
����������
�������

Citation: Valdivieso-Ramírez, C.S.;

Pontón, P.I.; Dosen, A.;

Marinkovic, B.A.; Guerrero, V.H.

One-Step Synthesis of Iron and

Titanium-Based Compounds Using

Black Mineral Sands and Oxalic Acid

under Subcritical Water Conditions.

Minerals 2022, 12, 306. https://

doi.org/10.3390/min12030306

Academic Editor: Kenneth N. Han

Received: 11 January 2022

Accepted: 24 February 2022

Published: 28 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

One-Step Synthesis of Iron and Titanium-Based Compounds
Using Black Mineral Sands and Oxalic Acid under Subcritical
Water Conditions
Carla S. Valdivieso-Ramírez 1, Patricia I. Pontón 1 , Anja Dosen 2 , Bojan A. Marinkovic 2,*
and Victor H. Guerrero 1,*

1 Department of Materials, Escuela Politécnica Nacional, Quito 170525, Ecuador;
carla.valdivieso@epn.edu.ec (C.S.V.-R.); patricia.ponton@epn.edu.ec (P.I.P.)

2 Department of Chemical and Materials Engineering, Pontifical Catholic University of Rio de
Janeiro (PUC-Rio), Rio de Janeiro 38097, Brazil; adosen@puc-rio.br

* Correspondence: bojan@puc-rio.br (B.A.M.); victor.guerrero@epn.edu.ec (V.H.G.)

Abstract: Black mineral sands are widely used to obtain titanium dioxide, titanium, and, more
recently, a variety of iron–titanium oxide nanostructures. Highly corrosive mineral acids or alkalis are
commonly employed for this purpose. Hence, it is desirable to find eco-friendly ways to process these
minerals, deriving high-added value materials. In this study, an Ecuadorian mineral sand precursor
(0.6FeTiO3·0.4Fe2O3 solid solution) was treated with oxalic acid aqueous solutions under subcritical
water conditions. The synthesis was conducted in a batch reactor operating at 155 ◦C, 50 bar, and
700 rpm for 12 h, varying the oxalic acid concentration (0.1, 0.5 to 1.0 M). The as-obtained compounds
were physically separated, dried, and analyzed by X-ray powder diffraction, scanning electron
microscopy, and Raman spectroscopy. The characterization showed that the precursor was completely
converted into two main products, ferrous oxalate, and titanium dioxide polymorphs. Rutile was
always found in the as-synthesized products, while anatase only crystallized with high oxalic acid
concentrations (0.5 and 1.0 M). These results open the possibility to develop more sustainable routes
to synthesize iron and titanium-based materials with promising applications.

Keywords: ferrous oxalate; titanium dioxide; oxalate-based reagent; ferrotitaniferous sands;
subcritical water technology

1. Introduction

Ilmenite (FeTiO3) black mineral sands have been traditionally used worldwide to
generate concentrated titania slag or synthetic rutile as feedstock for further production of
titanium dioxide (TiO2) and titanium metal (Ti) [1–4]. Nevertheless, either the generation
of such feedstocks or the downstream processes that lead to the commercialized titanium-
based products involve energy-intensive processes (T > 1200 ◦C) [5], the use of corrosive
mineral acids (i.e., sulfuric, nitric, and hydrochloric acids) as leaching agents, as well as
the generation of toxic tails and large volumes of industrial sewage that must be treated
before disposal [6,7]. During the last few years, these sands have also been used to synthe-
size different types of iron–titanium oxide nanostructures, whose promising applications
have motivated continuous research around the world [8–10]. The alkaline hydrothermal
treatment, for example, is a common route to obtain such nanostructures (i.e., ferrititanate
nanosheets, iron-doped titanate nanofibers, ilmenite nanoflowers, iron–titanium oxide
flower-like micronic particles, and nanobelts) [8,9,11–13]. However, it involves the usage
of strongly alkaline aqueous solutions, commonly with molarities as high as 10 M. Al-
though this process is straightforward, it is prone to result in an environmental burden.
Recognizing the potentially negative impacts on human health and the natural ecosystems
associated with the described processing approaches for ilmenite black sands, it is highly
desirable to find sustainable alternatives, through environmentally friendly methods.
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The dissolution of ilmenite black sands is crucial prior to titanium extraction, con-
centration, and recovery with the ore upgrade. This stage is even more important if we
consider that some of these ferrotitaniferous black sands are naturally occurring ilmenite–
hematite solid solutions (IH SSs), which are more difficult to dissolve, in comparison with
the ones composed only of ilmenite [13]. For this reason, efforts have been devoted to the
improvement of the throughput of the dissolution stage [14], and to the development of
cleaner processing that minimizes the usage of toxic chemicals [4,15]. Organic acids, for
example, represent an effective alternative to strong mineral acids in acid leaching. In this
regard, oxalic, citric, and ascorbic acids have been demonstrated to be very effective in
the dissolution of iron oxides, including goethite, magnetite, and hematite [16–18]. The
dissolution of these iron oxides in organic acids has been reported via three processes:
(1) adsorption of organic ligands on the particle surface, (2) nonreductive dissolution,
which is relevant only at high temperatures, and (3) reductive dissolution, which is the
main mechanism and consists of two stages: induction and autocatalysis [19]. Similarly,
oxalic and citric acids have been used to dissolve more complex iron-bearing minerals such
as pure ilmenite; nonetheless, the phenomena and the precise dissolution mechanisms are
not yet well understood [20]. In addition, the chemistry associated with the organic acid
dissolution of iron oxides can be further explored as an alternative for the synthesis of
high-value products from complex, iron-bearing minerals. As such, ferrous oxalate is a
product of iron oxide dissolution, and it can be expected when iron-bearing minerals are
also treated with aqueous oxalic acid solutions [20]. On the other hand, organic acids at
high temperatures (up to 150 ◦C) have been used to increase the dissolution rate of iron
oxides [19] and shorten the reaction times [21], suggesting the potential of hydrothermal
technologies for value addition of iron-bearing minerals.

