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Abstract: Ecuadorian black mineral sands were used as starting material for the production of iron-
titanium oxide nanostructures. For this purpose, two types of mineral processing were carried out,
one incorporating a pre-treatment before conducting an alkaline hydrothermal synthesis (NaOH 10
M at 180 °C for 72 h), and the other prescinding this first step. Nanosheet-assembled flowers and
nanoparticle agglomerates were obtained from the procedure including the pre-treatment. Con-
versely, nanobelts and plate-like particles were prepared by the single hydrothermal route. The na-
noscale features of the product morphologies were observed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) analyses. The ilmenite and hematite molar frac-
tions, within the ilmenite-hematite solid solution, in the as-synthetized samples were estimated by
Brown'’s approach using the computed values of unit-cell volumes from Le Bail adjustments of X-
ray powder diffraction (XRPD) patterns. The resulting materials were mainly composed of Fe-rich
ilmenite-hematite solid solutions (hematite molar contents >0.6). Secondary phases, which possibly
belong to lepidocrocite-like or corrugated titanate structures, were also identified. The current study
demonstrated the feasibility of employing Ecuadorian mineral resources as low-cost precursors to
synthesize high-added-value nanostructures with promising applications in several fields.

Keywords: ilmenite-hematite solid solution; ferrotitaniferous sands; alkaline hydrothermal synthe-
sis; nanosheet-assembled flowers; plate-like particles; nanobelts

1. Introduction

Ferrotitaniferous or black mineral sands (BMS) have attracted great attention in a
wide range of technological and scientific fields due to their ilmenite-rich content, low
cost and availability. This mineral resource is found in secondary ore deposits over the
coastlines of several countries, such as Australia [1], Brazil [2], Egypt [3], India [4], and
Ecuador [5]. The industrial applications of BMS have been mainly focused on titanium
dioxide production [6], and the recovery of iron (Fe) and titanium (Ti) [7,8]. On the other
hand, there are currently several researches devoted to the potential use of BMS as (i)
adsorption agents of heavy metals [9], (ii) photocatalysts for dye degradation [10], and
(iii) precursors to synthetize iron-titanium oxide nanostructures (Fe-Ti-NS) [11-14].

Regarding the last topic, Fe-Ti-NS have excelled as multifunctional materials in sev-
eral areas, such as materials engineering, environmental protection, energy, and medicine
[15-23]. The particular properties of Fe-Ti-NS strongly depend on their size, composition,
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morphology, and crystal structure, which are determined by the precursor and the syn-
thesis conditions.

The preparation of Fe-Ti-NS has been carried out, so far, by alkaline hydrothermal
treatment of unrefined BMS precursors [12-14]. This route is known as a soft-chemistry
synthesis since the processing temperatures are below 200 °C, and there is no need for an
additional calcination step to crystallize the desired nanostructures. In addition, it has at-
tractive advantages such as easy start-up, low energy consumption, high yield produc-
tion, and chemically homogeneous products. In turn, long reaction times are usually re-
quired, which constitutes the main disadvantage. Therefore, alkaline hydrothermal treat-
ment opens a framework for the preparation of nanostructures with diverse morpholo-
gies, such as nanotubes, nanosheets, nanofibers, nanorods, nanobelts, and nanoparticles,
in a simple one-step approach. It is worth mentioning that not only BMS have been used
as raw minerals for the synthesis of nanostructures, rutile-based mineral sands have also
been assessed for the same purpose [24-28]. The Fe-Ti-NS and titania-based nanostruc-
tures obtained from these precursors were analogous to those prepared from more expen-
sive, ultrapure chemical reagents [28]. This is of paramount importance from the economic
point of view, since BMS precursors could generate savings of almost 80% related to the
cost of high-purity reagents, considering that the price of TiO2 commercial powders is
around $2000/MT, while the price of mineral sands such as rutile is barely $420/MT [29]
and ~$100/MT for ilmenite [30].

