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Abstract

Tungsten is a series of metals considered strategic by the European Union, so there is great
interest in its recovery from both raw materials and secondary products. Within these raw
materials, there are cassiterite deposits containing tungsten. It is from one of these deposits
(located in the northwest of Spain) that after electrostatic separation, a scheelite concentrate
(4.8% tungsten) has been obtained. This concentrate has been processed through two
hydrometallurgical procedures. In one case, alkaline leaching in sodium carbonate medium
is used to obtain sodium tungstate solutions, which in turn allows synthetic scheelite
(calcium tungstate) or tungstic acid to be obtained. The second procedure, which uses
acidic leaching (hydrochloric acid medium), yields tungstic acid as the final product. In
all of the above cases, the experimental conditions to yield the best tungsten recovery
rates are defined. The different products (sodium tungstate solutions and tungstic acid)
afforded were used as precursors to yield synthetic scheelite and nanotungsten compounds
as amorphous meta- and paratungstate salts and non-stoichiometric tungsten blue oxides.

Keywords: tungsten; scheelite; leaching; recovery; tungsten-derived compounds

1. Introduction

Being a critical raw material for EU standards [1], the recovery of tungsten from its raw
(scheelite, wolframite, and to some extent cassiterite) [2-4] and secondary [5-7] materials is
currently of the utmost importance. Wolframite, cassiterite, coltan, and gold are known as
conflict minerals, as are 3TG (tin, tantalum, tungsten, and gold). As is the case for many
metals (the aforementioned 3TG group, rare earths, niobium, tantalum, etc.), several factors,
such as, but not limited to, supply and demand imbalances, together with geopolitical and
social health issues, can result in supply risks for tungsten materials, with an unexpected
impact on economies [8].

The importance of tungsten or tungsten compounds and their inclusion in the above
list are no doubt a consequence of its use in a series of industrial advancements and
applications. In addition to aerospace and military developments, these applications have
included adsorbents for a series of contaminant gases (NH3, SO, SO,, NO, NO, CO, CO,
and H5S) [9], gas (NH;3 and Hj) sensors [10,11], catalysis [12,13], antibacterials [13], smart
optics [14], radiation shielding materials [15], and solar cells [16].

Recent efforts to recover tungsten from its respective raw or secondary materials are
summarized briefly below.

In the processing of raw materials, investigations include leaching of scheelite (syn-
thetic) with solutions containing sulfuric acid and HyO, [17] or the use of an ammoniacal-
ammonium bicarbonate medium in the dissolution of a scheelite derivative (WO3) [18].
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A mixture of hydrochloric and oxalic acids has been used as the leachant for scheelite
(originating in the Republic of Kazakhstan) to investigate the benefits of pelletizing the raw
material used in a heap leaching procedure [19].

As one can understand, mining produces tailings, and tungsten ores are no exception;
thus, tungsten tailings coming from scheelite processing have been treated both through
gravity separation [20] and phytoremediation [21].

Also, leaching tungsten from sodium tungstate has been investigated using other
different methodologies, such the separation of rhenium and tungsten using hydrochloric
acid and decomposition [22].

The treatment of other raw material as being high-tin wolframite has been inves-
tigated by a different approach. In this case, one-step vacuum distillation was used to
separate tin and tungsten [23]. By this procedure, volatile tin sulfide was formed and
separated from tungsten by a vacuum distillation step. As has been described [24], treat-
ment of another wolframite concentrate was conducted via roasting of the concentrate
in NaHSO4-H,O medium and water leaching to form a precursor solution from which
ammonium paratungstate was produced.

Lignite is another (non-conventional) raw material in which tungsten can be present,
and an investigation to enrich this element (and germanium) in a leachate is proposed [25].
The procedure consists in a subcritical water activation of the starting material followed by
an alkaline leaching step. Apparently, this approach voids the need for energy-intensive
combustion and the generation of toxic acidic effluents.

Concerning secondary raw materials, their processing involves a variety of starting
materials. This list includes, among others, tungsten carbide presents in a cement carbide
scrap, which is used as the basis for the next investigation [26] aiming for the co-recovery of
cobalt and tungsten using a sulfate-based leaching system. These waste tungsten carbides
were used in another proposal [27], which combines the steps of oxidation of the carbide,
reduction to produce intermediate valence tungsten oxides, and dissolution in oxygen
peroxide to produce peroxotungstic acid.

