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Abstract: The synthesis of titanate nanostructures from low-cost mineral precursors is a topic of con-
tinuous interest, considering not only their fundamental aspects but also the benefits of incorporating
such nanomaterials in a wide variety of applications. In this work, iron-rich titanate nanosheets
were synthesized from Ecuadorian ilmenite sands (ilmenite–hematite solid solution-IHSS) through
an alkaline hydrothermal treatment (AHT) using potassium hydroxide (KOH). The effect of the
duration of the KOH-AHT was assessed at 180 ◦C for 24, 48, 72, and 96 h. The morphology evolu-
tion over time and the plausible formation mechanisms of titanate nanostructures were discussed.
The most significant morphological transformation was observed after 72 h. At this time interval,
the titanate nanostructures were assembled into well-defined 3D hierarchical architectures such
as book-block-like arrangements with open channels. Based on X-ray powder diffraction (XRPD),
transmission electron microscopy (TEM), selected area electron diffraction (SAED), and scanning
electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS) analyses, it was
determined that these nanostructures correspond to iron-rich layered titanates (Fe/Ti mass ratio of
7.1). Moreover, it was evidenced that the conversion of the precursor into layered nanostructures was
not complete, since for all the tested reaction times the presence of remaining IHSS was identified.
Our experiments demonstrated that the Ecuadorian ilmenite sands are relatively stable in KOH
medium.

Keywords: titanate-based nanosheets; black sands; ilmenite sand dissolution; potassium titanates

1. Introduction

Alkaline hydrothermal treatment (AHT) has been widely applied for the synthesis
of a diversity of titanate-based nanostructures due to its simplicity and low energy con-
sumption [1]. Kasuga et al. proposed for the first time in 1998 the synthesis of titanate
nanotubes from a commercial synthetic TiO2 precursor through AHT using a concentrated
NaOH solution [2]. Since then, several researchers have confirmed, in a short time span,
the effectiveness of this route [3–5]. The AHT conditions can determine a variety of distinct
morphologies of titanate nanostructures, with the general chemical formula of A2TinO2n+1
(A = alkali metal ion or proton, n = 3–6). These nanostructures include nanoparticles,
nanosheets, nanotubes, nanoribbons, nanowires, nanorods, and nanofibers [6–9]. Thus,
different temperatures, reaction times, concentrations, types of alkaline solutions, and pre-
cursors have been assessed. From the point of view of materials design, the AHT represents
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a very attractive, versatile, and rapid route to tailor -morphology, composition, and other
properties of titanate nanostructures. The selected parameters will depend on the nature
of the precursor, the equipment available, and above all, the desired characteristics of the
synthesized titanates.

In this context, a more affordable alternative to produce titanate-based nanostructures
has emerged, consisting of the use of low-cost precursors. Mineral sands, based on rutile or
ilmenite [10–14], have been suggested as substitutes for the conventional synthetic TiO2
precursors (anatase, rutile or their mixture). For instance, iron-doped titanate-based nanos-
tructures, the so-called ferrititanates, have been attained as the main phase after processing
Brazilian ilmenite sands with AHT using NaOH concentrate solutions [12,13,15,16]. Il-
menite and rutile were the main components of this precursor, and pseudorutile and quartz
were identified as secondary phases. The Fe/Ti mass ratio of this mineral precursor of ~0.8
was considered titanium-rich sand [12]. Thus, lepidocrocite-like ferrititanate nanosheets
along with small amounts of hematite nanoparticles have been synthesized using AHT
(at 130 ◦C for 70 h with 10 M NaOH) [12,13,15]. Ferrititanate submicron and micron crys-
tals with a CaFe2O4 structure type group, along with magnetite, have also been obtained
(applying 190 ◦C for 70 h with 10 M NaOH) [16]. The presence of iron in the synthesized
products comes from the natural elemental composition of the precursor (ilmenite sands).
It is evident that iron not only can be part of the titanate structure, but also can reprecipitate
as iron oxide nanoparticles such as hematite or magnetite.