Subcritical water (sCW) technology is an eco-friendly hydrothermal process that
uses liquid water within a specific temperature and pressure range (100 ◦C < T < 374 ◦C;
1 bar < P < 221 bar) as a reaction medium to induce the dissolution and extraction of
various compounds in short reaction times [22]. This is possible due to the modified
physicochemical properties of water under subcritical conditions (i.e., increased ionic
product and decreased dielectric constant, density, and pH), which facilitate solvation of
compounds of a wide range of polarities, as well as the transport phenomena in aqueous
solutions [23]. Additionally, sCW technology is versatile and can be applied to large-scale
production, as the required equipment setup resembles the autoclaves setup used for high-
pressure metallurgy [24]. Therefore, sCW, as a hot, pressurized, and slightly acidic aqueous
reaction medium, can be used as a greener approach to process ilmenite black sands.
Additionally, the combination of water with dicarboxylic acids at mild sCW conditions
(135 ◦C and 100 bar) has shown to be a feasible and effective alternative to conventional
mineral acid-catalyzed hydrolysis of agroindustrial residues [25,26]. Nonetheless, the use
of these sCW systems has been limited to biomass conversion [22], and no studies focusing
on the simultaneous synthesis of iron and titanium-based compounds from naturally
occurring ilmenite black mineral sands have been yet reported in just one step.

Treatment of ilmenite–hematite mineral black sands with aqueous oxalic acid solutions
under sCW conditions may allow producing TiO2 and ferrous oxalate (FeC2O4), materials
with a wide variety of applications. Titanium dioxide is typically used as an adsorbent and
photocatalyst in water and air treatments, a pigment in paints and coatings, an antimicrobial
agent or reinforcement in composites, etc. [27–29]. Although ferrous oxalate is less common,
it is considered an effective heterogeneous catalyst in advanced oxidation processes for
eliminating a series of persistent organic pollutants from wastewaters [30–33]. It can
also be a precursor for the synthesis of other materials such as ferrate (VI), whose ion
has a strong oxidizing potential, beneficial for water treatment [34]. Furthermore, the
thermal decomposition of ferrous oxalate allows for the synthesis of different magnetic
nanoparticles, which can be used as adsorbents, catalysts, reinforcements in composites,
sensors, etc. [35,36].
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Therefore, the aim of this research was to evaluate the use of the binary oxalic
acid/H2O system at sCW conditions (155 ◦C and 50 bar) as an eco-friendly process to obtain,
in one step, titanium dioxide and ferrous oxalate from the Ecuadorian ilmenite–hematite
solid solution (naturally occurring ilmenite black mineral sands) without the previously
mentioned shortcomings associated with mineral acid leaching. The input synthesis vari-
able was the concentration of the oxalic acid solution. The as-synthetized product streams
were characterized by X-ray powder diffraction (XRPD), Raman spectroscopy, and scanning
electron microscopy (SEM).

2. Materials and Methods
2.1. Materials

The black mineral sand used in this study was of Ecuadorian origin, with a reported
chemical composition of 0.6 FeTiO3·0.4 Fe2O3 [37] and milled under the conditions de-
scribed elsewhere [13]. For the sCW synthesis, oxalic acid (>99.5%, ACS grade) from Sigma
Aldrich (St. Louis, MO, USA), water from the Milli-Q system (18.2 MΩ·cm, Millipore,
Billerica, MA, USA) and N2 gas (99.9% purity) from Linde (Quito, Ecuador) were used.