Tungsten—-molybdenum scrap was utilized to produce tungsten—-molybdenum bimetal-
lic sulfides with a nanoflower structure utilizing hydrothermal processing [28]. Another
secondary source for tungsten is tungsten-filled vinyl-methyl-silicone based flexible shield-
ing materials, which are firstly pyrolyzed with the resulting material being treated via an
ultrasonic cleaning procedure [29].

In the separation of nickel-tungsten contained in electroplating wastes, in a first
step tungsten was recovered using an acidic precipitation procedure, and the nickel was
precipitated in alkaline medium after the treatment of the tungsten-lean solution with
thermal oxidation to dismantle the organic complexes present in the solution [30].

Recovery of tungsten from spent catalysts is another resource to recycle the element.
The processing of selective catalytic reduction catalysts, containing valuable vanadium,
tungsten, and titanium, separated these elements in the following order: firstly vanadium,
followed by titanium and tungsten [31]. Liquid-liquid extraction was the technology used
to achieve the separation of these elements.

Tungsten-bearing fine mud was utilized to recover the metal via leaching under
pressure and caustic soda conditions [32].

Not all of the leaching processes produced leachates containing just this element; in
certain cases, tungsten is accompanied by a series of elements (some valuable, others not)
which are necessary to separate to yield the final most pure product. These separations are
obviously performed by separation technologies. In the case of tungsten, recent information
about the use of these technologies includes adsorption, ion exchange resins, and liquid—
liquid extraction.
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In the case of adsorption, metal organic frameworks (MOFs) were used in the sep-
aration molybdenum-tungsten [33]. To improve the separation, a W-Mo cetyltrimethyl
(CTAB) complexation strategy was used. A newly developed Schiff base was investigated
in the removal of tungsten from both synthetic and real solutions coming from the leaching
of spent catalysts [34].

The recovery of metals by ion exchange resins is another popular procedure in the
treatment of leachants and liquid effluents. Also, to separate tungsten and molybdenum,
the work in [35] described the utilization of resin 201 x 7 which presented quaternary
ammonium groups.

Another popular separation technology of wide industrial use is liquid-liquid extrac-
tion. Using both synthetic and leaching solutions, the extraction-stripping processes of
tungsten with tributylphosphate were studied where water was utilized as a strippant [36].
These systems (tributylphosphate and water) were also used to investigate the separation
of W(VI)-Fe(Ill), and while W/Fe separation benefits from high HCI concentrations in the
feed solution, no data about the stripping step were included in the work [37]. In another
investigation, the quaternary ammonium salt Aliquat-336—in a sulfate cycle instead of the
most ordinary chloride cycle—was utilized in the separation of vanadium(V), tungsten(VI),
and arsenic(V) from a real leachate [38].

Although not specifically considered a separation technology, flotation is another
alternative or complement in the recovery processes of tungsten (and other metals).

Flotation is a stage that is normally carried out before leaching, and it is a concen-
tration stage. Recent applications of flotation in the treatment of scheelite include the
use of the concept of cation—-anion association which mixes potassium dodecyl phosphate
with amines: diethylenetriamine, triethylenetetramine, and tetraethylenepentamine [39].
Also, the separation of scheelite and calcite was studied utilizing a depressant based on a
sulfonated phenolic resin [40].

The present investigation deals with the recovery of tungsten from a scheelite concen-
trate of Spanish origin (Orense province, Galicia region). Various operational procedures
are considered for this concentrate, allowing the obtainment of tungstic acid or pure calcium
tungstate (synthetic scheelite) as final products which can serve as precursors for the pro-
duction of nanotungsten species (ammonium meta and paratungstate and no-stoichiometric
WOj3;_, blue oxides).

2. Materials and Methods

The concentrate was provided via a tin deposit located in northwest Spain. The ore,
after the corresponding mining operations, was subjected to an electrostatic separation
procedure. This operation yielded a tin concentrate and a scheelite concentrate [41] with the
following composition: tungsten 4.8%, tin 0.05%, and silico-calcareous gangue. Together
with scheelite, other mineralogical species were calcite, quartz, pyrrhotite, and mica-
feldspar. All chemicals used in the investigation were of AR grade.

