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ABSTRACT: In our previous publication, we published a simple, low-
cost, and environmentally friendly process for the breaking down of the
ilmenite lattice using rotary autoclaving, separation of titanium and iron

components, and the conversion of the titanium component to amorphous .. B-FeOOH

TiO, and phase-specific titanium dioxide nanorods. Here, the separated
iron component was converted into iron oxide (magnetite and hematite)
and iron oxy-hydroxide (akaganeite, f-FeOOH) nanoparticles. The
process flow diagram is presented to explain the steps involved. The
materials synthesized are fully characterized by X-ray diffractogram (XRD),
scanning electron microscopy coupled with energy-dispersive X-ray
analysis (SEM-EDAX), and Fourier transform infrared (FT-IR), and it is
shown that they contain 100% pure iron oxide and iron oxy-hydroxide
nanoparticles without any detectable impurities. All of the chemical
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reactions involved in this process, which contribute to the mechanism of the process, are given. So far, such a low-cost,
environmentally friendly, and low-temperature process has not been documented, and the process can be scaled-up for mass
production of these nanomaterials used in various technological applications.

1. INTRODUCTION

Nanosized magnetic structures are currently key materials for
advancements in electronics, optoelectronics, magnetic storage,
and many bioinspired applications.'”* The term ‘nano-
structured systems” comprises materials whose properties are
determined by entities such as particles, crystallites, or clusters
with characteristic lengths of between 1 and 100 nm, at least in
two dimensions.” If the grain or domain size becomes
comparable or smaller to the characteristic length scale of
the interaction processes controlling a particular property,
different effects and unusual chemical and physical properties
can be expected that are highly attractive in many technical
applications.””® In recent years, large advancements have been
achieved related to the synthesis and characterization of well-
defined, discrete magnetic nanoparticles for both fundamental
and technological purposes.”'

The polymorphic nature of iron is known for a long time.
Iron nanoparticles (INPs) are among the most interesting
novel materials due to their unique physicochemical properties
such as high catalytic activity, high magnetism, low toxicity,
and ability of microwave absorption."'~'* Iron nanoparticles
can be classified into three major groups, namely™ (i) Iron
oxide nanoparticles (IONs) (i.e., magnetite; Fe;0,, hematite:
a-Fe,0;, maghemite; y-Fe,0;), (ii) Iron oxy-hydroxide
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(FeOOH) nanoparticles, and (iii) zero-valent iron (ZVI)
nanoparticles.

These particles cover a wide range of applications including
in drug delivery, magnetic targeting, hyperthermia, thermal-
ablation, stem cell sorting and manipulation, gene therapy,
negative magnetic resonance imaging (MRI) contrast enhance-
ment, food preservation, bioprocess intensification, antimicro-
bial agents, bioseparation, ferrofluids, environmental remedia-
tion, lithium-ion batteries, and pigments.””~>'>"*

Recently, the synthesis and characterization of magnetic
nanoparticles have been attracted much attention due to the
fact that they exhibit interesting magnetic properties that can
be different from those of the bulk materials. Magnetite
(Fe;0,), maghemite (y-Fe,03), and hematite (a-Fe,0,)
nanoparticles are mostly used as magnetic particles. These
materials found to have extensive applications such as
ferrofluids due to the high saturation magnetization
(Ms),"°™"* high magnetic susceptibility, and excellent bio-
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compatibility.”'*> However, magnetite (Fe;O,) nanoparticles

are preferred magnetic particles in ferrofluids due to their
greater saturation magnetization.12

The most favorable synthetic route for magnetite (Fe;O,)
and hematite (Fe,O;) nanoparticles is the coprecipitation
method because of its ease of use and higher yields compared
to any other techniques.'® Coprecipitation from a solution of
terrous/ferric mixed salt has been widely used to produce
magnetite nanoparticles due to its simplicity, capability of
producing large volumes, and economic viability.'* Normal
and reverse coprecipitations are the two known methods for
adding precursors in the process of using a solution of ferrous/
ferric mixed salt to synthesize magnetite. In the first method,
the pH value gradually increases because an alkali solution is
dropped into the mixed metal solution. In the second case, the
mixed metal solution is directly dropped into an alkaline
solution. Consequently, the pH, which is a critical factor in the
synthesis of magnetite, could be easily controlled at high
values."”

