Maji et al. 2012)
Chemical synthesis 90.71 (Waseem et al. 2014)
Chemical synthesis 105.1 (Zhang et al. 2012)

BET Analysis

The N, adsorption-desorption isotherm characteristics
were used to estimate the porous structure of the a-Fe,04
nanoparticles. The BET surface area of the a-Fe,0,
nanoparticles was calculated as 132.9304 m?.g™!, which is
significantly higher than the values previously reported by
various chemical methods (Table 2). The pore volume of
a-Fe,O; nanoparticles was measured as 0.379642 cm’.g!. The
greater specific surface area and microporous characteristics
of a-Fe,O; nanoparticles would be advantageous for
prospective catalytic/adsorptive usage of this substance in
a variety of environmental applications.

CONCLUSION

The iron oxide nanoparticles were synthesized by a simple
co-precipitation method at 450°C. The experimental
design uses the simplest approach for the preparation of
the a-Fe,0; nanoparticles. The characterizations observed
showed confirmation of the preparation of good quality
a-Fe, 05 nanoparticles. The BET surface area of the o.-Fe, 05
nanoparticles was 132.9304 m”.g”, which is significantly
higher than the other studies reported so far. The XRD
spectrum confirms the rhombohedral (hexagonal) structure
of a-Fe,O with highlighted peaks at 30.46°, 35.86°,43.46°,
57.46° and 63.14° Further, SEM also confirms the sphere-
like or rhombohedral (hexagonal) shape of the characteristic
nanoparticles. Moreover, the presence of iron and oxygen is
confirmed by SEM-EDS. FTIR provided good quality peaks
between the range of 400 cm™! to 4000 ¢cm’™! wavenumbers,
which represented various kinds of chemical bonds and
their functional groups. This also confirmed the presence of
the a-Fe-O stretching mode of a-Fe,O; nanoparticles. The
Raman spectroscopy showed the phase change in synthesized
a-Fe,05 nanoparticles. The DSC analysis showed two
peaks, i.e., endothermic and exothermic, confirming the
phase transition and stability of the synthesized a-Fe,O;
nanoparticles. This further suggests that these nanoparticles
can be useful in the absorption process used for wastewater
treatment and enhancement of microbial diversity during
anaerobic digestion, which ultimately helps in the increment
of biogas production and many more applications.
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