The scheelite concentrate as supplied from the ore deposit was ground on obtainment.
This material was further ground (ball mill), and after, it was milled in a TEMA mill
(Siebtechnik, Cincinnati, OH, USA). This last material was seized on various meshes.

Leaching tests were carried out in a 1 L autoclave with independent heating and
cooling systems, which permitted precise temperature control with negligible change
in this variable. Once the autoclave was closed, it was heated to the temperature set
for the experiment at which point the elapsed time was controlled. Synthetic scheelite
precipitation experiments were conducted in a magnetically stirred glass reactor (Pobel,
Madrid, Spain) and provided water reflux. When appropriate, pH measurements were
carried out using a Crison pH/mV-meter 506 provided with a combined electrode (Crison
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S.A. Alella, Barcelona, Spain). Thet tungsten in the different solutions was analyzed by
ICP-MS (Perkin Elmer ELAN 6000. Waltham, MA, USA), and the analytical error associated
with the analysis of tungsten was £1%.

The leaching efficiency (% W) was calculated using the relationship below:

(W],

%W =
(Wit

x 100 1)

where [W]; is the tungsten concentration in the solution at an elapsed time and [W]y is the
theoretical tungsten concentration in the solution assuming 100% yield in the operation
under the experimental conditions tested in each case. The usefulness of this Equation (1)
depends on the fact that the tungsten concentrations in both the real and theoretical
solutions are determined for the same volume. Obviously, other equations can be used to
calculate this efficiency [18,42].

Precipitation experiments were carried out in a glass reactor provided with water
reflux and a four-blade glass impeller connected to a Heidolph RZR-1 variable-speed
agitator (Heidolph Scientific Products GmbH, Schwabach, Germany). The precipitating
agent was added via a glass bromine funnel, or directly when the precipitating agent was a
solid (reactions carried out at room temperature (no reflux here)).

Surface characterization (tungstic acid and synthetic scheelite) was carried out using a
scanning electron microscope with a field emission gun (FEG-SEM) (Hitachi S 4800, Hitachi
Europe S.A. (Spanish branch), Madrid, Spain) also equipped for energy-dispersive X-ray
spectroscopy (EDX) (Oxford Instruments NanoAnalysis, High Wycombe, UK). X-ray diffrac-
tograms (XRD) were recorded on a Bruker D8 Discover (co-irradiation and A = 1.78897 A)
equipment (Bruker (Spanish branch), Madrid, Spain). Figure 54 was obtained from an
Olympus SZ51 microscope (Olympus Iberia S.A.U. L'Hospitalet de Llobregat, Barcelona,
Spain). IR spectra were recorded on a PYE UNICAM SP3-200S infrared spectrophotometer
(Philips, Amsterdam, The Netherlands) using CsI windows and nujol mull.

3. Results and Discussion
3.1. Leaching in Sodium Carbonate Medium

One of the methods used in the processing of tungsten-bearing materials is alkaline
leaching [3,43]; thus, this medium was used in the present investigation using sodium
carbonate solutions to dissolve the scheelite concentrate.

3.1.1. Influence of the Pulp Density and the Sodium Carbonate Concentration on
Tungsten Dissolution

These experiments were carried out on the scheelite concentrate with a particle size of
106 um < sample < 149 um and a temperature of 100 °C. Various pulp densities and sodium
carbonate concentrations were used (expressed as sodium carbonate equivalents in excess
with respect to the dissolution reaction (see below)). The results of these experiments are
shown in Figure 1, whereas Table 1 summarizes the results of using various pulp densities.

With respect to the leaching results shown in Figure 1, it can be observed that there is
an increase in the solubilization of tungsten as a greater excess of sodium carbonate is used
with respect to the stoichiometric concentration. Although, from six times the theoretical
concentration this effect is less important. In general terms, it is necessary to use at least
this six-times excess to reach leaching rates of at least 50%. These results are systematically
repeated for all of the pulp densities used in the experiments.
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Figure 1. Tungsten leaching at various excess NapCOj3 concentrations. Pulp densities: 9 wt% (upper
left), 16 wt% (upper right), 26 wt% (down center).