In light of this, in our previous work, we demonstrated the feasibility to employ
Ecuadorian ilmenite mineral sands as a low-cost precursor to prepare nanostructures
through AHT (at 180 ◦C for 72 h with 10 M NaOH) [17]. The following titanate nanostruc-
tures were obtained: (i) nanobelts possibly belonging to iron-doped sodium hexatitanate
structures, and (ii) nanoparticle agglomerates (performing a precursor pretreatment) prob-
ably corresponding to corrugated sodium iron-rich trititanates [17]. As the authors are
aware, this is the only work that has reported the harnessing of Ecuadorian ilmenite sands
to synthesize titanate-based nanostructures so far. It is important to point out that the
Ecuadorian sands have a different chemical and phase composition compared to the Brazil-
ian ones, viz., ilmenite–hematite solid solution (IHSS), with traces of zircon and orthoclase.
Their Fe/Ti mass ratio is 2.8, being classified as an iron-rich precursor. Considering these
different features of Ecuadorian ilmenite sands precursor, only a partial conversion into the
aforementioned titanate nanostructures was accomplished [17]. These results paved the
way for the preparation, in just one step, of hybrid materials with specific morphologies and
potential applications. Thus, there is still plenty of room to explore AHT using Ecuadorian
ilmenite mineral sands as a low-cost precursor (~USD 24 is the price per MT).

The development of iron-rich titanate nanostructures has been continuously stud-
ied [18–20]. The presence of iron brings modifications to the titanate-based structures,
causing an improvement to the optical and photocatalytic properties [21]. It has been
demonstrated that the incorporation of iron in the crystal structure reduces the band
gap [13,22]. This effect promotes a shift in the absorption spectra toward higher wave-
lengths, enhancing the efficiency of the light absorption, encompassing not only the ultravi-
olet region, but also the visible range, which is not absorbed in iron-free titanates [13,22].
Iron doping can also induce magnetism in ferroelectric titanates, such as BaTiO3 [23], or
higher electrochemical capacity in compounds such as Li4Ti5O12 [24]. Regarding the po-
tential applications of ferrititanates, their use as catalysts and ion exchangers has been
reported in the literature, commonly within the fields of water remediation [25,26].

Moreover, this type of material, composed of layered nanostructures, becomes a good
candidate as a filler in the preparation of polymer composites. Its integration into polymer
matrices can improve their mechanical and/or gas barrier properties [15,27], especially
when they exhibit the morphology of nanotubes and nanosheets due to the high degree of
interfacial interaction between the nanofiller and the polymer matrix [28,29].

Likewise, owing to the high stability and sensitivity of iron oxide-based materials,
such as hematite, they have been successfully employed as sensors of a number of vapors
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or gases such as ethanol [30], oxygen [31], hydrogen [32], hydrogen sulfide [33], and
liquefied petroleum gas [34], among others. In fact, it has been proved that the morphology
influenced the charge transfer resistance, gas sensitivity, response time, and recovery
time [34].

Regarding the preparation of titanate nanostructures using AHT, several authors have
confirmed that one of the most important parameters to tailor and control the characteristics
of these nanomaterials, apart from the temperature, is the type of alkaline solution [35–37].
Having this in mind, herein we propose the usage of a concentrated solution of potassium
hydroxide (KOH 10 M) to study the changes that Ecuadorian ilmenite mineral sands
undergo when a distinct alkaline media is employed in the AHT. The temperature chosen
for the treatment was 180 ◦C, and we assessed the effect of KOH-AHT exposure time (24,
48, 72, and 96 h) on the morphology, chemical and phase composition of the as-synthesized
powders (KOH-AHT products). The KOH-AHT products were characterized using SEM-
EDS, TEM, SAED and XRPD.

2. Materials and Methods
2.1. KOH-AHT Procedure

AHTs were performed using milled Ecuadorian ilmenite sands [38] as the precursor.
The grinding procedure was previously described by Lagos et al. [17]. Briefly, the sands
were milled at 300 rpm for 9 min using a planetary mill with a ball to sand mass ratio of 20.

Defined amounts of the precursor (1.75 g) and KOH 10 M solution (350 mL) were
added into a reactor (Berghof BR-500, Baden-Württemberg, Germany). The syntheses
were carried out at the maximum allowable temperature of the equipment (180 ◦C) under
constant stirring (350 rpm) for different reaction times of 24, 48, 72, and 96 h. Afterward, the
system was cooled to room temperature and the KOH-AHT products were recovered using
decantation, followed by filtration. The KOH-AHT products were washed with distilled
water until reaching neutral pH. Finally, the samples were dried in a stove at 80 ◦C for 12 h,
and ground manually in an agate mortar. An illustration of the as-mentioned procedure is
depicted in Figure 1.
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Figure 1. Procedure for preparation of KOH-AHT-products.

