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The findings from this research demonstrated the feasibility to control and form iron oxide

nanostructures using a facile water-vapor-assisted thermal oxidation process. The iron oxide
nanoarchitectures can be used for an efficient removal of heavy metal Cr (VI) ions through
adsorption process.

The formation of iron oxide nanostructures using a simple thermal oxidation
method was reported. This method enables the large-scale formation of nanostructures in the form of
one-dimensional nanowires or two-dimensional nanosheets. By controlling the oxidation parameters
such as oxidation time, temperature and introducing water-vapor, the nanoarchitectures formation can

be controlled. Using these iron oxide nanostructures, removal of harmful Cr(Vl) ions via adsorption

process was carried out. The Cr(Vl) removal properties and the formation mechanism of the
nanostructures are reported.
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The term “heavy metal” refers to metallic elements and metalloids having an atomic
density greater than 5 g/cm3. Lead (Pb), cadmium (Cd), zinc (Zn), mercury (Hg), arsenic (As),
and chromium (Cr) are examples of heavy metals that are known to be extremely toxic even
at low concentrations. The accumulation of heavy metal ions in plants and animals occur
when they are exposed to a polluted environment that could lead to the transfer of the heavy
metals to humans through the consumption. The source of various heavy metals can originate
from industrial discharges due to inadequate wastewater monitoring and treatment prior to
their release to the environment.

Due to their hazardous effects, it is crucial to remove heavy metals ions from
wastewater. Clay-based materials have been used for decades to absorb heavy metal ions,
and with recent advances in nanotechnology, nanostructured metal oxides have
demonstrated the possibilities to remove extremely small concentrations of heavy metal ions
from aqueous systems. This can be achieved using metal oxides powders or nanostructured
metal oxide architectures such as one-dimensional (1-D) nanotube or nanorod as well as two-
dimensional (2-D) nanosheets and nanoblades. Metal oxides are good absorbent materials
with functionality to reduce certain designated heavy metal into their more benign forms.

Hexavalent chromium, (Cr (V1)) ions typically exist as highly soluble and toxic,
chromate anions (HCrO4- or Cr20+2-) and there are several methods for Cr (VI) removal from
industrial wastewater such as photocatalytic reduction, chemical precipitation, membrane
filtration, and adsorption. Among these methods, the adsorption method is appealing due to
its efficiency to remove even minute amounts of Cr (VI). To obtain an efficient adsorption
process, a solid surface with a large surface area is required. Rapid formation of
nanostructured materials with large surface area such as 1-D nanowires and 2-D nanosheets,
are of interest due to its potential for large scale fabrication. This can be achieved through
thermal oxidation of metallic sheets/foils, which is rather an inexpensive and cost-efficient
method. This study investigated the formation of iron oxide nanostructures by thermal
oxidation and its architecture control using different oxidation parameters.

Iron oxide is a compound material, largely found as hematite (a-Fe2Qs), magnetite
(Fes0a), wiistite (FeO), and maghemite (y-Fe203). They can be used as adsorbent for various
types of heavy-metal ions. By controlling the oxidation temperature, time and environment,
the morphology of the iron oxide nanostructures obtained varies. Therefore, this study
systematically investigated the formation of iron oxide nanostructures as a function of time,
temperature, and the effect of water-vapor addition. The crystal phase and Cr (VI) removal
properties were also characterized. The formation mechanism is also proposed.

The objective of this research is to fabricate iron oxide nanostructures using a
simple thermal oxidation allowing large-scale fabrication for removal of Cr (VI) ions from
aqueous solution. Elucidation of the iron oxide nanostructures formation mechanism is also
one of the aims of this research. It was found out that by changing the oxidation temperature
and time, the morphologies of the iron oxide nanostructures differ. The presence of water
vapor during oxidation was also found to induce formation of denser nanostructures with an
improved uniform distribution compared with those under dry-air conditions. Therefore, this
study investigated the effect of water vapor assisted thermal oxidation at both lower
temperature (400°C—600°C) and higher temperature (700°C—800°C) regions. When iron is
oxidized at high temperatures, oxide scales containing multilayered oxides, which are
different to the oxide phases formed below 570°C. Therefore, investigating the oxide
formation at higher temperature regions under water vapor presence could lead to unique
nanostructure formation.

A systematic investigation of the oxide nanostructures formed was carried out and
the evaluation of their Cr (VI) removal properties was also performed. The controlled
formation and optimum parameters required to fabricate nanostructures that exhibit good
Cr (VI) adsorption property are also targeted. The formation mechanism of the
nanostructures as well as adsorption kinetic and equilibrium studies were also reported.



Iron foils (99.9% purity) were polished with a silicon carbide paper, ultrasonically
cleaned in acetone, rinsed using deionized water, and then dried. The iron foils were placed
in an alumina crucible and positioned in the hot zone of a horizontal furnace. The furnace
was progressively heated by 5°C /min until the desired oxidation temperature. The water
vapor generated using a nebulizer was introduced into the oxidation tube. The oxidation time,
temperature and environment were adjusted according to the intended investigation
parameters. The morphologies of the oxide nanostructures were observed using a field-
emission electron microscope and higher magnification images were obtained using a high-
resolution transmission electron microscope. Crystal structures were examined by taking X-
ray diffraction (XRD) patterns with a Cu Ka radiation source (A = 0.154 nm). The crystallinity
obtained was also confirmed using a Raman spectrometer XPS spectroscopy with an Al X-ray
radiation source used for surface and elemental analysis.

For the evaluation of Cr (VI) removal property, the samples were placed in Cr (VI)
solutions and the pH of the solutions was adjusted to pH 2 by adding sulfuric acid. The
assessment of Cr (VI) content was performed using a diphenyl-carbazide (DPC) colorimetry
method. The DPC solution was prepared by diluting 0.25 g of 1,5-diphenylcarbazide in 50 ml
acetone, and an aliquot was added into the Cr (V1) solutions prior to UV-Visible (UV-Vis)
spectroscopy. Using the results obtained from UV-Vis measurements, absorption values
obtained at a wavelength of 540 nm were used for Cr (V1) detection.
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oxidized below 600°C. Oxidation at 700 °C led to the formation of coral-like nanostructures,
whereas a-Fe2O3 nanowires were obtained after oxidation at 800 °C for 2 h. Water-vapor-
assisted thermal oxidation resulted in a higher oxidation rate, leading to the formation of
larger as well as denser coral-like and high-aspect-ratio nanowires at 700 and 800 °C,
respectively. Through a systematic observation of the oxidation process, the formation
mechanism of the a-Fe20s3 nanowires, which was thought to occur via a stress-driven
mechanism through surface diffusion, was proposed as shown in Fig. 1. Although scarce, the
formation of nanowires was observed after 5 min of oxidation, and a densely distributed high
aspect ratio nanowires were obtained after 2 h of oxidation. The Cr (V1) adsorption properties
of the a-Fe20s nanowires obtained using water-vapor-assisted thermal oxidation at 800 °C
for 2 h was carried out with different concentration of Cr( VI) solution. A removal efficiency
of 97% was achieved within 90 min using an aqueous Cr (VI) solution with a concentration
of 225 mg/L. The adsorption equilibrium and kinetic models are according to the Langmuir
and pseudo-second-order kinetic models. The findings from this research study indicates the
feasibility to control and form iron oxide nanostructures using a facile water-vapor-assisted
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thermal oxidation process. The iron oxide nanoarchitectures can be used for an efficient
removal of heavy metal Cr (V1) ions through adsorption process. The findings of this study
will be beneficial and useful for the removal and mitigation of harmful Cr (VI) ions from
wastewater.
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