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ABSTRACT

Magnetite nanomaterials are immensely valuable in the biomedical, water science, electronic and
bioengineering fields because of their para-magnetic property and biocompatibility. Nevertheless, the cost
of these materials is very high although it is regularly used in most applications in modern industries. To
address the issue, the present study is focused to synthesize magnetite nano-spheres assembled nano-
architectures. The low cost and locally available laterite was used as a source of iron. The extracted iron
was purified and converted into magnetite by a sol-gel synthesis method. The synthesized iron nanoparticles
were characterized using X-ray diffraction (XRD), Scanning Electron Microscopic (SEM) and
Thermogravimetric (TG) techniques. The obtained results confirmed that 50 nm of spherical magnetite
particles were formed. Also, the particles showed some picturesque self-assemblies when the pH of the
precursor-solution of the sol-gel process and the rate of annealing are changed. TG analysis reveals that the
annealing temperature is 500°C. X-ray diffraction pattern of the product is comparable with commercially
available nano-magnetite as well as the same material produced using chemicals using the same method.
These prepared nano-architectures have potential applications in drug delivery, electronic devices and
medical imaging.
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INTRODUCTION environmental, etc. (Roco et al., 2000;

Uskokovi¢, 2007). At present, there is an ever-

In recent years, an increasing number of
applications and products containing or using
nanomaterials have become available.
Nanotechnologies include the development
and production of nano-sized particles, fibers
and coatings, as a group referred to as
nanomaterials. They are having particles or
constituents of nanoscale dimensions (1-100
nm) and are intentionally manufactured
materials. When the particles are at the
nanoscale, compared to the macro- or micro-
scale particles, the properties of the material
change in terms of physically, chemically and
mechanically. Nanomaterials are becoming
more and more popular in modern industrial
fields because the advancements of
nanoscience are touching almost every aspect
of modern science including biomedical,
engineering, electronic, energy, textile,

increasing demand for low-cost nanomaterials
produced from less expensive raw materials
since the conventional production cost of these
nanomaterials is immensely high.

Among these nanomaterials, magnetite is
relatively expensive. However, it is commonly
used nanomaterial since it has para-magnetic
properties, besides other properties such as
biocompatibility, chemical inertness, thermal
stability etc. Therefore, the synthesis of
magnetite nanoparticles has been intensively
developed for many technological applications
such as magnetic resonance imaging (MRI)
(Ito et al., 2005; Stephen et al., 2011), nano-
tagging (Wang et al., 2005), wastewater
treatment (Su and Puls, 2008; Vergés et al.,
2008; Navratil and Akin, 2009; Yang et al.,
2010; Carlos et al., 2013), ferrofluids (Orsucci
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and Sala, 2013), drug delivery (Avilés et al.,
2008; Kempe and Kempe, 2010; Mangual et
al., 2011; Arias et al, 2012), tissue
engineering (Shimizu et al., 2006) and so on.
However, the production of magnetite
nanoparticles (MNP) requires high energy-
consuming production processes, expensive
precursor materials and time-consuming long
processes all of which lead to multiplied cost,
energy wastage and environmental impacts.
Hence, the production of magnetite
nanomaterials by low-cost methods using less
expensive raw-materials is a timely needed
requirement as the demand for such
nanomaterials is ever getting high with the
technological advancements and scientific
discoveries in biomedical science, engineering
and water science (Inshakova and Inshakov,
2017). To fulfil the local and global demand,
mineral resources available in Sri Lanka such
as marble, mica and graphite have been used
to synthesize nanomaterials (Mantilaka et al.,
2014a; b; Priyadarshana et al., 2015;
Somarathna et al., 2016; Wijesinghe et al.,
2017; Senthilnathan et al., 2019).

In the present study, we focused to develop a
low-cost, industrially viable method to
produce  MNPs from commonly available
laterite in Sri Lanka. Laterites are composed of
primary and secondary mineral formations
such as quartz, goethite, hematite, kaolin, and
other clay minerals (Sivarajasingham et al.,
1962; Dissanayake, 1980; Haldar, 2013). They
have been derived from the chemical
weathering of the parent rocks with the
leaching of mobile elements by infiltrated
waterways and groundwater fluctuations
(Dahanayake, 1982). According to previous
studies on Sri Lankan laterites, they are
extensively distributed in the southwestern
region of the island as shown in Figure 1
(Dissanayake, 1980; Dahanayake, 1982;
Herath and Pathirana, 1983). Also, some other
laterite deposits are found in Anuradhapura,
Puttalam, Matale and Badulla districts
(Dahanayake, 1982).