2.2. Synthesis of Iron and Titanium-Based Compounds under sCW Conditions

The synthesis was performed in a batch stirred high-pressure reactor system (Berghof
BR-500, Eningen unter Achalm, Germany), equipped with a 500 mL PTFE lined vessel.
Ilmenite sand (0.9 g) and aqueous oxalic acid solutions of determined molarity (300 g) were
loaded into the reaction vessel and the system was assembled. N2 was used to purge the
solution inside the reactor and to pressurize the system up to 18 bar. Next, the system was
heated up to 155 ◦C. Once the system reached the set temperature and pressure of 50 bar,
the reaction time was accounted for 12 h under constant stirring of 700 rpm. Afterward, the
system was cooled down, depressurized and the contents of the reactor vessel collected.
The as-synthetized product streams were washed out with Milli-Q water until neutral
pH, redispersed in Milli-Q water, and decanted for 2 h. As a result, two fractions were
recovered—a whitish suspension containing finer particles (WA) and a yellowish precipitate
containing larger particles (WB). Redispersion and decanting were carried out mainly to
facilitate the upcoming Le Bail refinement of the as-synthesized products. Finally, these
fractions were dried at 37 ◦C for 24 h prior to storage and characterization. The synthesis
scheme is depicted in Figure 1, while the sample codification is shown in Table 1.
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Table 1. Identification of the as-synthesized products.

Oxalic Acid
Concentration (M) Control Sample Whitish

Fraction (WA)
Yellowish

Fraction (WB)

0 (H2O) sCW
0.1 0.1 M-WA 0.1 M-WB
0.5 0.5 M-WA 0.5 M-WB
1.0 1.0 M-WA 1.0 M-WB

It is worthy to note that the reaction temperature was selected based on the thermal
stability of oxalic acid as the thermal degradation of aqueous oxalic acid solutions has been
reported between 160 and 230 ◦C [38]. Additionally, relatively low pressure of 50 bar within
the sCW region (1 < P < 221 bar) was chosen to keep the aqueous oxalic acid/precursor
system at sCW conditions at the operating temperature (155 ◦C) and to favor the ionization
of aqueous oxalic acid and self-ionization of water, as these chemical reactions have been
reported to be enhanced by pressure [39–42]. Although short reaction times have been
associated with dicarboxylic acid-catalyzed sCW systems, due to the nature of the precursor
used in this study, a longer reaction time (12 h) was defined to ensure that the dissolution
and precipitation reactions would occur. A solvent-to-ferrotitaniferous sand ratio of 333:1
was employed, considering the reported ilmenite sand stability in alkaline conditions [13].
In addition, to determine whether the concentration of oxalic acid influences the synthesis
reaction, aqueous oxalic acid solutions of 0.1, 0.5, and 1 M were used as solvent media, as
well as pure water, which was used as the control solvent.

2.3. Characterization

XRPD of the as-synthesized products was carried out in a D8 Advance diffractometer
at room temperature (CuKα radiation, from 15 to 60◦ 2θ, with 2 s per 0.02◦ step). The
phase identification was performed using a PDF-2 database. The CIF files of the identified
phases are presented in Supplementary Materials. The acquired diffraction patterns were
refined via the Le Bail method, using Topas 4.2 software (Bruker, Karlsruhe, Germany).
The morphology and size of the as-prepared products, previously carbon-coated, were
studied through SEM analysis, in a Hitachi TM3000 equipment (Hitachi High-Technologies,
Tokyo, Japan), operating in secondary electron mode. X-ray energy dispersive microscopy
(EDS) mapping was also performed to verify the purity of the as-synthesized powders.
These products were also analyzed in a Horiba LabRAM HR evolution Raman spectrometer
(Horiba, Kyoto, Japan). The spectra were recorded in the 200–2000 cm−1 region with a
grating of 1800 gr/mm and an acquisition time of 15 s. The spectra collection was at room
temperature, using a 633 nm laser set at 12.5 mW of power.

3. Results
3.1. Synthesis of Iron and Titanium-Based Compounds under sCW Conditions

Figure 2 shows the synthesis reaction products (WA and WB) obtained from the
ferrotitaniferous mineral sand precursor after 12 h at 155 ◦C and 50 bar using either water
or oxalic acid solution of different molarity as reaction medium.