An overview of the aforementioned studies on the preparation of Fe-Ti-NS from min-
eral sands is summarized in Table 1, which presents data about (i) mineral precursors, (ii)
synthesis conditions and (iii) as-prepared products. Note that the precursors described in
the literature exhibited Fe/Ti mass ratios below 1.20, due to their low Fe2O3/FeO contents
(0.93-38 wt.%) [12,28], against their high TiO2 contents (42-96 wt.%) [24,28]. Hence, most
of the reported products correspond to titanate-based nanostructures doped with iron.
The presence of hematite nanoparticles has also been identified [12,14]. Conversely, there
are other less known and explored precursors, such as Ecuadorian BMS, which are fairly
attractive due to their particular mineral and chemical compositions. This precursor, from
Mompiche location, corresponds to an ilmenite-hematite solid solution
(0.6FeTiOs-0.4Fe20s), with trace amounts of orthoclase feldspar and zircon. Ecuadorian
BMS exhibit an Fe/Ti mass ratio of 2.8 [5]; that is, 2.3 to 280 times higher than the values
of the mineral sands presented in Table 1. Besides, the price of Ecuadorian BMS in the
local market is very low (~$24/MT) [31].
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Table 1. Preparation of Fe-Ti-NS: precursors, synthesis conditions and products.

Precursor Synthesis Synthesized Product
. Crystalline  Fe/Ti Mass .. Post- treatment . Crystalline Ref.
Origin Phase(s) Ratio Pre-treatment Conditions Chemical Formula Phase(s) Morphology
Na?ZI(_)IC’l((?) " Washing with HCl and Trititanate Fe—sayz’stit;:ziiterﬁizref'isl;ers
Thailand ~ Rutile 0.42 None el distilled water; drying HaTiOzvn (H:THOn) (;’gmeters_ 000 e [2223]
.. with hot air . !
(Stirring) length: 2-7 mm)
Rutile and Magnetic separation . e Layered nanostructures:
Russia quartz 0.03 and milling of non- Naﬁlg olg M y::gfﬁfggf_li:ﬂiﬁd NaxH2~Tis07 Trititanate and Titanate nanotubes [24]
(non-magnetic ’ magnetic fraction up 2h at 90 °C for’ 12 }}: 8 (Fe/Ti ratio = 0.09) and SiO: quartz (diameter: 70-100 nm;
fraction) to 20—40 um length: up to 4500 nm)
. NaOH 10M Washing with HCl and - Trititanate with Luy.ered nanostruf:tures:
Australia Rutile and 0.01 None 150°C distilled water; dryin; Nao.sH.eTis with hexatitanate-type Titanate nanofibers [25,26]
anatase ’ 120 h RT s rymg (Na,H)2TieO1s type-defect defect yp (diameter: 20-50 nm; §
Stirrin, length: 10-500 um
g g K
. NaOH10M Washing with HCl and . Solid nanofibers
Rutile and 150 °C HoTixO2x
Australia anatase Not specified None 7 h distilled water; freeze (HATis07) Tritanate (diameter: 20-50 nm; [27]
. drying 2 length: hundreds of nanometers)
(Stirring)
NaOH2M Nanoflowers
. . . s 120 °C Washing; drying at . . (diameter: 1-2 um;
Australia IImenite 1.20 Magnetic ball milling 2h 90 °C for 4 h FeTiOs Ilmenite petal thickness: 5-20 nm; [30]
tirrin etal wide: = nm
Stirring petal wide: 100-200
. i Layered nanostructures:
NaOH 10 M Lepid te-
Ilmenite, rutile, e aOH 10 Washing with distilled . . ep1. ocrocite Leaf-like titanate nanosheets
. . Milling up to 0.25 130°C . o Nax-yHyTio~x FexO+nH20  like titanate and .
Brazil  pseudorutile, 0.81 m 70h water; drying at 80 °C and Fe:O mall amounts of (thickness <30 nm; [12]
and quartz H (Stirring) for5h s s h m;ite S0 length <1 pm), and hematite
1N ¢ nanoparticles
— S
NaOH 10 M Washing with distilled NaxFexTi2«Ox4 (92%) CaFex04 . 4
Brazil Ilmenite, rutile Not specified ~ Not specified 190°C water; drying at 80 °C FesOs (77%) structure type  Submicron to micron crystals [13]
70 h for5h x= 0.7.6—0.79 group a.nd with well-defined facets
(Stirring) (Fe/Ti ratio = 0.71) magnetite
Pseudorutile NaOH 10 M Layered nanostructures:
ilmenite . 110, 130, 150, 170, Washing with distilled Lepidocrocite- ~ Fe-doped titanate nanosheets
Brazil hematite rl;tile 0.90 Milling up to 0.8 um 190 °C water; drying at 80 °C  Nax-yHyTi>xFexOs and Fe20s  like titanate and (110, 130 and 150 °C) [14]
! 70h for5h hematite Titanate nanoribbons (Fe-free) +
and quartz