It is important to note that additional experiments were carried out, trying to improve
the dissolution of the precursor. Even though these experiments will not be discussed in this
work, it is worth mentioning that different AHT conditions were examined. The three most
relevant were (i) a higher KOH concentration (12 M), (ii) an elevated pressure (~30 bar,
reached with the addition of N2), and (iii) consecutive AHTs (with a total KOH-AHT
exposure time of 144 h). Nevertheless, in none of the above conditions the Ecuadorian
sands were completely dissolved in KOH medium, since remaining precursor particles were
identified after the treatments (see Figure S1 in the Supplementary Material). Furthermore,
the obtained KOH-AHT products did not present the formation of 2D nanostructured
morphologies. Therefore, we selected to discuss the effect of the AHT conditions described
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firstly, since this procedure resulted in the most significant change in the morphology of
the milled Ecuadorian ilmenite mineral sands.

2.2. Characterization of KOH-AHT Products

The analyses of the morphology and particle size of the precursor and the as-synthesized
KOH-AHT products were performed with SEM (Tescan Mira 3, South Moravian, Czech
Republic) operating at 10 kV. The elemental composition of each KOH-AHT product was
determined using EDS at 25 kV accelerating voltage. The SEM analyses were performed
without deposition of a conduction layer. The KOH-AHT product obtained at 72 h was
additionally characterized using TEM at 80 kV (FEI Tecnai G2 Spirit Twin, North Brabant,
The Netherlands) to obtain images and SAED patterns. The latter was analyzed using
CrysTBox software [39].

XRPD measurements were conducted using Cu Kα radiation (Bruker D2 Advance,
Karlsruhe, Germany) in the 2θ range of 5◦ to 60◦ in 0.02◦ steps and a count time of 0.6 s
per step with rotation (sample spinner). Power Diffraction File TM [40] PDF 2 database was
used to identify the crystalline phases. The pattern fitting was performed in Jade MDI.

3. Results
3.1. SEM and TEM Analyses

Figure 2 shows the morphology of the precursor, composed of irregular particles, with
sizes ranging from hundreds of nanometers to a few tens of micrometers. These features
are typical for a powder after a dry milling procedure.
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Figure 2. (a–c) SEM images of the powder precursor (milled Ecuadorian ilmenite sands).

The morphology evolution of the Ecuadorian ilmenite mineral sands subjected to
KOH-AHT at 180 ◦C for 24, 48, 72, and 96 h is presented in Figure 3. After 24 h of reaction
time, a change in morphology begins to be noticed, since scarce nanosheets started to
appear assembled in the form of a house-of-cards architecture (see Figure 3a,b). An SEM
image at higher magnification of these nanosheets is presented in Figure 4a.
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Figure 4. SEM images of nanosheets obtained at (a) 24 h, (b) 48 h, and (c) 72 h.

The KOH-AHT product obtained at 48 h exhibited nanosheets similar to those de-
scribed for the process at 24 h (see Figure 3c,d). The main difference lies in the fact that
their number seems to be slightly superior to that observed at 24 h (see Figure 3d).

At 72 h of reaction, several nanosheets were identified and the most significant trans-
formation in morphology was observed (see Figure 3e). The self-organized hierarchical
assemblies had the appearance of a 3D lamellar architecture composed of nanosheets sepa-
rated by open channels. The thicknesses of the nanosheets were in the range of 15 to 32 nm,
which in turn were constituted from many stacked 2D ultrathin layers (see the square in
Figure 4c).

Regarding the KOH-AHT product obtained at 96 h, the SEM images presented in
Figure 3g,h show that the morphology was not well-defined and it seems that there was no
notable presence of nanosheets.

It is worth noting that remaining precursor particles were observed in all the KOH-
AHT products (marked with arrows in Figure 3a,c,e,g).

The KOH-AHT product obtained at 72 h was also identified using TEM as nanosheets
(see Figure 5a,b). These results were consistent with the SEM characterization. The length
of these nanosheets was within the submicron and micron scale. Figure 5c shows the
indexed SAED pattern of the phase with nanosheet morphology (formed in the KOH-
AHT), indicating that this presents a K2Ti4O9-like structure. This was determined through
simulation of SAED (by using CIF file PDF Card 00-032-0861). Moreover, the spots observed
in Figure 5c demonstrated that the nanosheets were crystalline.