Table 1. Percentage of tungsten leaching at various pulp densities.

Time, Hours 9 wt% 16 wt% 26 wt%
2 52 50 50
3 55 58 54
4 58 62 58

Sodium carbonate equivalents in excess: 6. Temperature: 100 °C.

On the other hand, the pulp density variation (Table 1) has a minimal influence on
the performance of this leaching operation. According with the results shown in this table,
and after four hours of reaction, the tungsten concentration in the leachate reached 2.8 g/L,
5.9 ¢g/L, and 10.4 g/L for pulp densities ranging from 9 to 26 wt%, respectively.

3.1.2. Influence of Particle Size on Tungsten Leaching

The possible influence of this variable on tungsten leaching was investigated using
particles sizes of 106 pm < sample < 149 um and 53 pm < sample < 74 pm and various
sodium carbonate concentrations. Other experimental conditions were fixed as 100 °C
and pulp density 16 wt%. Figure 2 shows the results of these experiments for the above
particle sizes, respectively. These results indicate that a decrease in particle size was only
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slightly beneficial (10-15%) in this particle size range (53-149 um) for tungsten dissolution
regardless of the excess carbonate concentration used in the experiments.

100 100
80+ o 80- o 9 b
o 3 O A
(SN A g O [m}
A O = ? o
60+ A0 £ 604 o
g 8 G ?
D { o
40+ 8 = 401
se 2]
14 NaxCOs3 1 NazCOs
equivalents equivalents
20 © 9 excess 207 © 9 excess
A 7 excess | A 7 excess
o 5 excess o 5 excess
O T T T T T T T O T T T T T T T T T
0 > 4 6 ) 10 0 2 4 6 8 10
Time, hours Time, hours
Figure 2. Influence of the particle size on tungsten leaching. Particle size: <149 pum (left),
<74 um (right).
3.1.3. Influence of the Temperature
Since the use of 100 °C as a reaction temperature only allowed us to achieve discrete
tungsten leaching results, it was decided to use greater temperatures; thus, the use of auto-
claving was mandatory. Therefore, a pulp density of 16 wt% was set for all the experiments.
In the experiments, the concentrate with a particle size of 106 pm < sample < 149 pm was
used, and the effect of temperature in the 100-200 °C range on tungsten leaching was in-
vestigated. Moreover, these experiments were carried out using various sodium carbonate
concentrations in excess to the stoichiometry marked by Equation (2) (see below). Figure 3
shows these results for the temperatures of 150 and 200 °C, respectively (results at 100 °C
are represented in the left of Figure 2).
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Figure 3. Tungsten leaching at various temperatures: 150 °C (left), 200 °C (right).

From this figure, it is observed that the increase in temperature increased dramatically
the rate of tungsten leaching. In the case of using 100 °C (Figure 2, left), it is not possible to
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obtain yields higher than 80%, even after 6 h of reaction, utilizing a greater excess of sodium
carbonate. But on the other hand, when the reaction temperature rises to 200 °C, yields
above 90% are achieved even for reaction times as short as 30 min, and even when using an
excess of sodium carbonate (5-7 equivalents in excess) below the best result obtained at
100 °C (9 excess equivalents).

The above data indicated that the dissolution of scheelite using sodium carbonate is
best carried out at temperatures of 200 °C and using an excess of sodium carbonate with
respect to the stoichiometry shown in Equation (2):

CaWO, + NapCO3 — NayWO3 + CaCOs5 )

Calcium carbonate precipitates as consequence of the reaction. The formation of this
salt can be a problem due to the (possible) formation of a salt film around the unreacted
scheelite particle and can prevent the further dissolution process. These experimental
results also showed that when the sodium carbonate concentrations are low (lower salt
excess), the reaction rates tend to be higher for short times, about half an hour, which
seems to indicate chemical control of the reaction. Against, for longer reaction times, this
rate decreases and this is attributable to diffusion control. This behavior may be due to
the formation of this calcium carbonate film and this effect is more noticeable when the
scheelite particles are coarse, decreasing this influence when the particles are fine.