(Stirring)

Fe-doped titanate nanosheets
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and hematite nanoparticles (170

and 190 °C)
Naglgc’lg . Washing with distilled Lepidocrocite- Fe—dlfy::fi’:;ar:l:tset:?;?sfeets
Brazil ~ Not specified Not specified Milling water and HC; drying HiTi2«FexO+nH20 _p . P " [32]
70h like titanate ~ composed of ~10 stacked layers
. at 80 °C for5h .
(Stirring) (thickness of each layer <1 nm)
Layered nanostructures:
NaOHIOM o hing with distilled T(ral(?:i?r?;e Tﬁiﬁﬁff 28 nmr;n)
.. Rutile, anatase, Milling 0, 30, 60, 90 140 °C & R o Na2-xHxTinOzn+1 Y !
Brazil . 0.02 . water; drying at 80 °C S pentatitanate length: several hundreds of nm) [28]
and zircon min 70h (Fe/Ti ratio = 0.01) . . .
Stirri for5h and trititanate Nanofibers (0, 30, 90 min)
(Stirring) (0, 30, 90 min) (diameter: 20-50 nm;

length: several hundreds of nm)




Minerals 2021, 11, 122

5 of 17

Ecuadorian
BMS

Hence, the aim of this work is to assess the feasibility of synthesizing Fe-Ti-NS from
Ecuadorian BMS through an alkaline hydrothermal treatment, contributing, therefore, in
adding value to these mineral sands. The phase composition, morphology, size, Fe/Ti
mass ratio, and specific surface area of the as-prepared products were thoroughly studied.

2. Materials and Methods
2.1. Synthesis of Fe-Ti-NS from Ecuadorian BMS

Firstly, the sands were ground in a planetary mill (Retsch PM 400, Germany) at 300
rpm for 9 min. The milling was carried out with a 20:1 ball-to-sand mass ratio, using stain-
less steel jars and balls without the use of any liquid. The resulting powder (milled BMS),
with a particle size between 0.5 and 30 um as evaluated by scanning electron microscopy
(SEM) (Mira 3 Tescan, Czech Republic), was used as precursor for the synthesis of Fe-Ti-
NS.

Two types of mineral processing were performed to synthesize Fe-Ti-NS, and their
schematic representation is depicted in Figure 1. Both procedures were based on alkaline
hydrothermal synthesis, but one incorporated the following pre-treatment. A determined
amount of milled sand (3.5 g) was treated with 350 mL of NaOH 10 M at 180 °C for 28 h
under constantly stirring. Since the color of the resultant dispersion remained black, as
the starting BMS, it was subjected to a long-term aging to promote a severe precursor
transformation. Therefore, the dispersion was poured into a beaker and kept for 28 days
at room temperature (RT) without stirring. To avoid evaporation of the NaOH solution,
the beaker was covered with a plastic sealing film. Then, the dispersion was agitated dur-
ing 5 more days. Thereby, the resulting pre-treated precursor was obtained as a suspen-
sion. The powder was recovered by centrifugation and dried at RT.