Nano-architectures are  the  nanoscale
architectures with definite shape and are made

up of nanoparticles which serve as building
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blocks (Grill et al.,, 2007). These nano-
architectures are very useful in modern
technologies such as energy storage (Summers
et al., 2003), catalysis and sensing (Ohmura et
al., 2019) drug delivery (Gunkel-Grabole et
al., 2015), and nano-electronics (Wang et al.,
2006). The initial step of the method of the
present study is to extract iron (Fe3* ) from
laterite by acid leaching. The extracted iron is
converted into MNP by the sol-gel method
(Zhu et al., 2012; Brinker and Scherer, 2013).

MATERIALS AND METHODS
MATERIALS

Laterite samples were collected from
Homagama, Sri Lanka, where longitudes and
latitudes of the area were 80.0377° and
6.8267°, respectively (Figure 1). Hydrochloric
acid (38% assay and 99% purity), nitric acid
(69% purity), sodium hydroxide (99% purity),
ethylene glycol (pure) were used for the
extraction of iron from laterite and for the
synthesis of MNPs. All the chemicals were
purchased from Sigma-Aldrich. All chemicals
were of analytical grade and used without any
further purification.

EXTRACTION OF Fe* FROM LATERITES

Collected laterite samples were washed with
pure water to remove any soil and plant
materials retain in the rock and dried for two
days at 50°C in a drying oven. Then the
samples were crushed and powdered using a
ball mill and 1 g of this powder was mixed
with 5 mL of concentrated HNO3 and 5 mL of
distilled water. The mixture was heated at
100°C for 2 h or until changing the colour
from reddish-brown to yellowish-brown.
Finally, the mixture was kept under the room
temperature for cooling and the supernatant
was separated by centrifuging and vacuum
filtration. The concentrated supernatant was
mixed with 10% NaOH solution with magnetic
stirring until the pH of the solution was to
reach 14. The brownish precipitate was
separated and washed with warm distilled
water 3 times (Dissanayake et al., 2019a; b;
Chandrakumara et al., 2019) The precipitate



was re-dissolved in 1 ml of (69%) HNO; with
5 mL of distilled water at 80°C. Here onwards
the solution is referred to as “Fe extract”.
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Fig. 1. Map showing laterite occurrences in
Sri Lanka (Modified after Dissanayake, 1980,
Dahanayake, 1982, Herath and Pathirana,
1983) and the sampling location of current
study.

SYNTHESIS OF MNP

1 mL of the Fe extract was then mixed with 1
mL of ethylene glycol and stirred at 80°C until
the mixture became viscous. Then the
temperature of the mixture was raised to
120°C until it forms a very thick gel. The gel
is then transferred into a crucible and calcined
in a muffle furnace at 500°C for one hour.
Then the prepared powder was allowed to cool
under room temperature. Ten per cent (10%)
HCI solution heated at 80°C was added into
the cooled extract and stirred for 15 min. After
stirring, the precipitate was separated by
centrifugation and washed with warm (50°C)
distilled water for 3 times. Then the powder
was dried in an oven at 50°C until the product
become a fully dry material.
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CHARACTERIZATION TECHNIQUES

Synthesized products and raw-materials were
characterized by various analytical techniques.
X-ray diffraction (XRD) technique was used to
identify the crystalline phases of laterites and
synthesized products with the help of Rigaku
Ultima IV X-ray Diffractometer operating
with a Cu-Ka-1 radiation source filtered with a
curved single crystal graphite monochromator
(A=1.54056A). XRD patterns were recorded
from 260 values from 5° to 80° with 0.02° step-
width and 1 s counting time for each step. The
XRD data were analysed using the DIFFRAC-
Plus EVA program, and the patterns were
identified using the ICDD PDF 2 database.
Hitachi SU6600 Scanning electron microscope
(SEM) was used to observe the morphology
and particle size of synthesized iron oxide
nanoparticles. Thermal characteristics of the
precipitates obtained were studied with
thermogravimetric analysis (TGA) which was
conducted using a TA SDT Q600 instrument
under atmospheric conditions at a heating rate
of 20°C min! from 50°C to 500°C. The
converted percentage of the raw laterite
powder after acid treatment was determined by
measuring the weight of samples before and
after the treatment.

