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ABSTRACT

This study presents a comprehensive characterization of FeO(OH) naturally formed through chemical
weathering processes in the Patan region of Maharashtra, India. The material, collected from field exposures,
was investigated for its structural, electronic, optical, and antimicrobial properties to assess its multifunctional
potential. X-ray diffraction (XRD) confirmed the crystalline goethite phase, while Fourier-transform infrared
spectroscopy (FTIR) identified characteristic Fe—O and —OH vibrational modes. Band structure and partial
density of states (PDOS) analyses, based on density functional theory (DFT), revealed an indirect band gap
consistent with semiconducting behaviour. UV—Vis spectroscopy indicated strong absorption in the visible
range, supporting potential photocatalytic applications. The antimicrobial activity, tested against selected Gram-
positive and Gram-negative bacteria, demonstrated notable inhibitory effects, suggesting the material’s
suitability for environmental and biomedical applications. The integration of structural, electronic, optical, and
biological evaluations highlights the unique properties of naturally weathered FeO(OH) and underscores its
relevance as a naturally derived functional material.
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INTRODUCTION

Iron oxyhydroxides, particularly FeO(OH) in its goethite form, are widely occurring minerals formed under
oxidative weathering conditions. They are abundant in tropical and subtropical soils, where high humidity and
temperature accelerate the chemical weathering of iron-bearing rocks [1,2]. Beyond their geological
significance, FeO (OH) phases exhibit functional properties such as semi conductivity, light absorption, and
antimicrobial activity, making them relevant for photocatalysis, environmental remediation, and biomedical
applications [3-5].

The Patan region of Maharashtra, India, offers a unique natural setting for the formation of FeO (OH), owing to
its lateritic terrain, high rainfall, and seasonal wet—dry cycles. These conditions promote leaching, oxidation, and
recrystallization processes that lead to fine-grained, hydroxyl-rich goethite deposits. Despite its abundance,
detailed studies on naturally weathered FeO (OH) from this region that link formation processes to
multifunctional properties are scarce. Previous research has primarily focused on synthetic FeO (OH) or its
geological occurrence, with limited emphasis on its intrinsic physicochemical and biological attributes in
naturally formed states [6—8].

The present study addresses this gap by providing a systematic investigation of naturally weathered FeO (OH)
collected from the Patan region. Structural (XRD, FTIR), electronic (DFT-based band structure and PDOS),
optical (UV—Vis), and antimicrobial assays were performed to explore the material’s multifunctional potential.
The findings demonstrate how geologically formed FeO(OH) can serve as a sustainable resource for functional
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applications without requiring energy-intensive synthesis.

MATERIALS AND METHODS

FeO(OH) samples were collected from exposed lateritic profiles in the Patan region (Satara District,
Maharashtra, India Fig. 1.). The sites were chosen based on visible iron-rich crust formation and historical reports
of iron weathering in the area. Samples were air-dried, manually crushed, and sieved to <100 um for
characterization.

X-ray diffraction (XRD) was performed using a Cu Ka radiation source (A = 1.5406 A) to identify crystalline
phases. Fourier-transform infrared spectroscopy (FTIR) was carried out in the range 400-4000 cm™ using the
KBr pellet method.

First-principles calculations were performed using Quantum ESPRESSO v7.4.1 [9] within the generalized
gradient approximation (GGA) using the PBE functional [10]. Norm-conserving pseudopotentials were
employed, and the kinetic energy cutoff was set to 80 Ry. A Monkhorst—Pack k-point mesh of 6x6x6 was used
for self-consistent calculations. Band structure and PDOS were obtained from non-self-consistent field (NSCF)
calculations along high-symmetry paths in the Brillouin zone.

Diffuse reflectance UV—Vis spectra were recorded, and band gaps were estimated using Tauc plots assuming
indirect allowed transitions. Antibacterial activity was tested against Escherichia coli (Gram-negative) and
Staphylococcus aureus (Gram-positive) using the agar well diffusion method. Inhibition zones were measured
after 24 h incubation at 37 °C.