In the alkaline hydrothermal synthesis, 1.75 g of precursor (pre-treated or not) and
350 mL of NaOH 10 M were added into a reactor (Berghof BR-500, Germany) (filling factor
of 0.7). The reactants were continuously stirred for 72 h at 180 °C. Afterwards, the reactor
was allowed to cool to RT and the as-prepared materials were centrifugally separated and
washed with distilled water repeatedly up to pH ~9. The resulting Fe-Ti-NS were recov-
ered by filtration and dried at RT. The as-obtained powders were denoted P-180 and 180,
for pre-treated and no pre-treated samples, respectively.

Pre-treatment:

Milled sands + NaOH 10 M
(~1 month)

Ball milling

Alkaline hydrothermal
treatment

Post-treatment: T
—p Washing —p | Fe-Ti-NS
Filtering
Drying

Milled sands + NaOH 10 M
(180°C /72 h)

Figure 1. Schematic representation of Ecuadorian black mineral sands (BMS) processing to synthetize Fe-Ti-NS.
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2.2. Characterization of Fe-Ti-NS

The phase composition of the precursor (milled Ecuadorian BMS) and the as-synthe-
sized powders was determined by X-ray powder diffraction (XRPD) (Bruker D2 Phaser
diffractometer, Germany), operating with Cu Ka radiation at 10 mA and 30 kV, in a 20
range from 10 to 80° with steps of 0.02° (2 s per step). The phase identification was per-
formed with EVA software (version 4.1) and the PDF2 ICDD database.

The Le Bail method was used, applying the software Topas (version 5). Mean crys-
tallite sizes and unit-cell parameters were obtained by this approach.

Fe-Ti-NS morphology and semiquantitative elemental composition were evaluated
by SEM and energy dispersive X-ray spectroscopy (EDS), respectively. These analyses
were carried out in a microscope (Tescan Mira 3, Czech Republic) equipped with a
Schottky field emission gun at 20 kV accelerating voltage. EDS was performed in a SEM
chamber, using a detector (Bruker X-Flash 6130, Germany) with a 123 eV resolution at Mn
Koa. The Fe-Ti-NS were also characterized by transmission electron microscopy (TEM).
The images were acquired in a microscope (FEI Tecnai G2 Spirit Twin, Netherlands) op-
erating at 80 kV. TEM specimens were prepared by ultrasonic dispersion of a small
amount of powder in ethanol, and then dropping the dispersion onto a holey carbon film
supported by a copper grid.

The specific surface area was measured by N2 adsorption through the Brunauer-Em-
mett-Teller (BET) approach, using a gas sorption analyzer (Quantachrome Instruments
Novatouch LX-1, USA). The samples were pre-treated at 100 °C under vacuum of 5 Torr,
for 24 h. The correlation coefficients were higher than 0.9999 for all the analyses.

3. Results

After alkaline hydrothermal treatment, the as-prepared products from both pro-
cessing routes showed significant changes in their color; i.e., reddish and brown powders
were obtained for P-180 and 180 samples, as can be seen in Figure 2b and 2c, respectively.
The change of color is an indirect proof of chemical purification of BMS (see Figure 2a)
since pure ilmenite is a semiconductor with a band gap of approximately 2.5 eV, while on
the other side of ilmenite-hematite solid solution, hematite presents a band gap of 2.2 eV
[33].

Figure 2. (a) Milled Ecuadorian BMS, (b) P-180 and (c) 180 powders.