RESULTS AND DISCUSSION

Laterite consists of several oxides and
hydroxides of Fe and Al as well as silicate
minerals as the major  constituents
(Sivarajasingham et al., 1962)(Aleva, 1994).
The iron in laterite should be extracted out
leaving compounds of other minor impurities.
Before any extraction process of earth
material, it is essential to know the relative
chemical composition of the raw materials.
Then an appropriate extraction process is
decided to depend upon the composition.
However, in the case of the composition of
laterites in Sri Lanka, it does not spatially
differ much concerning those ores in other
countries (Dahanayake, 1982). Hence, the
method is developed that it would be
compatible with any laterite sample found
within Sri Lanka.
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Fig. 2. A summary of the digestion process of laterite from which the purified precursor solution
of Fe**is synthesized. In this process, the laterite rock is cleaned, powdered, acid leached and the
resultant supernatant is purified to get a pure Fe3* solution.

THE EXTRACTION PROCESS OF Fe**

The laterite sample used for this study was
selected from an area in which, the laterites
show relatively high Fe content when
compared to the other laterites found in the
country (Dissanayake, 1980; Dahanayake,
1982; Herath and Pathirana, 1983). According
to the XRD study, the laterites sample is
composed of several crystalline mineral phases
such as hematite, goethite, dickite, quartz
(Dissanayake et al., 2019b).

As shown in Figure 2, the extraction process
started with washing and drying the samples to
remove any impurities attached to the samples.
Then the powdered samples were used for the
acid digestion process. HNO3; was used as it is
the most suitable acid for dissolving Fe®*"
Further, the acid is decomposed into NO, and
O during the annealing process as described
below (see Equation 1, 2). Compared to
HNOs3, other common acids such as H,SO4 and
HCI are not suitable due to the following
reasons. HCI
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is more reactive but upon annealing, it retains
CI" impurities in the final product and a lot of
washing steps should be needed in the process
to remove the impurities. In the case of H2SOg,
the solubility of Fe®* is very low compared to
other acids. Therefore, the quantity of the final
product is relatively less. Once the powder is
digested, the supernatant (SUP-1) is separated
by 3 step filtrations (gravity separation,
centrifuging and vacuum filtration) because
this separation ensures that any undigested
matter has not retained in the final solution.

SUP-1 contains Fe®* as the major ion but
minor impurities of AI** can be present in the
solution (Dissanayake et al., 2019a). The pH
of the solution is brought up to 14 to remove
this impurity, where the Fe precipitates as
Fe(OH); and AIP* turns into aqueous AlO,
ions where the two elements are in two
separate phases which can be separated very
easily.
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Fig. 3. XRD pattern comparison of the (a)
Commercially available magnetite powder;
(b) MNP produced using Fe(NO3); salt; (c)
MNP before the HCI treatment; (d). MNP
after the HCI treatment. Graph (b) and (c)
shows the presence of minor amount of
maghemite which is also a para magnetic
mineral phase (JCPDS card number 04-
0755). Magnetite in all XRD patterns
belong to the JCPDS card number 19-0629
and the corresponding hkl values shown
belong to the same mineral phase.

SYNTHESIS AND CHARACTERIZATION OF
MAGNETITE

In the current process ethylene glycol (EG)
acts as a monomer to produce polyethylene
glycol (PEG) upon polymerization in the
atmospheric  conditions under heat and
produce a network of polymeric PEG
molecules trapping the precursors, Fe®* with
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NOjs ions. During annealing, the nitrate ions
decompose into NO, and O, and O;" free
radicals (Equation 1) to provide a necessary
reducing agent to facilitate the reduction of
Fe** into Fe?* which is crucial for the

formation of magnetite  (Fe?*O.Fe;**0s,
Equation 2/ 3).

4NO7 = 05~ + 4NO, + 0, (1)
Fe3* + 05~ - Fe?t + 0, )

2Fe3t + Fe?t + 20, - Fe0.Fe,05(3)
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Fig. 4. TGA curves of magnetite produced
from (@) Laterites; (b) Fe(NOs)s; that
shows the thermal behaviour of the gel in
the annealing step.