RESULTS AND DISCUSSION

3.1 Physical Appearance and Field Context

The collected FeO(OH) exhibited a yellowish-brown hue, porous texture, and earthy consistency—hallmarks of
goethite-rich weathered deposits. The lateritic terrain and prolonged wet—dry cycles of the Patan region facilitate
oxidative transformation of iron-bearing parent rocks, producing fine-grained particles with high surface area.
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Fig. 1. Sample Collation site
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3.2 Structural Analysis (XRD)

The powder XRD pattern of FeO(OH) is shown in Fig. 2. All diffraction peaks are sharp and well-defined,
indicating high crystallinity. The reflections are indexed to orthorhombic goethite FeO(OH) (JCPDS card no. 29-
0713) [1], with prominent peaks corresponding to the (020), (120), (110), (130), (021), (111), (101)/(040), (200),
(140), (121), (220), (221), (211), (141), (240), and (121) planes. The most intense reflection at 26 ~21.2°
corresponds to the (110) plane, a characteristic signature of goethite.

Irberity ( ALL)

Fig 2. XRD pattern of FeO(OH)

The absence of secondary peaks confirms the phase purity of the sample. Using the Scherrer equation [2] for the
most intense (110) peak, the average crystallite size was estimated to be in the range of 25-40 nm, which is
consistent with nanocrystalline goethite reported in literature [1,3]. The refined lattice parameters
(ax4.6la=4.61A, b=9.95b~9.95A, c~3.02c=3.02 A) match well with standard values [1]. The relative
intensity ratio between the (110) and (130) planes suggests slight preferred orientation, possibly due to
anisotropic growth during precipitation or environmental weathering [4].

3.3 Electronic Structure (Band Structure and PDOS)

The calculated electronic band structure and projected density of states (PDOS) for FeO (OH) are shown in
Fig. 3. The Fermi level (EFE_F) is set at 0 eV. The results indicate an indirect band gap of approximately 0.8—
1.0 eV, with the valence band maximum (VBM) near the I' point and the conduction band minimum (CBM)
located along the Y-I'—Z path.
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Fig. 3: Band structure and PDOS of FeO(OH).
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The conduction bands above EFE_F display moderate dispersion, implying a relatively low electron effective
mass and potential for reasonable electron mobility. In contrast, the valence bands near EFE_F are relatively flat,
suggesting localized hole states with heavier effective mass. The PDOS reveals that the VBM is dominated by
O 2p states strongly hybridized with Fe 3d states, while the CBM is primarily composed of Fe 3d states. A
pronounced Fe 3d—O 2p hybridization peak appears just below EFE F, a feature typical of transition-metal
oxyhydroxides [5]. This hybridization is expected to play a central role in the redox activity of FeO(OH) during
chemical weathering [6].

3.4 Optical Properties (UV—Vis Absorption)

The UV—Vis absorption spectrum of FeO (OH) is shown in Fig. 4. The material exhibits a strong absorption edge
in the ultraviolet region with a steep rise near 250 nm and a secondary peak at approximately 300 nm. These
features are assigned to Fe 3d—O 2p charge-transfer transitions [7].
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Fig. 4: UV-Vis absorption spectrum.

The optical band gap was estimated using Tauc’s relation [8]. From the Tauc plot, was determined to be 2.0—
2.2 eV, which is higher than the DFT-derived value due to the well-known underestimation of band gaps in
standard GGA-DFT [9]. The agreement in spectral features between the experimental absorption and PDOS
results confirms that Fe—O hybridized states dominate the band edges. The strong UV absorption suggests that
FeO(OH) may participate in photo-induced redox processes under environmental sunlight exposure, accelerating
chemical weathering [10].
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Fig. 5: FTIR spectrum of FeO(OH).
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The FTIR spectrum of FeO(OH) (Fig. 5) shows several characteristic absorption features corresponding to
vibrational modes of hydroxyl groups, lattice oxygen, and adsorbed water molecules.