3.1. XRPD Analysis

The XRPD patterns of the precursor (milled BMS) and of the as-prepared powders
(P-180 and 180) are shown in Figure 3, with the corresponding Le Bail adjustments for
ilmenite-hematite solid solution (IH-SS). The space group (R-3) and a unit-cell of pure
ilmenite (FeTiOs) were used as the starting model for refinement of the unit-cell parame-
ters of the phases within the ilmenite-rich part of the ilmenite-hematite solid solution. The
space group used for the hematite-rich part of the solid solution was R-3c. The values of
the unit-cell volumes and mean crystallite sizes for ilmenite-hematite solid solution are
listed in Table 2.
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Figure 3. XRPD patterns of (a) milled BMS precursor, and (b) P-180 and (c) 180 powders, with the

corresponding Le Bail refinements. Experimental pattern (black), calculated pattern (red) and dif-
ference plot (blue). Gray vertical bars correspond to IH-SS, PDF 01-070-8143.

Table 2. Unit-cell volumes and mean crystallite sizes of the phases within ilmenite-hematite solid
solution for milled BMS, and P-180 and 180 powders.

Sample Unit—Celﬂl Volume Mean Crystallite Size
(A3 (nm)
Milled BMS 308.51(7) 58.80(0.9)
P-180 305.76(7) 25.03(1.9)
180 306.47(7) 101.01(7.6)

The XRPD pattern of the milled BMS precursor (Figure 3a) corresponds to an IH-SS,
as reported in our previous study [5]. The XRPD pattern of P-180 powder (Figure 3b) pre-
sented few characteristic diffraction lines of the ilmenite-rich precursor (for example,
those at 33.13° and 35.53°), but also weaker and broad diffraction lines at 11.31°, 26.18°,
30.05°,38.20°, 47.62° and 59.66° 20. With regard to the XRPD pattern of 180 powder (Figure
3c), it resembled that of the precursor, nevertheless it exhibited new low intensity peaks
at 12.34°, 18.35°, 30.04°, 36.74°, and 43.35° 20. In both synthetized samples, neither of these
new diffraction lines can be identified within IH-SS.

3.2. SEM-EDS Analysis

SEM images of milled BMS are presented in Figure 4a,b. The powder consists of mi-
cron-size agglomerates built from nano- to micrometer particles with irregular shapes.
Iron and titanium were confirmed by EDS analysis to be the major elements, with an Fe/Ti
mass ratio of ~3.1 (Supplementary Material, Figure S1 and Table S1).



Minerals 2021, 11, 122

8 of 17

Figure 4. SEM images of milled Ecuadorian BMS in lower (a) and higher (b) magnifications.

The SEM images of the P-180 sample, which underwent the pre-treatment, are shown
in Figure 5. This powder resulted in two different morphologies, flower-like microparti-
cles and aggregates of nanoparticles, marked in Figure 5a as regions 1 and 2, respectively.
A few micronic particles of remaining precursor were also identified (Figure 5a, pointed
by arrow 3). This overall morphology was confirmed in different areas of the P-180 sample
(Figure S2). Flower-shape morphologies had diameters in the 2—-6 um range (Figure S3a),
and were composed of thin, smooth sheet-like nanopetals (see Figure 5b), which were
about 15-50 nm thick (Figure S3b). EDS mapping confirmed homogenous Fe-rich compo-
sition of flower-like architectures (Figure S4), exhibiting an Fe/Ti mass ratio of ~4.3 (Table
52), as demonstrated by EDS analysis. Regarding the aggregates (see Figure 5c), they were
constituted of Ti-rich nanoparticles of 40 to 125 nm (Figure S5 and S6), with an Fe/Ti mass
ratio of ~0.7 (Table S3). It is worth noting that for both morphologies, the presence of so-
dium was detected, arising from the alkaline hydrothermal treatment. Nanoparticle ag-

gregates were 2.5 times richer in Na compared to the flower-like morphology (Table S2
and S3).
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500 nm

Figure 5. SEM images of the (a) P-180 product illustrating both morphologies, (b) flower-like architecture and (c) aggre-

gates of nanoparticles.