Moreover, the use of high concentrations of sodium carbonate can lead to the formation
of insoluble complex carbonates, which can also coat the scheelite particles and slow
down the dissolution of tungsten. It is worth noting here that these complex carbonates
(NapCO3-xCaCO3 x = 1 and 2) are usually formed when the carbonate concentration is
higher than 250 g/L; thus, these concentrations should be avoided in the treatment of the
starting material. Since in the dissolution of the scheelite it is necessary to use an excess
of the leaching agent, it is advisable to carry out this stage using pulp densities as low
as possible.

3.1.4. Treatment of the Leachate

As expected, in the leachates, tungsten is present in the form of NayWOy,, allowing
the use of these solutions as a starting point to synthesize smart tungsten products. Thus,
experiments were carried out to yield tungstic acid from these solutions by precipitation of
the acid using HC1 10 M. Figure 4 shows the results obtained from this series of experiments
by plotting the percentage of tungsten recovery (as tungstic acid) versus the percentage in
excess of HCI 10 M used to precipitate the acid. This excess refers to the stoichiometry of
Equation (3):

Na; WO, + 2HCl — HyWO4 + 2NaCl 3)

The experiments on the precipitation of tungstic acid indicated that in general terms
it is advisable to use higher temperatures to render a better precipitation yield, and that
in any case (temperature) a significant excess of HCl 10 M must be used to achieve yields
above 90%. It is better to add the hot tungstate solution on top of the hot HCI solution, and
not the other way around. Also, the quick addition of the tungstate solutions favors the
formation of tungstic acid with coarser particles. It is worth noting that temperature has a
significant effect on the appearance of the acid: at low temperature (20 °C) the precipitated
acid presents a white color, while if the precipitation is conducted at 80 °C the precipitate
presents the characteristic yellow color of tungstic acid.
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Figure 4. Tungsten precipitation as tungstic acid at two temperatures. Feed solution: 10 g/L tungsten
at pH 10.

As an alternative to the formation of tungstic acid, this work has addressed the pre-
cipitation of CaWOQj (synthetic scheelite) from the Nap,WO, solution. These precipitation
experiments were carried out using CaCl, solutions, so that precipitation occurred accord-
ing to the following reaction:

Na,WO, + CaCl, — CaWO, + 2NaCl 4)

The variation in temperature influenced this precipitation (Figure 5); the elimination
of tungsten from the solution is favored by increasing the temperature from 20 to 40 °C.
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Figure 5. Tungsten precipitation as synthetic scheelite at two temperatures. Feed solution: 10 g/L at
pH 10.

It is necessary to use an excess of CaCl, with respect to the stoichiometry of Equation (4),
and this excess is quantified to be around 15% of the stoichiometric ratio. Also, it is necessary
to maintain the solution pH value above 8. On the other hand, to yield a precipitate with a
finer particle size it is necessary to add the calcium chloride solution on top of the sodium
tungstate solution. Figure 6 shows an SEM image of the synthetic scheelite precipitated
at 40 °C, where the solid precipitates as semi-spherical granules. Figure 7 shows the XRD
spectrum of the same sample, from this Figure 7, and it can be seen that the solid has
crystallized in the tetragonal system.
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CENIM 15.0kV 15.1mm x4.00k SE(M)

Figure 6. SEM image of the synthetic scheelite.
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Figure 7. XRD diffractogram of synthetic scheelite (Figure 6).

As an alternative to calcium chloride, calcium hydroxide can be used to precipitate the
synthetic scheelite, though this procedure has not been investigated in the present work.

Leaching of the scheelite concentrate in alkaline medium (sodium carbonate) needs to
use an excess of sodium carbonate relative to the corresponding stoichiometric concentra-
tion (5-7 equivalents with respect to Equation (2)) and a temperature of 200 °C. From the
alkaline leachate, tungstic acid or synthetic scheelite is precipitated under the experimental
conditions given in the corresponding subsection.

3.2. Leaching in Hydrochloric Acid Medium

As a logical alternative to the alkaline attack of the scheelite, an acidic medium was
investigated. Hydrochloric acid was used in this experiment.