Minerals 2023, 13, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 4. SEM images of nanosheets obtained at (a) 24 h, (b) 48 h, and (c) 72 h. 

The KOH-AHT product obtained at 72 h was also identified using TEM as nanosheets 
(see Figure 5a,b). These results were consistent with the SEM characterization. The length 
of these nanosheets was within the submicron and micron scale. Figure 5c shows the in-
dexed SAED pattern of the phase with nanosheet morphology (formed in the KOH-AHT), 
indicating that this presents a K2Ti4O9-like structure. This was determined through simu-
lation of SAED (by using CIF file PDF Card 00-032-0861). Moreover, the spots observed in 
Figure 5c demonstrated that the nanosheets were crystalline. 

 
Figure 5. (a,b) TEM images of KOH-AHT product obtained after 72 h showing the nanosheets mor-
phology, (c) the corresponding SAED pattern. 

Additionally, SEM-EDS semiquantitative elemental analyses were carried out for the 
precursor and for the nanosheets synthesized after 24, 48, and 72 h. The results are pre-
sented in Table 1. 

  

Figure 5. (a,b) TEM images of KOH-AHT product obtained after 72 h showing the nanosheets
morphology, (c) the corresponding SAED pattern.
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Additionally, SEM-EDS semiquantitative elemental analyses were carried out for
the precursor and for the nanosheets synthesized after 24, 48, and 72 h. The results are
presented in Table 1.

Table 1. EDS semiquantitative elemental analyses * of the precursor and nanosheets obtained at
different KOH-AHT times.

Sample Morphology Fe Content (wt. %) Ti Content (wt. %) K Content (wt. %) Fe/Ti Mass Ratio

Precursor Irregular particles 75.40 ± 1.51 24.60 ± 0.55 - ~3.1
24 h Nanosheets 73.51 ± 1.29 23.21 ± 1.24 3.28 ± 0.24 ~3.2
48 h Nanosheets 81.54 ± 0.63 17.01 ± 0.43 1.44 ± 0.10 ~4.8
72 h Nanosheets 87.06 ± 3.69 12.18 ± 0.49 0.75 ± 0.04 ~7.1

* These values exclude the oxygen weight percentage.

3.2. XRPD Analyses

The XRPD patterns of all the KOH-AHT products and the precursor (milled Ecuado-
rian ilmenite sands) are depicted in Figure 6. Regarding the precursor, it corresponded to
an IHSS (0.6(FeTiO3)0.4(Fe2O3), PDF 04–017–0669, called IHSS1) rich in ilmenite phase, as
revealed by the Le Bail qualitative method [17,38]. Nevertheless, when the quantitative anal-
ysis was performed in Jade MDI (see Figure S2 in the Supplementary Material), the XRPD
pattern for the precursor was better fitted when an additional IHSS (0.8(FeTiO3)0.2(Fe2O3),
PDF 01–070–6223, called IHSS2) richer in ilmenite was considered. This IHSS2 comprises a
minor phase representing approximately a third part of the major phase (IHSS1).
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96 h. * Stands for the layered titanate.

Note that the characteristic peaks ascribed to the precursor also appeared in the XRPD
patterns of all the KOH-AHT products (see Figure 6), corroborating that the KOH-AHT
exposure promoted only a partial conversion of the precursor. This was consistent with
SEM images presented in Figure 3 showing remaining ilmenite sand particles. Based on
the XRPD results, it is important to indicate that the presence of IHSS2 was not detected
within the KOH-AHT products, suggesting that this phase was completely dissolved from
the first reaction time (24 h).

In the KOH-AHT products (24, 48, 72, and 96 h) a typical diffraction line of layered ti-
tanates appeared at ~10◦ (marked as *), corresponding to the (200) basal reflection [12,13,27].
The intensity of this peak was highest at 72 h; however, this should not be used as an in-
dication of the quantity of layered titanates inside the samples, since it also could be a
consequence of the preferential orientation effect, common for layered phases.