According to Figure 2, it can be inferred that the reaction medium indeed influenced
the dissolution of the ferrotitaniferous sand precursor, and subsequently, on the synthesis
reaction, as indicated by the color variation in the as-synthesized products. For example, a
dark brown powder (Figure 2a) that resembled that of the precursor was obtained with
sCW medium whereas yellow, and white powders were obtained with the aqueous oxalic
acid medium. In general, ferrous oxalate FeC2O4 (pale yellow powder) and titanium
dioxide TiO2 (white powder) were expected as the primary products formed under the set
chemical system with aqueous oxalic acid. Then, the variation in shades of yellow color
among the WB fractions (Figure 2b–d) could be attributed to a possible influence of oxalic
acid molarity on the selectivity in reactions. Conversely, Figure 2e shows a sample of the
whitish powders (WA fraction) obtained with an aqueous oxalic acid medium, suggesting
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the formation of titanium dioxide. In addition, an average mass ratio of the as-synthesized
products WB: WA of 6 was obtained when oxalic acid/H2O was used as the solvent system.
However, as expected, there was no formation of fractions WA or WB due to the sCW
medium alone.
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To gain insights into the effect of the concentration of the oxalic acid solution or water
on the dissolution of the precursor, the as-synthetized products were further analyzed by
XRPD, SEM, and Raman spectroscopy.

3.2. Characterization of the Obtained Iron and Titanium-Based Compounds

Figure 3 shows the XRPD patterns and the SEM images of the ferrotitaniferous sand
precursor and the products synthesized with sCW (control medium). The diffraction
pattern for the untreated sand precursor exhibited peaks at 2θ angles that correspond to an
IH SS, as previously observed for this type of mineral sand [13,37]. Le Bail adjustment of
the diffraction patterns of untreated sand precursor and sCW treated product indicated
a reduction in IH SS unit-cell volume, from 310.4 Å3 for untreated sand to 307.6 Å3 for
sCW product (Figure 3). In accordance with Brown et al., the reduction in unit cells in IH
SS indicates hematite enrichment of IH SS [43]. Considering the appearance of the rutile
phase in the diffraction pattern of the sCW-treated sample (Figure 3), it is suggested that
ilmenite, Ti-rich, part of the solid solution was partially dissolved during sCW treatment,
resulting in the increase in the hematite fraction within IH SS. Therefore, the presence of a
weak diffraction line of rutile in the sCW sample, revealed by the Le Bail refinement, can
be associated with chemical changes in the ferrotitaniferous sand, possibly due to some
partial dissolution of the ilmenite–hematite solid solution under sCW conditions. The Le
Bail refinement of the experimental XRPD patterns for the sCW sample is displayed in
Figure S1 (Supplementary Materials). Although at 155 ◦C and 50 bar, water produced an
acid-like catalytic effect on the ferrotitaniferous sand, further research is needed to better
understand the dissolution behavior in sCW.

An SEM image of the untreated ferrotitaniferous sand precursor is presented in
Figure 3b, revealing that this sample is composed of a mixture of irregular-shaped sub-
micronic particles and micronic particles (10–40 µm). After synthesis at sCW conditions,
the morphology and shape of the sCW-treated product (control sample) differ from those
of the precursor, exhibiting irregular prismatic faceted shapes with various channels on
the particle surface, as well as a lower amount of submicronic particles (Figure 3c). The
particle size of the sCW sample ranges between 10 and 50 µm. However, few submicronic
particles were also found in this sample (irregular and rod-like shapes). Additionally, no
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trace elements were found in the synthesized products, as demonstrated by EDS mapping
(Supplementary Materials; Figures S8 and S9).
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Figure 4 indicates the XRPD patterns of the WA fractions obtained using oxalic acid
solutions of different molarity at 155 ◦C, 50 bar, and 12 h of reaction. Notably, all the molar-
ities used resulted in the complete dissolution of the black sand. On the other hand, strong
peaks of TiO2, in the rutile phase, were identified in all WA samples. Nonetheless, in WA
samples obtained with 0.5 and 1.0 M oxalic acid, TiO2 in the anatase form was also present.
The unmarked diffraction lines in all WA samples are ascribed to ferrous oxalate hydrate
(FeC2O4·2H2O), matching PDF 23-0293 and PDF 72-1305 (both PDFs correspond to the
monoclinic phase but exhibit a different value of a lattice parameter). Overall, WA fractions
were rich in TiO2 polymorphs but also contained a significant amount of ferrous oxalate
hydrate, suggesting that a sequential redispersion-decanting process can be performed
to obtain concentrated TiO2 and FeC2O4·2H2O streams when required. Le Bail refine-
ments of the experimental XRPD patterns of 0.1 M-WA, 0.5 M-WA, and 1.0 M-WA samples,
detailing the fitting of each crystalline phase, are shown in Figures S2–S4, respectively
(Supplementary Materials).