3.2.1. Influence of the HCl Concentration and Temperature on Tungsten Leaching

Using the concentrate fraction with a particle size of 106 pm < sample < 149 m, a
series of experiments were carried out to investigate the effect of these two variables in the
recovery of tungsten. Pulp densities of 16 wt% was used throughout the experimentation.
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Figure 8 shows the results derived from the above experiments conducted at temperatures
of 60, 80, and 100 °C, respectively.
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Figure 8. Tungsten leaching at various temperatures: 60 °C (upper left), 80 °C (upper right), 100 °C

(lower center).

These results indicated that for short reaction times, on the order of half to one hour,
the leaching process is very sensitive with respect to time and temperature. In short, the
tungsten dissolution increases with the increase in both variables, which seems to indicate
that chemical reaction control predominates in this zone [44,45]. As the reaction time in-
creases, the leaching yield is less sensitive to the change in this variable (HCI concentration),
which seems to indicate that the leaching occurs under diffusional control [46].

Considering each HCI concentration, the results showed that an increase in tem-
perature leads to an increase in tungsten leaching yield. Likewise, the increase in HCI
concentration is accompanied by an increase in the yield of the tungsten solubilization
process, this being particularly important when working at 100 °C, since with half an hour
of contact and using 1 M HCl the yield is 70%, rising to 99% when using 2 M HCI with

leachates containing about 9 g/L W.

3.2.2. Influence of the Particle Size on Tungsten Leaching
This variable was investigated using a pulp density of 16 wt% and 80 °C and various
HCI concentrations. The results of these experiments are shown in Table 2.
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Table 2. Percentage of tungsten recovery at various HCl concentrations and particle sizes of the
scheelite concentrate.

[HC1], M 106 um < Sample <149 pm 53 pm < Sample < 74 pm
1 71 81
2 88 92
3 89 92
4 75 84
5 73 83

Time: 2.5 h. Temperature: 80 °C.

As is somewhat expected, using the same HCI concentration the increase in the particle
size produced a decrease in the leaching rate. As shown above, an increase in the HCl
concentration, from 1 M to 3 M, produced an increase in the leaching rate, with this effect
being more noticeable in the case of the larger particles than in the smaller ones, i.e., near
20% difference between 1 and 3 M for the former against a mere 9% for the latter particle
size. It is worth noting the decrease in the leaching rate when the HCI concentration
increases from 3 to 5 M. The increase in the ionic strength of the leaching solution is
probably responsible for this decrease in yield.

The leaching of tungsten from scheelite using HCI solutions responded to the
reaction below:

CaWOy(s) + HCl — H,WO4 + CaCl, )

The solubilization of tungstic acid is dependent on the experimental conditions. This
acid is always insoluble when the solution containing it is cooled [22], and a residual and
variable concentration of the element may remain in the solution; this residual tungsten
species can be recovered by some separation technology (liquid-liquid extraction, ion
exchange resins, or adsorbents). It is necessary to consider that the HCI concentration
necessary for Reaction (5) to take place, and therefore the attack of the scheelite, is not the
one indicated by the stoichiometry of the same reaction, but it is necessary to use an excess
of HCI (ranging between 75% and 250%) with respect to this theoretical stoichiometry. The
necessity of using this excess HCl can be attributed to the formation of a tungstic acid film
around the scheelite particle, preventing its further attack [4,47-49].

Next, Figure 9 shows an SEM image of the yellow tungstic acid precipitated after
cooling the solution from 100 °C, whereas Figure S2 (Supplementary Materials) shows the
corresponding EDX analysis.

CENIM 15.0kV 15.0mm x1.50k SE(M)

Figure 9. SEM image of the precipitated yellow tungstic acid.
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Leaching of the concentrate in acidic medium (HCl) formed tungstic acid, though
an excess of HCI with respect to the corresponding stoichiometry Equation (5) is needed.

4. Obtaining Advanced Tungsten Compounds (Nanotungsten Derivatives)

Once the conditions for leaching the scheelite concentrate had been established, the
next step was to investigate the possibility of synthesizing more advanced tungsten com-
pounds and whether it was possible for them to contain nanometric structures (typically,
structures with a particle size in the 0-100 nm range). The investigation was carried out
using the two types of solutions, and different approaches were followed for each one.