SEM images of the products synthetized without pre-treatment (sample 180) are pre-
sented in Figure 6. A mixture of nanobelts and plate-like particles (flat chunks) was ob-
tained under this procedure (Figure 6a). The presence of the described morphologies was
verified in several regions of the 180 sample (Figure S7). The nanobelts were arranged in
bundles (Figure 6b). Individual nanobelts had typical widths of 20 to 125 nm (Figure S8),
while the lengths were submicronic. The nanobelts had a higher Ti content (Figure S9)
than plate-like particles, resulting in an Fe/Ti mass ratio of ~1.6 (Table S4). Plate-like par-
ticles are presented in Figure 6¢. These were Fe-rich structures (Figure S10) as demon-
strated by the Fe/Ti mass ratio of ~4.6 (Table S5). It should be noted that sodium was also
detected in the 180 products, and ascribed to the alkaline hydrothermal reaction. The
nanobelts exhibited a Na content three times higher than the plate-like particles. Likewise,
scarce remaining fragments of the precursor were also identified.
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Figure 6. SEM images of (a) the 180 product illustrating both morphologies, (b) nanobelts and (c) plate-like particles.

Complete SEM-EDS data of milled BMS and all identified morphologies in P-180 and
180 powders are detailed in the Supplementary material (Figures S1-S10, and Tables S1-
S5). Fe, Ti, and Na EDS mapping is also depicted for each morphology, as well as the
corresponding EDS spectrum.

3.3. TEM Analysis

TEM images of products P-180 and 180 are shown in Figure 7 and Figure 8, respec-
tively. The morphologies distinguished by SEM were confirmed by TEM. Nanosheet-as-
sembled flowers (Figure 7a,b) and nanoparticle agglomerates (Figure 7c) were identified
in P-180, while 180 powder was comprised of a mixture of nanobelts (Figure 8a) and plate-
like particles (Figure 8b,c), as stated before.
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Figure 7. TEM images of P-180 synthetized products: (a) and (b) flower-like morphology, and (c) nanoparticles agglomer-
ate.
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Figure 8. TEM images of 180 synthetized products: (a) nanobelts, (b) and (c) a mixture of nanobelts/plate-like particles.

3.4. Gas Sorption Analysis

The specific surface area of milled BMS, and P-180 and 180 powders were 20.7, 26.3,
and 18 m2g, respectively. The corresponding N2 adsorption isotherms are shown in the
Supplementary material (Figures S11-513).

4. Discussion

Raw unmilled Ecuadorian BMS were thoroughly characterized in our previous work
[5]. The unit-cell volume and the mean crystallite size of the unmilled BMS used in the
current study were calculated as being 308.40(6) A3 and 105.8(3.8) nm, respectively, in ac-
cordance to the previously reported data [5]. As expected, after milling process no chem-
ical modification occurred within IH-SS and, therefore, the unit-cell volume of milled BMS
did not significantly change; i.e., the value of 308.51(7) A3 (see Table 2) is within the stand-
ard deviation with the above calculated value for the unmilled sand.

It is well-known that the main crystalline phase in BMS corresponds to IH-SS with
trace amounts of orthoclase feldspar and zircon [5]. Brown and co-workers [34] studied
IH-SS with different phase compositions, from hematite to ilmenite-rich end. They plotted
the unit-cell volumes of different IH-SS phases as a function of the ilmenite molar fraction
(xum). Thus, this approach was considered in the current study to estimate the ilmenite
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content within IH-SS in the milled BMS and in the as-synthetized powders. Furthermore,
the ilmenite-hematite molar fractions and the estimated Fe/Ti mass ratio are presented in
Table 3. The Fe/Ti mass ratio was estimated by replacing the corresponding Xiim and Xhem
in the formula (xiim)FeTiO3:(xhem)Fe20s. This methodology gives a good approximation to
determine the phase composition, since the calculated formula of (0.53)FeTiOs:(0.47)Fe20s
is very close to the reported for Ecuadorian BMS (0.6)FeTiOs:(0.4)Fe20s, from data of the
semiquantitative X-ray fluorescence [5].

Table 3. Ilmenite and hematite molar fractions within the ilmenite-hematite solid solution, ob-
tained by XRPD, in milled BMS, and P-180 and 180 powders, together with estimated Fe/Ti mass
ratios.