Figure 5 shows the XRPD patterns of WB products obtained with oxalic acid solutions
of different molarity at 155 ◦C, 50 bar, and 12 h of reaction. The main crystalline phase
corresponds to ferrous oxalate hydrate (FeC2O4·2H2O), which is the same compound
identified in the WA fractions. Weak diffraction lines of rutile and anatase were recognized,
illustrating that the recovered WB fraction almost completely consisted of FeC2O4·2H2O.
When the oxalic acid concentration was 1.0 M, hematite also emerged as a low content
secondary phase. Le Bail refinements of 0.1 M-WB, 0.5 M-WB, and 1.0 M-WB samples,
illustrating the fitting of each crystalline phase, are presented in Figures S5–S7, respec-
tively (Supplementary Materials). Some trace of maghemite was detected in the three WB
products, but its diffraction lines are overlapped with those of other phases.
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Main crystalline planes of ferrous oxalate hydrate (PDF 72-1305, a = 12.06 Å) indexed in brown
and those of ferrous oxalate hydrate (PDF 23-0293, a = 9.84 Å) in gray. Marked peaks: rutile (*),
PDF #21-1276; anatase (∇), PDF #21-1272; hematite (�), PDF # 33-0664. Some weak peaks of trace
maghemite overlapped with those of other phases (Supplementary Materials). Calculated patterns
(in red) were obtained by Le Bail refinement.

Consistent with the XRPD analyses, the Raman spectroscopic studies of the as-
synthesized WA and WB products confirmed that titanium dioxide and ferrous oxalate
appeared as the main crystalline phases, respectively. Figure 6 shows the Raman spectra of
both fractions, WA and WB, obtained using 1 M oxalic acid solution. In Figure 6a, bands
corresponding to a mixture of anatase (149, 400, 516, and 632 cm−1) and rutile (442 and
614 cm−1) were identified [44]. The spectrum presented in Figure 6b contains a series of
characteristic bands of ferrous oxalate (206, 247, 521, 587, 917, 1437, 1470, and 1711 cm−1),
similar to the ones observed in humboldtine [45] and ferrous oxalate obtained in previous
comparable studies [34].
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Figure 7 displays SEM images of the WA and WB powders. Since all WA fractions
(Figure 7a,c,e) are composed of finer particles (micronic particles < 10 µm and submicronic
particles), these products remained suspended in the reaction medium, despite containing
TiO2 phases, denser than ferrous oxalate. On the other hand, WB fractions (Figure 7b,d,f),
rich in ferrous oxalate, comprise larger particles, the majority of them larger than 10 µm,
which decanted. The submicronic particles observed in WB fractions can be related to
the TiO2 WA counterparts. As the oxalic acid molarity increases, the quantity of such
submicronic particles decreases, as can be seen in Figure 7f. Regarding morphological
features, WA powders have irregular-shaped particles, while WB powders exhibit irregular
prismatic faceted shapes like slender prisms, similar to those of the sCW sample.
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4. Discussion

Iron and titanium-based compounds were synthesized from ferrotitaniferous mineral
sand under sCW conditions (at 155 ◦C and 50 bar) using an oxalic acid/H2O solvent system,
avoiding the use of conventional high molarity mineral acids and alkaline solutions. The
selected solvent system at 155 ◦C and 50 bar favored the dissolution of the ferrotitaniferous
mineral sand precursor, compared with that of the control sCW medium at 155 ◦C and
50 bar, and led to the formation of ferrous oxalate and titanium dioxide (rutile and anatase)
in just one processing step (Figures 4–6). Although this complex iron-rich ferrotitaniferous
sand has been shown to withstand temperatures as high as 180 ◦C, autogenous pressures,
long processing times, and concentrated alkaline solutions [13], in this study, its suscep-
tibility to dissolution in an acidic medium was proven. As such, the dissolution of the
precursor can resemble acid catalysis, where the dissolution reactions are driven by proton
transfer, followed by a nucleophilic attack so that protic strong acids (i.e., sulfuric, nitric,
and hydrochloric acids) act as a source of protons (H+) to facilitate the catalysis [46]. In
the reaction system used herein, the carboxylic groups of oxalic acid (weak diprotic acid)
can also act as proton donors in an aqueous medium [47]. Thus, proton transfer and nucle-
ophilic attack mechanisms could be expected during the dissolution of ferrotitaniferous
mineral sand precursors. Likewise, sCW can serve as a protic solvent due to its increased
ionic product (Kw (155 ◦C) = 1 × 10−12 vs. Kw (25 ◦C) = 1 × 10−14) and ionic strength, and
consequently reduced pH, facilitating acid-catalyzed reactions [23,48,49]. According to
Figure 3a.2, sCW medium at 155 ◦C and 50 bar indeed had a mild acid catalytic effect on
the dissolution of the sand precursor as rutile phase was identified by the XRPD analysis,
besides IH SS precursor. However, the addition of oxalic acid to reach 0.1 M, for exam-
ple, favored much more the dissolution of the black sand precursor, as the IH SS phase
was no longer identified by the XRPD analysis; rather, ferrous oxalate and rutile phases
were (Figures 4a and 5a). Based on the abovementioned facts, it can be inferred that the
dissolution of the ferrotitaniferous black sand was favored as the proton concentration
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in the reaction medium increased. In addition, Pourbaix diagrams for Fe–H2O [50] and
FeTiO3–H2O [15] systems also report that up to pH 4 (high proton concentration), the solu-
ble iron Fe+2 is the predominant species, while titanium still remains as the insoluble oxide
TiO2 (s) [15]. To discuss further the influence of oxalic acid concentration on the synthesis
reaction, the oxalic acid dissociation constants (Ka1 and Ka2), pH, and ionic strength were
considered (Table 2). Values in Table 2 corresponding to pH and ion concentration were
calculated based on the concentration of H+, C2HO4