Similar to ferric oxide, anhydrous ferric oxy-hydroxide can
be found in four different polymorph forms (akaganeite,
goethite, lepidocrocite, and feroxyhyte). Among these,
akaganeite (f-FeOOH) is known as the most preferred
anhydrous form of FeOOH in chloride-containing environ-
ments. f-FeOOH is widely used in waste water treatment and
environmental remediation."®

Most previous studies on the synthesis of iron nanoparticles
have used pure iron salts as the initial material,' ~'> and no
information was found on the formulation of iron products
from natural ilmenite. In our previous work,” a novel, low-
cost, environmentally friendly method was introduced to
prepare titanium dioxide nanoparticles from well-crystalline
natural ilmenite (FeTiO;). In that work, we reported the
breaking down of the hard structure of ilmenite present in
mineral sands using a rotary autoclave at low temperatures and
mild acidic conditions. This has resulted in the separation of
titanium fraction and leachate containing iron chloride. It
described the methods for synthesizing phase-selective TiO,
nanorods from the separated titanium fraction.

The novelty of this research is that it describes a novel, low-
cost, significantly low-temperature process to break down the
ilmenite structure and to separate the iron component and
synthesize specific phases of iron oxide nanomaterials and
zero-valent iron nanoparticles. In the present work, leachate
containing iron chlorides was converted into magnetite,
akaganeite, and hematite nanoparticles. The present study
reports the procedure adapted to convert iron leachate to the
above nanoparticles as by-products and their characterization.

2. RESULTS AND DISCUSSION

Figure la shows the powder X-ray diffractogram (P-XRD) of
the black color powder obtained (product A) from
coprecipitation path 1, as shown in Figure S. The diffractogram
peaks confirmed that product A is magnetite. The diffraction
peaks that appear at 30.51, 35.82, 43.51, 53.83, 57.52, and
63.19° correspond to the (220), (311), (400), (422), (511),
and (440) diffractions, respectively, of the pure magnetite
phase of iron oxide (JCPDS Card No. 11-0614).°

Two brownish color powder products B and C were
obtained from the coprecipitation path 2, and P-XRD patterns
of those products are shown in Figures 1b,c, respectively. As
shown in Figure 1b, diffraction peaks that appear at 26.72,
35.16, 39.24, 46.40, 56.88, and 61.46° correspond to the (310),
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Figure 1. Powder X-ray diffraction patterns of (a) magnetite—
product A, (b) akaganeite—product B, and (c) hematite—product C.

(211), (301), (411), (521), and (002) akaganeite phases of
FeOOH, respectively (JCPDS Card No. 34-1266)."* Figure 1c
shows the diffraction peaks that appear at 33.18, 35.82, 41.11,
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49.38, 54.84, 57.35, 62.46, and 64.16° correspond to the (104),
(110), (113), (024), (116), (018), (214), and (030)
diffractions, respectively, of the hematite phase of iron oxide
(JCPDS Card No. 33-664).*°

The crystallite diameters of prepared magnetite, akaganeite,
and hematite calculated from the Debye—Scherrer equation
using the FWHM of obtained XRD peaks (Figure 1) were 12,
06, and 54 nm, respectively.

The morphological studies of prepared products A, B, and C
were carried out by scanning electron microscopy (SEM)
observations (Figure 2). These images indicated that the
prepared magnetite has a spherical morphology with around
20—50 nm in diameter. The SEM image of akaganeite, product

200 nm

500 nm

Figure 2. Scanning electron microscopic images of (a) magnetite—
product A, (b) akaganeite—product B, and (c) hematite—product C.

B (Figure 2b), indicated spherical particle morphology with
around 50—100 nm diameter. The SEM image of hematite,
product C (Figure 2c), indicated a spherical shape morphology
with particle size ranged approximately in 100—300 nm.

The SEM images give the morphology of particles. The sizes
of the particles depend on the numbers of crystallite
aggregated to form these particles. The different sizes in the
same sample also show that even within the same material,
different particles can have dissimilar numbers of aggregated
crystallites. The fact that the akaganeite particle show lager
sizes than magnetite particles in the SEM images show that
more crystallites are arranged in the akaganeite particles than
in magnetite particles.

The purity of the as-prepared iron oxide and iron oxy-
hydroxide nanoparticles was confirmed by energy-dispersive X-
ray (EDX) spectra. The results confirmed that products of
magnetite, akaganeite, and hematite contain elements Fe and
O only (Figure 3).

The EDS results show that the magnetite, akaganeite and
hematite samples contain 100% Fe and O without any
impurities.

The X-ray detector hold in the EDS has been calibrated only
for iron. However, the detector measures both Fe and O and
calculates the atomic ratios based on the peak areas. The fact
that the ratio shows more oxygen than the expected 1:1 ratio is
possible due to contamination of oxygen during the sample
preparation for the SEM analyses. It is also possible that
oxygen molecules can be entrapped within the aggregates,
leading to a higher oxygen percentage.