Ilmenite Hematite Estimated
Samples Molar Fraction Molar Fraction Fe/Ti
(xilm) (Xhem) Mass Ratio
Milled BMS 0.53 0.47 3.2
P-180 0.34 0.66 5.7
180 0.40 0.60 4.7

It is worth noting that the estimated Fe/Ti mass ratios of the products synthesized in
this work (Table 3) are greater than those reported in literature (see Table 1). The high Fe
contents indicates that the chemical composition of the obtained IH-SS significantly differs
from that of other nanostructures prepared using ilmenite-based sands [12-14,30]. On the
other hand, Table 4 shows a summary of Fe/Ti mass ratios of each identified morphology
based on semiquantitative EDS analyses. As can be observed, the Fe/Ti mass ratio of
milled BMS estimated from unit-cell volume is in good agreement with the value calcu-
lated from EDS data.

Table 4. Fe/Ti mass ratio obtained by semiquantitative EDS analyses for milled BMS and each
morphology within the as-synthetized powders.

Fe/Ti

Samples Morphology Mass Ratio
Milled BMS Micron-size agglomerates 3.1
Flower-like microparticles 4.3
P-180 Aggregates of nanoparticles 0.7
Remaining precursor 2.7
Nanobelts 1.6
180 Plate-like particles 4.6
Remaining precursor 3.0

Itis also evident that after alkaline hydrothermal treatments (samples P-180 and 180),
the IH-SS products became richer in hematite molar fraction than the precursor (see Table
3) and, therefore, richer in Fe content than the IH-SS in the milled BMS. The reduction of
the calculated unit-cell for IH-SS in the samples P-180 and 180 (Table 2) and their much
lower Ti content could be understood in terms of dissolution of IH-SS from the sand fol-
lowed by precipitation of IH-SS in different nanosized morphologies (nanosheet-assem-
bled flowers and nanobelts for P-180 and 180 samples, respectively). In the case of P-180
powder, the values of xim and xnem indicate that the newly precipitated IH-SS phase, the
one forming flower-like morphology, is close to the hematite-rich end of IH-SS (see Table
3). The dissolution-precipitation mechanism of IH-SS during the hydrothermal synthesis
from ilmenite mineral sands was previously suggested by Tao et al. [30].

Besides the precipitated IH-SS phases rich in hematite, both P-180 and 180 presented
additional diffraction lines belonging to a secondary phase. The low number of these lines,
together with their low intensities and broad aspect made difficult their refinement by the
Le Bail method. However, their chemical composition, rich in sodium, and previous
knowledge of the phases precipitated during hydrothermal treatment of ilmenite mineral
sands [12,14,28,35], suggested that the lines situated especially at 11.31°, 26.18°, 30.05°,
38.20°, and 47.62° 20 in the XRPD pattern of P-180 powder (Figure 3b) might belong to a
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corrugated sodium trititanate structure (PDF: 00-031-1329) with some Ti being exchange
for Fe.

In respect of 180 powder, IH-SS exhibited a higher Fe/Ti mass ratio (4.7) than the
milled BMS (Table 3), suggesting that the precipitated IH-SS is closer to the hematite-rich
side than the precursor, but less in comparison to P-180. This value is practically equal to
the Fe/Ti mass ratio of the plate-like particles (4.6), as can be observed in Table 4, indicat-
ing that plate-like particles belong to IH-SS. On the other hand, the Fe/Ti mass ratio of the
scarce remaining precursor particles was kept practically equal to 3.0 as in the milled BMS.
An additional analysis of the diffraction lines (12.34°, 18.35°, 30.04°, 36.74°, and 43.35° 20),
that do not belong to IH-SS might be associated with a sodium hexatitanate structure
(PDF: 01-073-1398), which is also an Fe-doped compound. These diffraction lines can be
attributed to nanobelts, with an Fe/Ti mass ratio of 1.6 (see Table 4).