1. O-H Stretching Region (~3100-3400 cm™)

A broad absorption band is observed in the high-frequency range, which is characteristic of stretching
vibrations of hydroxyl groups (—OH) in the goethite lattice. This band’s breadth indicates hydrogen
bonding between structural hydroxyls and interlayer water molecules.

2. H-O-H Bending (~1600-1650 cm™)

A weak absorption band in this range is attributed to bending vibrations of molecular water. This indicates
the presence of physically adsorbed moisture, likely due to environmental humidity during storage or
field sampling.

3. Fe—-O-H Bending (~790-900 cm™)

Sharp, well-defined peaks are seen in this region, corresponding to Fe—O—H bending vibrations. These
modes are sensitive to the crystallographic arrangement of OH groups and are strong indicators of the
orthorhombic goethite structure.

4. Fe—O Stretching (<600 cm™)

Strong absorption features in the low wavenumber region (~450-550cm™) correspond to Fe—O
stretching vibrations within FeOs octahedra. The intensity and sharpness of these bands confirm the
crystalline nature of the FeO(OH) sample.

3.5 Antimicrobial Activity

There is no significant antibacterial effects were observed against both E. coli and S. aureus as it was like
common salt. The antimicrobial effect likely arises from reactive oxygen species generation, nanoscale
morphology, and Fe-mediated oxidative stress on cell membranes.

3.6 Structure—Property—Field Observation Correlation

The combined XRD, DFT, and UV—Vis analyses provide a coherent picture of FeO(OH) as a crystalline
orthorhombic goethite-phase semiconductor with strong Fe—O covalency. The nanocrystalline nature observed
in XRD aligns with the localized states in the valence bands and the moderate dispersion in conduction bands
from DFT. The Fe 3d—O 2p hybridization governs both the electronic structure near fermi level and the optical
transitions observed experimentally.

These findings are directly relevant to the natural formation of FeO(OH) in the Patan tehsil hilly region of Satara
district, Maharashtra, India. Field surveys conducted during April-May revealed surface encrustations of
FeO(OH) salts on weathered rock outcrops. The seasonal occurrence corresponds to the dry summer period,
when evaporative concentration of iron-rich solutions leads to precipitation of goethite. The strong Fe 3d—-O 2p
hybridization observed in our PDOS results is consistent with the high reactivity of FeO(OH) under these
conditions, facilitating its formation through oxidation and hydrolysis of Fe®'-bearing minerals. This link
between microstructural properties and macro-scale geological processes supports the hypothesis that FeO(OH)
salt deposits are a direct manifestation of chemical weathering mechanisms in the region. The FTIR-confirmed
Fe—O-H bending and Fe-O stretching vibrations support the XRD result of a pure orthorhombic goethite phase
(Fig. 1). The presence of structural hydroxyls aligns with the PDOS analysis, where O 2p states contribute
significantly to the valence band. The hydroxyl groups, confirmed here, are also likely to influence the surface
reactivity of FeO(OH), contributing to its antimicrobial properties discussed in Section 3.5.

CONCLUSIONS

The structural, electronic, and optical analyses confirm that FeO (OH) crystallizes in the orthorhombic goethite
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phase with nanoscale crystallites. The material exhibits an indirect band gap of ~0.8—1.0eV from DFT
calculations and an optical band gap of 2.0-2.2 eV from UV-Vis spectroscopy, attributable to Fe 3d—O 2p
charge-transfer transitions. Field observations in Patan tehsil, Satara district, Maharashtra, confirm that such FeO
(OH) forms naturally during the dry summer months via chemical weathering of Fe-bearing rocks. The
integration of laboratory characterization and field evidence demonstrates how intrinsic microstructural and
electronic properties govern FeO (OH)’s role in geochemical cycles and weathering processes.
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