Figure 4a shows the FT-IR spectra of the prepared
magnetite having peaks at wave number ranges 502—602,
621, 1500—1700, and 2800—3600 cm™}, respectively for Fe—O
stretching, Fe—O bending, O—H bending and O—H stretching
vibration bands. FT-IR spectra of akaganeite showed vibration
peaks of Fe—O at around 660 and 840 cm ™', and broad peaks
at 1500—1700 and 2800—3600 cm™' that confirm the O—H
bending and stretching vibrations (Figure 4b). The FT-IR
spectra of the prepared hematite also showed (Figure 4c)
peaks at wave number ranges 502—602, 621, 1500—1700" and
2800—3600 cm™, for Fe—O stretching, Fe—O bending, O—H
bending and O—H stretching vibration bands, respectively.”">

In this study, initially, size-controlled ilmenite was leached
with HCl in a revolving closed system (an autoclave), and the
reaction that occurred in the autoclave is given in eq 1. The
light green color FeCl,(aq) solution oxidized to a more stable
orange color Fe**(aq) solution with time.

FeTiO4(s) + 4HCl(aq)
— FeCl,(aq) + TiOCl,(aq) + 2H,0(aq) (1)

Fe’*(aq) — Fe’*(aq) + e (2)

The obtained iron(III) salt solution (reaction 2) from the
acid hydrothermal process'” was mixed with a potassium
iodide aqueous solution in a 3:1 mol ratioc’"** at room
temperature, stirred, and allowed to reach the equilibrium
within 1 h. The precipitate of iodine was filtered out
(Whatman 40) and washed with distilled water, and the
solution was also added to the filtrate.

3Fe3+(aq) + 1" (aq) — 2Fe3+(aq) + Fe“(aq) + 0.5 1,(s)
()
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Figure 3. Energy-dispersive X-ray (EDX) spectrum of the (a) magnetite—product A, (b) akaganeite—product B, and (c) hematite—product C.

The iron salt solution that contained divalent (2+) and
trivalent (3+) forms was initially acidic in nature. Generally,
titration with a base solution triggered two important
reactions.”> The first reaction occurred at the pH values of
2—4, while the second reaction occurred at the pH values of
8—9. A reddish-brown precipitate was observed during the first
reaction, suggesting that Fe may be oxidized to intermediate
ferric hydroxide [Fe(OH);]. However, the resultant brown
precipitate turned into black color precipitate when the pH of
the solution reached the second equivalent point (pH = 9),
implying the formation of Fe;O, nanoparticles by coprecipi-
tation of Fe** and Fe®" ions. The reaction stopped at the pH
value of 12 to ensure that the precursors were fully reacted.
Precipitation of divalent and trivalent Fe salts occurred in an
alkaline medium, forming a black precipitate (Fe,O; nano-
particle). The overall chemical reaction to synthesis Fe,O, is
given in eq 4.

Fe’*(aq) + 2Fe* 4+ 80H (aq)
— Fe,O,(s, black) + 4H,0(1) (4)

The trivalent Fe>* solution was hydrolyzed and reacted to
form the trivalent [Fe(OH);] intermediate compound at a pH
value of between 2 and 4. According to a previous study,'® the
reaction to form dark brown colored trivalent Fe(OH); is
proposed in the following reaction 5.

Fe**(aq) + 30H (aq) — Fe(OH),(s, darkbrown)  (5)

Then, the Fe*" in the solution was reacted with the base to
form reddish-brown precipitate of divalent ferrous hydroxide
[Fe(OH),] at a pH value of between 7 and 9, given as
reactions 6.

Fe’*(aq) + 20H (aq) — Fe(OH), (s, reddish brown)
(6)

In this case, Fe(OH), and Fe(OH)j; salts were likely to be
formed under a continuous titration reaction condition. From
the titration curves, both salts reacted with each other at a pH
of around 9 to form Fe;O, nanoparticles. The chemical
reaction is presented in reaction 7.