Minerals 2023, 13, 406 8 of 14

4. Discussion

The SEM images presented in Figure 3 evidenced the morphology changes that oc-
curred when Ecuadorian ilmenite mineral sands were subjected to an AHT with a KOH
solution (10 M) at 180 ◦C at different time intervals. It was determined that the morphol-
ogy and structure of the KOH-AHT products were time dependent. Additionally, as the
KOH-AHT time increased, it appears that the precursor was more consumed and the
number of large unreacted particles decreased (see Figure 3a,c,e,f). This was probably due
to the solubility of the precursor, which is generally sensitive to the particle size. Thus, the
smallest particles were more susceptible to dissolution owing to higher contributions of
the excess surface Gibbs free energy [41], while the larger ones might only show surface
dissolution. This can be observed, for instance, in some of the larger particles of the remain-
ing precursor within the KOH-AHT product obtained at 24 h. In this case, etching was
identified, triggering a rougher and more flawed surface compared to that of the untreated
precursor (see Figure S3 in the Supplementary Material) [41].

Regarding the XRPD patterns of the KOH-AHT products, the intensity of the peak at
10◦ 2θ increased up to 72 h, which can be attributed to the presence of layered titanates
(see Figure 6). The ratios between the intensity of the main peak of the precursor (~33◦

2θ) and that of the titanate phase (~10◦ 2θ) were 18.5, 13.5, 1.7, and 9.7 for the 24, 48, 72,
and 96 h treatments, respectively. Nonetheless, it should be considered that the intensity
of the peak at 10◦ 2θ was not only related to the intrinsic features, such as the amount of
transformation of the precursor into titanates, but also to the preferential orientation effect.
Thus, the lowest ratio of 1.7 (at 72 h) could have been a consequence of the better stacking
of the nanosheets as a book-block-like structure.

Due to the lack of more diffraction lines of the titanate phase (only one at ~10◦ 2θ can
be ascribed to this phase), its identification was not possible using XRPD analysis. Neverthe-
less, in accordance with the TEM-SAED analysis, the titanate phase was tentatively assigned
to a lamellar potassium titanate with a K2Ti4O9-like structure (PDF 00–032–0861) [42]. It
should be noted that this K2Ti4O9 exhibits a notable ion exchange capacity [43,44]. It is
also probable that this phase suffered some intercalation of hydrogen due to the washing
process of the KOH-AHT products with distilled water, becoming K2-xHxTi4O9. Therefore,
K2-xHxTi4O9 stoichiometry might be suggested for the nanosheets [45,46], where x depends
on the ion exchange (K+ ↔ H+). This may explain the low content of potassium (see
Table 1).

Likewise, it is important to highlight that the nanosheets had a high content of iron in
their composition. This indicates that the K2-xHxTi4O9 phase was greatly enriched with
iron, which probably substituted partially for titanium. In fact, the nanosheets presented
an increment in iron over time, since the values of the Fe/Ti mass ratio increased from 3.2
to 7.1 at 24 and 72 h, respectively (see Table 1). Keeping in mind that the ilmenite precursor
is composed of a 50.4 wt. % of iron and 18.6 wt. % of titanium, it is most likely that
the reaction medium was enriched in iron, explaining its high content in the nanosheets.
In addition, it has been proven that depending on the degree of iron doping, the cation
exchange capacity of the titanate nanostructures can be improved [47,48]. Thus, this could
be the reason why the potassium content decreased within the nanosheets over time (see
Table 1).

Regarding the formation mechanism of the titanate nanostructures obtained with AHT,
it is still quite controversial [49,50]. However, based on our results and also those from
related works reported in literature [8,37,51–53], we supported a model for the formation
of iron-rich titanate nanosheets assembled in 3D hierarchical architectures (see Figure 7).
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In the first stage, the precursor (ilmenite mineral sands) starts to dissolve. As the dura-
tion of KOH-AHT exposure increases, the consumption (dissolution) of the precursor also
increases. Hence, during dissolution, TiO6 octahedra, monotitanate, or polytitanic species
might be generated. At the same time, K+ ions from the alkaline solution were available,
reacting with the titanium species, nucleating titanate nanosheets [8,51], composed by a
few ultrathin layers with K+ acting as compensation charge interlayer cations. As stated
before, during the dissolution of the precursor, iron species were also set free. Therefore, the
reaction medium had a considerable amount of dissolved iron, which substituted titanium
partially in octahedra sites of the titanate-layered nanostructures. This affirmation is based
on the homogeneous distribution of iron in the as-prepared nanosheets, determined using
elemental mapping of the KOH-AHT product obtained at 72 h (see the Supplementary
Material Figure S4).