The proposed dissolution-precipitation mechanism will be further investigated
through a time-dependent analysis to understand the evolution of these morphologies,
during pre-treatment and hydrothermal stages. Likewise, with respect to the P-180 sam-
ple, to elucidate the formation mechanism of the flower-like particles and nanoparticle
agglomerates, their growth should be monitored at different stages of the pre-treatment
and during the alkaline hydrothermal synthesis. It is important to highlight that the for-
mation mechanism of the as-synthesized products is beyond the scope of this work.

With regard to the textural properties, the specific surface area of the P-180 sample
increased 27% when compared to the precursor. Conversely, the 180 powder showed a
lower specific surface area than the milled BMS. It is worth noting that the specific surface
area not only depends on the size and morphology of the primary particles, but also on
the agglomeration degree of the powders [36]. Hence, less agglomerated powders adsorb
more N2 molecules during BET analysis, exhibiting higher specific surface area. Therefore,
the results of BET surface area can be attributed to the three previously mentioned factors
suggesting that P-180 powder is less agglomerated than 180 sample. Besides, the morphol-
ogies observed in the P-180 sample were assembled by nanosized structures (thin nano-
petals within flower-like particles, and nanoparticles within agglomerates). This could ex-
plain the higher specific surface area of the P-180 powder compared to that of the milled
precursor.

The performed characterizations were intended to prove the feasibility of synthesiz-
ing iron-titanium oxide nanostructures (Fe-Ti-NS) from an alternative mineral precursor.
Finally, it is important to point out that the as-synthesized products could be potentially
employed as novel nanomaterials in several fields such as purification technologies
[37,38], pigments [39], and as reinforcements of polymer composites [40,41]. Indeed, Fe-
Ti-NS can be used as photocatalysts since they are expected to absorb in the visible region
of the electromagnetic spectrum, based on its phase composition [41]. Furthermore, con-
sidering the reddish and brown colors of the obtained powders, they can be used in the
field of inorganic pigments [42]. Likewise, to improve the corrosion resistance of polymer
coatings deposited on metal surface, Fe-Ti-NS could be employed as fillers, as in the case
of iron or titanium oxide nanoparticles [43,44]. Lastly, the incorporation of the Fe-Ti-NS
into a polymer could enhance the mechanical and thermal properties of the matrix [45],
as an alternative to carbon-based nanostructures.

5. Conclusions

We have demonstrated the viability of obtaining iron-titanium oxide nanostructures
from milled Ecuadorian BMS as a low-cost precursor. The mineral processing was con-
ducted through an alkaline hydrothermal synthesis using NaOH 10 M at 180 °C for 72 h,
under stirring. The resulting products encompassed nanobelts and plate-like particles
(180 sample) in just one single step during a few days at a low temperature, which is an
advantage over other synthesis routes. On the other hand, with the incorporation of a pre-
treatment (NaOH 10 M, 180 °C, 28 h under stirring, followed by ~1 month aging), flower-
like architectures and nanoparticle aggregates were synthesized (P-180 sample). In both
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cases, the resulting powders were composed of hematite-rich IH-SS (ilmenite-hematite
solid solutions) together with a lower amount of a secondary phase, which might belong
to corrugated sodium titanate structures. Besides, the flower-like morphology within the
P-180 sample and the plate-like particles in the 180 sample were Fe-rich structures, while
nanoparticle aggregates in the P-180 powder, and nanobelts in the 180 powder, exhibited
high Ti contents.

Despite the longer time involved, the pre-treatment drastically changed the physical,
chemical, and morphological features of the as-synthetized powders. The specific surface
area of the P-180 sample increased in 27% compared with the precursor, which is an im-
portant issue for applications such as photocatalysts or reinforcements of composites. Alt-
hough there is still a lot of room for improvement, specifically to elucidate the formation
mechanism of nanostructures, this initial development showed a promising route for ob-
taining nanostructures directly from chemically unrefined Ecuadorian mineral resources.
This could result in higher added-value products for a variety of promising applications.
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