−1, and C2O4
−2 ions at equilibrium

and the acid dissociation constant expressions for oxalic acid (Equations (1) and (2)). The
ionic strength of the solution was determined considering the Debye–Hückel equation [51]
at equilibrium.

Table 2. Chemical properties of oxalic acid solutions of different molarity and main crystalline phases
identified in the as-synthesized product streams obtained with oxalic acid solutions at 155 ◦C and 50 bar.

Oxalic Acid
(M)

pH
Ka1

5.6 × 10−2
Ka2

5.4 × 10−5 Ionic
Strength (M)

Main Crystalline Phases *
(WA + WB)

C2HO4−1 (M) C2O4−2 (M)

0.1 1.28 5.2 × 10−2 5.39 × 10−5 0.052 Ferrous oxalate, rutile
0.5 0.85 14.2 × 10−2 5.41 × 10−5 0.142 Ferrous oxalate, rutile, anatase

1.0 0.68 21.0 × 10−2 5.41 × 10−5 0.210 Ferrous oxalate, rutile,
anatase, hematite

* Maghemite traces were found in all the reaction products.

As the first dissociation constant of oxalic acid to hydrogen oxalate C2HO4
−1 is signif-

icantly higher than that of the second one to oxalate ion C2O4
−2 (Table 2), the C2HO4

−1 is
probably the one to play a role in the dissolution reactions. Then, increasing the molarity
of the oxalic acid solution will increase the concentration of C2HO4

−1 as well. Accord-
ing to Table 2, for example, as the molarity of oxalic acid solution increases from 0.1 to
1.0 M, the concentration of C2HO4

−1 increases 2.7 and 4 times, respectively. Interestingly,
such C2HO4

−1 increment was not linear but fitted to a power model regression curve
(0.2127x0.6105; R2 = 0.9993), where x is the molarity of the oxalic acid solution. Therefore,
highly concentrated solutions of oxalic acid at the given operating conditions will not dra-
matically enhance reactions where C2HO4

−1 ion is required. Factors such as temperature,
pressure, and time, or its combination, can be further considered to speed up the dissocia-
tion of oxalic acid and the generation of C2HO4

−1 ions. In addition, oxalic acid dissociation
also generates hydrogen ions (H+) (Equation (1)), which concentration determines the pH
value. Increasing the molarity of the oxalic acid solution will also increase the concentration
of H+ but lower the pH value, as both amounts are inversely proportional. Therefore,
the 1.0 M oxalic acid solution exhibits the lowest pH value of 0.68, as well as the highest
molar ionic strength, which is a measure of the concentration of the electrically charged
species in the solution [51], in this case, due to both H+ and C2HO4

−1. Consequently, 1.0 M
oxalic acid solution as a reaction medium can favor ionic reactions such as acid-catalyzed
reactions, compared with those of low molarity. Upon the sCW synthesis at 155 ◦C and
50 bar under a N2 atmosphere, reaction products comprising various mineral phases were
obtained when oxalic acid solutions with high molarity and ionic strength were used
as reaction media (Figures 4 and 5, Table 2), suggesting that oxalic acid solutions with
increased molarity and ionic strength can induce the dissolution of ferrotitaniferous sand
as well as the crystallization of other iron and titanium oxides.