After 24 h of reaction time, morphological changes started to be noticed. The ini-
tial nanosheets presented a house-of-cards configuration (see Figures 3b and 4a). As the
dissolution proceeded, more reactive titanium and iron species would be expected to be
released. Consequently, the number of titanate nanosheets might increase over time (see
Figures 3d and 4b). In addition, the stacking of the nanosheets also improved, giving rise to
well-organized stacked 3D architectures with the appearance of a book-block-like structure
in which the pages (nanosheets) were separated by open channels (see Figures 3f and 4c).
It is likely that this stacking process to form better organized architectures was promoted
by the electrostatic attraction between adjacent nanosheets [37], resulting in a surface area
reduction as a mechanism to decrease the nanosheets’ surface energy [52]. Moreover, the
nanosheets were quite planar without exhibiting noticeable curvature. This suggests that
their surface had a balanced charge of H+ and K+ due to a symmetric chemical environ-
ment [53]. Similar morphologies of 3D architectures of well-stacked In2O3 nanosheets
with open channels, prepared using a hydrothermal method, have been reported in the
literature [52].

Furthermore, comparable nanosheets, although not assembled in 3D hierarchical
architectures, were reported by Costa et al. [13] and Jardim et al. [12]. They prepared
iron-rich nanosheets, that were ascribed to a lepidocrocite-like structure, using NaOH-AHT
(10 M at 110–150 ◦C) with an ilmenite titanium-rich precursor (~33 wt. % of titanium and
~27 wt. % of iron). They also obtained a homogeneous elemental distribution of iron in the
nanosheets due to iron-doping. However, the iron-doped titanate nanosheets synthesized
by these authors were thinner, with thicknesses of approximately 10 nm, comprising around
20 ultrathin layers [12]. The thicknesses of the nanosheets within the KOH-AHT product
obtained at 72 h were in the range of 15 to 32 nm (see Figure 4c), as aforementioned. This
thickening may have been a result of an enhanced capture of dissolved titanates and iron
species from the KOH alkaline media into the nanosheets [54].

Regarding the morphology of the product obtained at the longer KOH-AHT exposure
of 96 h, it showed irregular shaped micro and nanostructures. Note that solely scarce
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nanosheets were detected (see Supplementary Material Figure S5), since no well-defined
morphologies were identified (see Figure 3g–h). It can be proposed that the plausible
dissolution of the nanosheets could be a consequence of the prolonged AHT [55].

In our previous work, we carried out a similar AHT using the same synthesis condi-
tions employed in this work at 72 h. The difference resided in the type of alkaline medium,
sodium hydroxide (NaOH 10 M) was used in the previous study [17]. Thus, it was evident
that this variation significantly impacted the morphology, chemical and phase composition
of the synthesized titanates. Through NaOH-AHT, the synthetized titanate nanostructures
corresponded to bundles of nanobelts, while with KOH-AHT, nanosheets assembled into
3D arrangements were obtained. Hence, even using the same concentration of the alkaline
solution and equal synthesis temperature, it is clear that the type of alkaline medium
promotes drastic modifications in titanate morphology. In fact, the mechanism of formation
is apparently different.

In the case of titanate nanobelts obtained through NaOH-AHT, they might be formed
by an orderly sticking of previously formed intermediate nanosheets and their coalescence
and splitting into nanobelts (nanofibers or nanowires) at a later stage [51,54]. It should be
noted that when using commercial synthetic TiO2 precursors within NaOH-AHTs, there is
an established morphology evolution which comprises nanosheets, nanotubes, and finally,
nanofibers (nanowires) [56]. These three successive unavoidable nanostructures appear
by an increment in either the concentration of the alkaline solution or the temperature.
However, when using ilmenite sands as precursors within NaOH-AHTs, the sequence of
the morphology evolution of the titanates apparently differs. Until now, the formation of
titanate nanotubes from ilmenite mineral sands precursors has not been reported; thus,
the formation mechanism could involve nanosheets at first and nanofibers (nanobelts or
nanowires) in the later stages [13,17].