Fe(OH),(s) + 2Fe(OH),(s)
— Fe;0,(s, black) + 4H,0(1) (7)

In the synthesis of akaganeite, initially, ilmenite was leached
with HCI in a revolving closed system, and the reactions that
occurred in the system are the same as reactions 1. Fe?*(aq)
and FeCl,(aq) thus with time obtained a light green color
Fe®*(aq) solution that oxidized to a more stable orange color
Fe**(aq) solution, as mentioned in reaction 2. Iron salt
solution was titrated with a base solution, and at a pH value of
around 8-9, a reddish-brown precipitate was observed,
suggesting that Fe may be oxidized to a ferric oxy-hydroxide
[f-FeOOH] intermediate compound.”® The proposed chem-
ical reaction is given as follows
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9| 2fp — FeOOH(s) — Fe,O5(s, brownish) + H,O(1)  (9)
(a) I This is the first time reporting of extraction of iron oxide
85 - (O-H stretching) nanoparticles from natural ilmenite, and the process warrants
=~ 80 i high feasibility for industrial scale as biproduction of TiO,
3 I (0-H bending) from natural ilmenite.
£ 3. CONCLUSIONS
§ 70 |- A simple environmentally friendly process was developed to
= I extract iron oxide (magnetite and hematite) and iron oxy-
65 hydroxide (akaganeite, f-FeOOH) nanoparticles from natural
60 i (Fe-0 bending) ilmenite sand. Characterization of the products obtained using
various analytical techniques confirmed that they contain pure
55 |- (Fe-0 stretching) iron oxide nanoparticles. This study addressed the production
. ! . L . L . L of important by-products during the process of extraction of
0 1000 2000 3000 4000 TiO, from ilmenite.
Wavenumber (cm™)
4. EXPERIMENTAL METHODS
(b) Iron leachate was collected from the breakdown of natural
10 - ilmenite using an acid hydrothermal process according to our
previous study."”
105 - e Y oy To obtain the magnetite from ilmenite, iron(IIl) solution
5 leachate from an acid hydrothermal process was used as a
s precursor.'” The concentration of iron(III) in the leachate was
> 'or determined by atomic absorption spectroscopy (Varian 240
g FS). Based on the concentration of iron(III), the solution was
42 95 | mixed with a potassium iodide (Sigma—Aldrich) aqueous
= solution in a 3:1 mol ratio, and then mixed at room
9l temperature, stirred, and allowed to reach the equilibrium by
keeping 1 hour, allowing to obtain a complete precipitate. The
precipitate of iodine was filtered and washed with distilled
85 water. The filtrate was then hydrolyzed by adding 25%
. L . L . L . L ammonia solution (Sigma-Aldrich) dropwise with continuous
0 1000 2000 3000 4000 stirring until complete precipitation of the black magnetite
Wavenumber (cm™) obtained (at around pH 9 to 11). Finally, the set up was
allowed to settle, then filtered and washed with distilled water,
(C) and dried at 80 °C overnight in a vacuum oven.
110 To obtain akaganeite, the resultant iron(II) solution
leachate from the breakdown of ilmenite was directly
1051 hydrolyzed by adding 25% ammonium solution dropwise
— with continuous stirring until complete precipitation of the
3 100 - . . .
s AL AL (0-H stretching) brown akaganeite was obtained (at around pH 7—9). Finally,
> ol ( ’ the set up was allowed to settle, filtered, washed with distilled
g water, and dried at 80 °C overnight in a vacuum oven.
8 ol (Fe-O bending) To produce hematite nanoparticles, the resultant akaganeite
= powder was calcined at 800 °C for 3 h.
85| The prepared iron oxide and oxy-hydroxide nanoparticles
were characterized by several analytical techniques. Material
80 | and phase identification was done by powder X-ray
(Fe-O stretching) diffractometry (Bruker D8 Advanced Eco X-ray Diffraction
75 X X . N . N . \ system) using copper-monochromatized Cu Kal radiation
0 1000 2000 3000 4000 under an acceleration voltage of 40 kV and a current of 40 mA.

Wavenumber (cm™)

Figure 4. Fourier Transform Infrared Spectra of (a) magnetite—
product A, (b) akaganeite—product B (c) hematite—product C.

2Fe(OH),(s) —» f — FeOOH(s, brownish) + H,O(l)
(8)
During the calcination, the above intermediate akaganeite

product converted into brownish hematite as described in
chemical reaction 9.

The morphology and dimensions of the particles of the
products are revealed by their scanning electron microscopy
(SEM) images using a JEOL JSM-6380 LA scanning electron
microscope. Energy-dispersive X-ray analysis was performed to
get the atomic percentages of the products. To study the
functional groups of the synthesized products, the Fourier
transform infrared spectra (FT-IR) were recorded using a
Shimadzu FTIR-8400S, Prestige-21 spectrophotometer in a
KBr matrix.

The process flowchart involving the entire process
containing revolving autoclaving followed by coprecipitation
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to obtain pure iron oxide (magnetite and hematite) and oxy-
hydroxide (akaganeite) nanoparticles from natural ilmenite are
shown in Figure 5.
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