Chemical reactions possibly associated with the dissolution of ferrotitaniferous black
sand and the synthesis of ferrous oxalate and titanium dioxide at 155 ◦C, 50 bar, and 12 h
with aqueous oxalic acid are presented as Equations (1) to (6). According to Equation (1),
hydrogen oxalate and hydrogen ions that result from the first ionization stage of oxalic
acid are prone to react with the iron-bearing minerals either hematite (Equation (3), [52]) or
ilmenite (Equations (5) and (6)), leading to the formation of ferrous oxalate as a precipitate.
However, due to differences in chemical composition and valency of iron in the iron-bearing
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minerals, the dissolution rate of either hematite [53] or ilmenite could be favored [54],
reducing the amount of the available hydrogen oxalate ion to further react and form more
ferrous oxalate (Equation (6)). Then, the rate-limiting step can be associated with the
dissociation of oxalic acid. Interestingly, weak acids such as oxalic acid are known for
their relatively low dissociation constants, and it is this feature that makes them good
candidates for selective catalysis. As such, the oxalic acid medium allows the interaction
of the released TiO+2 cation with water to precipitate as titanium dioxide (Equation (5)).
Although Equations (1) to (6) provide insights on the expected chemical reactions involved
during the synthesis of iron oxalate and titanium dioxide, further studies are needed to
confirm the precise mechanistic pathway of the IH SS dissolution in aqueous oxalic acid
under pressure and moderate stirring. In addition, the analysis of IH SS by reflected-light
microscopy can build up on the understanding of the dissolution of this particular IH SS as
segregated hematite lamellae within the ilmenite host, and hematite exsolution segregated
at the ilmenite grain borders have been reported in naturally occurring ilmenite ores [55],
features that could lead to a specific dissolution mechanism. Conversely, the dissolution
mechanism of pure iron oxides, such as hematite, in hot oxalic acid solutions at ambient
pressure has been well studied [53,56].

C2H2O4(s) + H2O→ H3O+ + (C2HO4)
−1; Ka1 (25 ◦C) = 5.6× 10−2 (1)

(C2HO4)
−1 + H2O→ H3O+ + (C2O4)

−2; Ka2 (25 ◦C) = 5.4× 10−5 (2)

Fe2O3 + H+ + 5 (C2HO4)
−1 → 2FeC2O4 (s) + 3H2O + 2CO2 (3)

FeTiO3 + 4H3O+ → TiO+2 + Fe+2 + 6H2O (4)

TiO+2 + H2O → TiO2(s) + 2H+ (5)

Fe+2 + (C2HO4)
−1 + H+ → FeC2O4(s) + 2H+ (6)

Multistage processes that embrace the utilization of strong mineral acids have been
reported for the dissolution of complex iron-bearing minerals such as ilmenite. As such,
a mixture of hydrochloric and oxalic acids at 160 ◦C for 3 h has been used to facilitate
TiO2 leaching as TiOCl2 by hydrochloric prior to iron dissolution with oxalic acid [57].
Additionally, the use of an oxalic acid ammonium salt to produce titanium dioxide from
ilmenite has been patented [58]. Nonetheless, ammonium oxalate, as a leaching agent in
ilmenite, leads to a titanium-rich solution (titanium oxalate) that requires further hydrother-
mal treatment (250 to 374 ◦C) or calcination (700–1100 ◦C) to obtain rutile [58]. Conversely,
studies on hydrothermal synthesis (200 ◦C and 24 h) of different TiO2 polymorphs from
pure metallic titanium have revealed that in the presence of oxalic acid, the pH (1–10) can
significantly influence the TiO2 crystalline structure [59]. Thus, anatase formation was
reported to prevail at pH 2, while rutile was predominant at pH 4 to 6 [59]. Although the
operating sCW conditions (155 ◦C, 50 bar, and 12 h), the type of precursor, the pH, and
oxalic acid concentration used in this study differed from those reported for the hydrother-
mal treatments, variation in the crystalline structure of the as-synthesized products was
also observed due to both pH difference and oxalic acid concentration.

According to the above-discussed findings, the oxalic acid–H2O system at mild sCW
conditions (at 155 ◦C and 50 bar) exhibited a promising potential as a reaction medium
to induce the dissolution of a naturally occurring IH SS black sand but the synthesis of
titanium dioxide (rutile and anatase) and ferrous oxalate in a one-step process, without
shortcomings associated with the use of conventional toxic leaching agents. In addition, the
evaluated synthesis method considers the green chemistry principles, among them waste
prevention, atom economy, less hazardous chemical synthesis, safer solvents and auxiliaries,
design for degradation, and inherently safer chemistry for accident prevention [60]. Waste
prevention, for example, is an advantage of the proposed method since aqueous oxalic
acid can be used in low concentrations (i.e., 0.1 M or 0.9 %, w/w) as a reactant to speed
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up the reaction, and at the end of the reaction time, the remaining nonionized acid can be
recycled back and utilized as a solvent for the next synthesis. Additionally, if required,
the residual aqueous oxalic acid can be used in other industrial applications [61] such as
rust removal [61], chemical pretreatment prior to mechanical pulping [62], as a mordant in
dyeing textiles [63], as a chelating agent for heavy metals removal [64–68], etc., allowing to
maintain its value as long as possible, which fits also the alignments of a circular economy.
It is also worth mentioning that oxalic acid is naturally found in the ecosystem and that
oxalic acid cycling by bacterial–fungal interactions has been reported in soils, plants, and
animals [69]. Thus, the usage, handling, and potential disposal of aqueous oxalic acid will
be a minimal threat to the natural ecosystem.