The differences between the morphology of the products synthetized from KOH-AHT
and NaOH-AHT could be a consequence of the difference in the solubility of the precursor.
It has been proven that the dissolution of TiO2 is distinctly dependent on the alkaline
medium, being higher in KOH (higher dissolution of Ti(IV)) than in NaOH at the same
temperature and equal alkaline concentration [35]. Bavykin et al. experimentally verified
that the dissolved Ti(IV) concentration is a key factor that controls the direction of the
nanostructure formation [35,36]. They verified that this dissolution effect influenced the
route of the precursor transformation and the morphology of the final nanostructures [36].
Further studies should be performed on the solubility of Ecuadorian ilmenite mineral
sands to prove if KOH medium in fact promotes a higher dissolution of Ti(IV) than NaOH.
Additionally, it should be verified if all the dissolved Ti(IV) can reprecipitate into the
desired titanates, but it was beyond the scope of this study.

Summarizing, we have confirmed the feasibility to synthesize 3D hierarchical architec-
tures of well-ordered iron-rich titanate nanosheets from Ecuadorian ilmenite sands through
KOH-AHT. Nevertheless, it should be noted that only a partial conversion of the precursor
into the desired titanate phase was achieved under the studied conditions. Based on the
results of the present work and a number of additional experiments, as mentioned in the
Materials and Methods Section, we have found out that the Ecuadorian ilmenite precur-
sor exhibits a high stability in a KOH alkaline medium, since the presence of remaining
precursor particles was detected after KOH-AHT at all time spans until 96 h. Thus, in the
KOH-AHT products, in addition to the iron-rich titanates, submicron and nanoparticles of
IHSSs were also identified.

In this manner, we prepared a material (KOH-AHT product obtained at 72 h) com-
posed of (i) iron-rich titanate nanosheets assembled into 3D hierarchical architectures, and
(ii) fine IHSSs (submicron and nanosized), which can be proposed as an inexpensive catalyst
candidate. According to the literature, both components show potential applications in this
area. For instance, iron-rich layered titanates, as nanosheets, have been employed for the
selective catalytic reduction of nitrogen oxide and to degrade organic pollutants, among
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others [57,58]. Ilmenite and hematite have also been used as catalysts, within wet peroxide
oxidation [59] and heterogeneous electro-Fenton [60].

Additionally, the as-synthesized material has the potential to be used as a filler of
polymer composites. Regarding the first component (i), it has been demonstrated that
layered titanate fillers (nanotubes and specially nanosheets) have successfully enhanced the
mechanical properties of polymer matrices as a counterpart of benchmark graphene-based
fillers [28,29]. With respect to the second component (ii), ilmenite- and hematite-based fillers
have been employed to improve the barrier properties of polymer matrices against nuclear
radiations such as neutrons and gamma rays [61–63]. It is important to highlight that the
main advantages of the proposed processing consist of its simplicity, low-cost precursor
(USD 24/MT) [17], and, especially, the nanometric size of the as-obtained products.

5. Conclusions

The performance of natural ilmenite sands was assessed as a low-cost precursor in
the preparation of nanostructured titanates through one-pot KOH alkaline hydrothermal
treatment. The most significant titanate-like products, regarding their morphology, were
synthesized after 72 h using a 10 M KOH solution at 180 ◦C in a sealed reactor. Under these
conditions, iron-rich titanate nanosheets assembled as 3D hierarchical architectures were
attained. The chemical and phase characterizations suggested that these nanostructures
corresponded to highly iron-enriched K2-xHxTi4O9 layered titanates. Despite the fact that
the complete transformation of the precursor into titanates was not achieved, a potentially
promising material was obtained with applications as catalyst, gas sensor, and polymer
filler.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min13030406/s1: Figure S1: SEM images of KOH-AHTs at
180 ◦C: (a) KOH (12M)/72 h; (b) KOH (10M)/72 h/~30 bar; (c) KOH (10M)/72 h + 72 h. The
squares show remaining precursor particles; Figure S2: Fitting of the Ecuadorian ilmenite sands
precursor; Figure S3: SEM images of (a) the surface of the precursor (smooth), and (b) the surface
of the remaining precursor after 24 h of KOH-AHT exposure (rougher and flawed areas marked in
yellow); Figure S4: Elemental mapping analysis of the KOH-product obtained at 72 h; Figure S5: (a,b)
Remaining nanosheets within KOH-product obtained at 96 h.
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