4.1. From the Alkaline Solutions

Starting with a leaching solution (250 mL) containing 10 g/L of W at pH 10, obtained
at 80 °C using a pulp density of 26 wt% (see Section 3.1), the stoichiometric quantity
(plus 10%) of sodium borohydride was gradually added and stirred thoroughly. Although
hydrogen formation was observed from the first instant, no precipitate was obtained (i.e.,
metallic tungsten). After a series of trials and errors, it was concluded that this procedure
is not effective (as in other cases [50,51]) for obtaining the metal in nanometric form. This
phenomenon is attributed to the fact that in this medium (and neutral medium), the BH;~
ion decomposes according to the following reaction:

BH, + H,O — B(OH), + 4H, + OH™ (6)

According to this reaction, OH™ ions are formed, causing the pH to shift to more
alkaline values, which inhibited subsequent hydrolysis of the borohydride ion:

BH; + 4H,0 — B(OH), + 4H, (7)

Therefore, unlike what occurs in an acidic medium, Equation (7) is not complete. It
was experimentally found that after NaBH, addition, the solution pH increased from 9.5 to
11.5 (as Equation (6) predicted).

Alternatives to this failed procedure have been sought. One of them is the synthesis
of ammonium metatungstate (AMT) from these tungstate solutions. Being of interest
and a technologically sound chemical, AMT has not received the same interest as ammo-
nium paratungstate. However, this tendency is changing since there are a series of recent
investigations about the use of AMT in different smart fields, including optics [52,53],
fabrication of WC nanoparticles [54,55] and tungsten-bearing composites [56], gas and
organics sensors [57,58], catalysis [59,60], fabrication of ammonium paratungstate [61], etc.

Although there are several ways to precipitate AMT, this study followed a reaction
described in [62]. The same alkaline solution was used as in the previous case, adding,
at room temperature and with stirring, a solution of ammonium chloride (15% in excess
with respect to the stoichiometry shown in Equation (8)). Further, a solution of HCI
(4:1) was added to this mixture, stirring slowly. After a series of trials and errors, it was
concluded that this addition should be stopped when a pH near 3 is reached. This is
because this pH range favors the subsequent precipitation of AMT. The overall reaction
can be represented as

12Napy WO, 4+ 6NH4C1 4 18HC1 — (NH4)6H2W12040'YH20 + 24NaCl + (8 - y)HQO (8)

where y runs from 2 to 8 [63]. The solution was allowed to evaporate (60 °C) and a white
solid began to form (Figure S1, Supplementary Materials); after further evaporation, the
solid was filtered, washed with a diluted ammonium nitrate solution and further with
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alcohol, and dried at a temperature of 40 °C. The product (which decomposes near 100 °C)
was hydrated ammonium metatungstate (Figure 10) containing nanoforms (Figure S3,
Supplementary Materials).

e E La®
CENIM 5.0kV 8.2mm x25.0k SE(U) 2.00um | CENIM 5.0kV 8.0mm x40.0k SE(U)

Figure 10. SEM images of the hydrated ammonium metatungstate.

As mentioned above, ammonium paratungstate (APT) is a well-known precursor in
the production of tungsten metal from tungsten ores. As in the previous case, APT also
has other uses, including, among others, the fabrication of optics (WO3) [64] and carbide
tungsten nanocrystals [65].

Based on the literature [66], on this occasion and starting with the same leaching
solution as in the previous cases, tungstic acid was first precipitated by slowly adding
the leaching solution to hydrochloric acid in excess of the stoichiometric amount while
gently stirring (see Section 3.1.4). Once the yellow tungstic acid had been filtered and
water-washed, it was added to a concentrated ammonium hydroxide solution at room
temperature (25 °C). Further, the solution was left to evaporate and concentrate at the same
temperature to remove excess ammonia, allowing the precipitation of APT (Figure 11) with
nanoforms (Figure 54, Supplementary Materials).

The same procedure as above but carried out at 70 °C produced APT (Figure 12) with
a different hydration number (seven water molecules).

The overall reaction to precipitate APT can be written as

12H,WO4 + 10NH4,OH — (NH4)10H2W12042'YH20 + (16 — y)HZO 9)

IR assignments [67,68] of AMT and APT are given in Table S1 (Supplementary Materials).
In both compounds, the presence of water is confirmed.