This study was carried out as proof of concept to investigate whether subcritical water
and oxalic acid at 155 ◦C and 50 bar could be used as an alternative method for value
addition to Ecuadorian black mineral sands. The obtained results showed that, indeed,
the evaluated one-step sCW synthesis allows complete transformation of the naturally
occurring black mineral sand precursor into products with anticipated photocatalytic effect,
preventing further complicated downstream procedures such as hydrolysis, calcination, or
addition of crystallization aids. However, more research is needed to better elucidate the
dissolution–precipitation reaction mechanisms under sCW conditions for further optimiza-
tion of the process.

5. Conclusions

Ferrous oxalate and titanium dioxide were synthesized from ferrotitaniferous black
sand under sCW conditions at 155 ◦C and 50 bar using an oxalic acid–H2O solvent system.
This selected solvent system favored the dissolution of the black sand precursor, compared
with that of the control sCW medium at 155 ◦C and 50 bar. The complete conversion of the
black sand precursor was achieved even with the lowest concentration of 0.1 M oxalic acid.
Interestingly, the rutile phase was identified in all as-synthesized products, probably due
to its thermodynamical stability. Anatase phase, however, only started to crystallize when
the oxalic acid concentration increased to either 0.5 or 1.0 M. In addition, based on the
dissociation constant, pH, and ionic strength of the aqueous oxalic acid solutions used in
this research, a set of chemical reactions associated with the dissolution of ferrotitaniferous
black sand and the synthesis of ferrous oxalate and titanium dioxide at 155 ◦C and 50 bar
was proposed, in which the rate-limiting step corresponded to the dissociation of oxalic
acid. Finally, the relative simplicity and eco-friendly nature of the one-step processing
route followed and the wide variety of applications of the as-synthesized products open
opportunities for value addition of low-cost natural precursors such as the Ecuadorian
black sand used in this study.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min12030306/s1, Figure S1: Le Bail fitting of SCW sample: (a) the
main phase is an ilmenite–hematite solid solution and (b) the secondary phase is rutile, Figure S2:
Le Bail fitting of WA fraction for 0.1 M, demonstrating the presence of (a) rutile and (b) Fe oxalate
hydrate (PDF 23-0293, a = 9.84 Å), Figure S3: Le Bail fitting of WA fraction for 0.5 M, showing the
presence of (a) rutile, (b) anatase, (c) ferrous oxalate hydrate (PDF 23-0293, a = 9.84 Å), and (d) ferrous
oxalate hydrate (PDF 72-1305, a = 12.06 Å), Figure S4: Le Bail fitting of WA fraction for 1.0 M, showing
the presence of (a) rutile, (b) anatase, and (c) ferrous oxalate hydrate (PDF 23-0293, a = 9.84 Å),
Figure S5: Le Bail fitting of WB fraction for 0.1 M, showing the presence of main phases: (a) ferrous
oxalate hydrate (PDF 23-0293, a = 9.84 Å), (b) ferrous oxalate hydrate (PDF 72-1305, a = 12.06 Å), and
secondary phases: (c) rutile and (d) maghemite, Figure S6: Le Bail fitting of WB fraction for 0.5 M,
showing the presence of main phases: (a) ferrous oxalate hydrate (PDF 23-0293, a = 9.84 Å), (b) ferrous
oxalate hydrate (PDF 72-1305, a = 12.06 Å), and secondary phases: (c) rutile and (d) maghemite,
Figure S7: Le Bail fitting of WB fraction for 1.0 M, showing the presence of main phases: (a) ferrous
oxalate hydrate (PDF 72-1305, a = 12.06 Å), (b) ferrous oxalate hydrate (PDF 23-0293, a = 9.84 Å),
and secondary phases: (c) hematite, (d) anatase and (e) maghemite, Figure S8: (a) EDS mapping and
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(b) EDS spectrum of WA fraction for 1.0 M, Figure S9: (a) EDS mapping and (b) EDS spectrum of WA
fraction for 1.0 M.
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