CHARACTERIZATION OF MATERIALS

USING XRD

The XRD pattern of the prepared MNP is shown
in Figure 3d and the pattern is almost similar to
that of commercially available magnetite
(Figure 3a) prepared by the same method using
Fe(NOs3)s as a precursor (Figure 3b), it can be
observed that majority of peaks are
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Fig. 5. Scanning electron micrographs of the prepared magnetite particles by; (a), (b)
Fe(NOs)s; (c)-(h) Laterites with different self-assemblages of nanoparticles where (c) and
(d) showing the original bare MNP; (e) and (f) showing the star-like architecture; (g) and
(h) showing the spherical architecture.



corresponding to magnetite (JCPDS card
number 19-0629) peaks the corresponding 26
values (30°, 36°, 37°, 43°, 53°, 57°, 62.5°)
corresponding lattice parameters [(220), (311),
(222), (400), (422), (511), (440)]. However,
there are some other peaks which correspond
to maghemite (JCPDS card number 04-0755).
This mineral phase is identified as a minor
impurity phase in the final product and the
final acid wash step removes this impurity
since maghemite is relatively dissolved in HCI
than magnetite (Figure 3c and 3d).

THERMAL CHARACTERIZATION

Since all water in the precursor mixture was
evaporated out, there is no mass loss around
100°C (Figure 4). When comparing the
magnetite formed from the Fe extract and
Fe(NOs);, the only difference is that the Fe
extract is more acidic than the latter solution.
The main mass drop which represents EG
evaporation and nitrate decomposition are not
identical in Figure 3. The reason for this is
Nitrates decompose around 100-250 °C
(Matecka et al., 2015) and EG evaporate at
around 150-200 °C. As the final step, the PEG
matrix that surrounds the particle reaction sites
decompose around 300-450°C revealing the
required MNP, without any precursors left out
in the solid phase.

MORPHOLOGICAL CHARACTERISATION

Figure 5 summarizes the morphological
characteristics of the prepared products.
Magnetite produced by Fe(NOs); shows the
particle size in a range of 50-70 nm (Figures
4a and 4b). However, the diameter of other
synthesized magnetite particles has in a range
of 30-50 nm. Figure 4c and 4d show the bare
nanoparticles which obtained from the
synthesis process. It is interesting to observe
that a distinguished nano-architectures have
been formed at very low pH (lower than 1) and
low rate of heating during the annealing
process [see Figure 4 (e, f) and (g, h)], they
appear as micro-scale assemblages of
hexagonal-shaped stars and a very distinctive
ball-like architecture. To understand the
formation mechanism of these architectures, it
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is important to know that once the
nanoparticles are formed in the precursor
solution, they tend to reduce their surface
energy by reducing the surface area. This is
achieved by agglomeration or aggregation of
the particles together as clusters. When the
precursor solution is extremely acidic (<1); the
resultant gel becomes crowded with H*, Fe®*
and NOj ions inside the PEG network. When
the gel gets annealed, depending on the rate of
heating, the prepared particles tend to
aggregate in a controlled mechanism. This
results in definite shapes of the clusters that
are formed to reduce their surface energies.

The percentage of laterite that converted into
MNP just after the annealing 44.32% by
weight. After the maghemite, the purified
MNP percentage of 40.15%. Among most
studies related to value addition to minerals
and related materials, synthesizing magnetite
from those kinds of resources has captured the
attention of scientists. Some of these materials
include iron ore tailings and mineral waste
(Giri et al., 2011; Wu et al., 2011; Kumar et
al., 2015). However, laterite has never been
utilized as a raw material for synthesizing any
nanomaterial yet. Nevertheless, with the low
material cost and the higher price of magnetite,
it is profitable to start new industries related to
nanotechnology. Because properly optimized
magnetite nanoparticles can be used mostly in
the biomedical fields and also in other fields
including water treatment, sensing and
electronics (Majewski and Thierry, 2008).
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Fig. 6. Schematic illustration showing possible

formation mechanism of as synthesized

magnetite nano-architectures.
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CONCLUSIONS

Laterite is an economically useful natural
resource for the production of MNP and their
nano-architectures. The prepared product
proved to be effective because of their nano-
scale particle diameter (50 nm) as revealed
from the SEM studies. Further, it is indicated
that about 40.15% (w/w) of iron has been
transformed into the final product. The
method is designed as that it can be easily
scaled-up to pilot plant level because it uses a
very simple method that uses very basic
chemical phenomena and uses minimum
materials and energy for the production.
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