CENIM 5.0kV 8.1mm x10.0k SE(U) s 1.00um

Figure 11. SEM images of the hydrated ammonium paratungstate.
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Figure 12. SEM image of the APT specimen formed after the 70 °C procedure.

4.2. From Acidic Medium

In this case, a solution of 10 g/L of tungsten at pH 0, obtained from leaching exper-
iments at 80 °C and 2 M HCI (see Section 3.2), was used in the experimentation. From
the first sodium borohydride addition, the solution turned to a deep blue color due to the
appearance of a blue precipitate. Once the addition of borohydride was completed, the
system was left under agitation at 80 °C for 15 min. After filtering the blue solid, it was
dried at 60 °C for 2 h (Figure S5, Supplementary Materials).

Undoubtedly, this solid belongs to the tungsten oxides family presenting oxygen
vacancies (oxygen vacancies in WO;3;_y stoichiometry) [69-71]. SEM imaging (Figure 13)
shows that the solid presented a conformation of agglomerated nanoglobules with a
typical size of 70 nm (Figure S6, Supplementary Materials). The XRD results (Figure S7,
Supplementary Materials) showed that the solid is basically amorphous.

Figure 13. SEM image of the blue tungsten oxide (WO3_y).

From the W-alkaline leachates, the use of sodium borohydride was not successful to
precipitate zero-valent tungsten. However, both ammonium meta- and paratungstate salts
can be precipitated from this alkaline solution under the corresponding procedure. From
W-acidic leachates, the addition of sodium borohydride does not precipitate zero-valent
tungsten but non-stoichiometric WO;_ blue oxide.
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5. Conclusions

Research has been conducted into obtaining tungsten-based nanomaterials from the
hydrometallurgical treatment of a scheelite concentrate of Spanish origin.

Leaching of the concentrate in alkaline medium (sodium carbonate) solubilizes the
tungsten contained in the starting material under the best experimental conditions: us-
ing at least six-times excess of sodium carbonate with respect to the corresponding stoi-
chiometry and temperatures above 100 °C. Thus, the use of autoclaving is mandatory in
the experimentat.

In acidic medium (hydrochloric acid), the concentrate dissolves to form tungstic acid,
with optimum tungsten dissolution rates (99%) at the temperature of 100 °C, 0.5 h of
reaction time, and using 2 M hydrochloric acid as a leachant.

The chemical processing of the alkaline tungsten leachates produced tungstic acid
and further synthetic scheelite. Also, some tungsten-polytungstate salts (ammonium
metatungstate (AMT) and ammonium paratungstate (APT)) can be derived from the treat-
ment of the sodium tungstate alkaline leachates. AMT is synthesized from the treatment of
a tungsten leachate of pH 10 to which a (15% in excess) solution of ammonium chloride
is added; further, the reaction is complete by the addition of a HCI solution (4:1) to the
previous mixture. After evaporation of the solution, AMT precipitates. APT was prepared
from tungstic acid precipitated from the pH 10 solution. Then, tungstic acid was added to
a concentrated ammonium hydroxide solution at room temperature (25 °C). Further, the
solution was left to evaporate and concentrate at the same temperature to remove excess
ammonia, allowing the precipitation of APT. A variation of this procedure was followed
but reacting at 70 °C to yield APT with a different number of water molecules.

From the acidic tungsten solution, both tungstic acid and/or non-stoichiometric blue
tungsten oxides (synthesized from a suspension of tungstic acid to which solid sodium
borohydride is added) can be yielded under the pertinent chemical treatment.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/min15101095/s1, Figure S1. Ammonium metatungstate begins to
precipitate; Figure S2. EDX of Figure 9: oxygen (27.89% weight, 81.63% atomic) and tungsten (72.11%
weight, 18.37% atomic); Figure S3. Ammonium metatungstate nanoforms; Figure S4. Ammonium
paratungstate nanoforms; Figure S5. Microscopic image of the blue tungsten oxide; Figure S6. SEM
image of the blue tungsten oxide showing the size of some of the globules; Figure S7. XRD of the
blue tungsten oxide; Table S1. Assignment (cm~1) of AMT and APT IR bands.
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