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Abstract

The average global recovery rates for processing scheelite ores by physical methods are normally in the range 50 to 70%, and it is
problematic to attain a minimum grade of 60% WOj in the concentrates without penalizing further this yield. Direct hydromet-
allurgical processing of low-grade concentrates or medium- to high-grade ores may become an interesting global economic
alternative as it allows increasing the recovery rate, avoiding major penalizations due to the grade of the concentrate and
increasing the added value of the final product. Leaching of scheelite by sodium carbonate presents several advantages such
as its selectivity regarding the dissolution of troubling metals like iron and aluminium, allowing for a simple and flexible process
diagram. However, it has the disadvantage that it is performed at high temperature and pressure with a high consumption of
reagents. The feasibility of leaching is appraised by the extraction yield and selectivity, but also by the operating cost.
Considering these aspects, a relevant objective of the research was to transform alkaline pressure leaching into a feasible
processing alternative directly applicable to both medium- and high-grade ores and simultaneously to low- and high-grade
concentrates produced by physical methods. The research used ore samples and low-grade concentrates from a typical skarn
orebody as well as high-grade concentrates from a chalcopyrite-scheelite orebody. Different operating conditions were tested.
Temperature, pressure and reagent concentration showed to be fundamental, but not exclusive, in determining the leaching
behaviour. The operating conditions are milder than the ones generally proposed in the literature or currently in use in industry,
but with higher carbonate consumptions. The research was oriented towards potential industrial implementation allowing for the
application of optimization methods and straight scale-up to pilot-plan design and project.
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1 Introduction Economic tungsten ores fall into two main categories: the
wolframite group that includes iron and/or manganese tung-

Tungsten is of vital importance to modern society, not only  state minerals (ferberite, wolframite and huebnerite) and the

because of its scarcity and strategic importance, leading to its
classification as critical by the European Commission since
2011 [1], but also because of its demand being estimated to
grow at an annual rate between 4.6 and 6.4% from 2013 to
2018 [2].

Highlights - Direct leaching of medium- to high-grade scheelite ores and
low-grade concentrates
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- Generic flexible process flowsheet easily transposable to industrial
conditions
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scheelite group (calcium tungstate). Scheelite is normally
found in contact with skarn minerals with a broad variety of
complex compositions or in quartz veins. Considering the
mineral associations, these ores can be classified into five
categories: simple scheelite, scheelite-sulphides, scheelite-
cassiterite, scheelite-calcite-apatite, and scheelite-powellite
[3].

In many skarn-type scheelite deposits, the mineral liberation
occurs at very fine sizes (frequently below 25 pm). The min-
eral processing is performed both by gravity methods (coarse
sizes) and by flotation (finer sizes). Cut-off grades for open-pit
extraction are normally in the range 0.05 to 0.08% WOs;, and
the average grade of ores is normally from 0.2 to 0.6% WOs;.
The minimum commercial grade for concentrates without pe-
nalization is 60% in WOs3, and the penalizing impurities are
Cu, Pb, Zn, As, Bi, Mo, Sn, S, Sb, Mn and Zn. Global recovery
rates are not very high, normally in the interval from 50 to
70%, depending on the specificities of the ore.
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In the past, scheelite concentrates (grades around 60%)
were processed by acid digestion, mainly with hydrochloric
acid, producing tungstic acid that was subsequently dissolved
by ammonium hydroxide. This process was replaced by di-
gestion with sodium hydroxide or sodium carbonate.

The main objective of the research was to study the pres-
sure leaching of scheelite ores by sodium carbonate in order to
treat directly medium- to high-grade ores by hydrometallurgi-
cal processes, thus avoiding the previous phase of ore process-
ing by physical methods that generally have a low recovery.
At the same time, it also examines the processing of low- or
high-grade concentrates by the same method. Production of
low-grade concentrates (range from 12 to 40%) may maxi-
mize the global recovery rate of scheelite, thus becoming an
interesting economic alternative, if these concentrates will be
further processed by hydrometallurgical methods producing
another final product. In addition, instead of using ore or con-
centrate digestion with low L/S ratios and high pressures and
temperatures, followed by incorporation into an aqueous so-
lution, the proposed direct pressure leaching uses a higher L/S
ratio and milder conditions for pressure and temperature. The
process becomes more flexible, especially for the direct
leaching of medium- to high-grade scheelite ores, with an easy
industrial implementation.

According to Cho [4], the first researcher that approached
the direct leaching of scheelite by sodium carbonate was
Maslenitsky (1939). He proposes that the decomposition of
scheelite under pressure occurs according to the following
reversible chemical reaction:

CaWOy (solid) + CO3* «®WO,* + CaCOs (solid) (1)

which at 25 °C has a standard enthalpy of 37.6 kJ/mol and a
free energy of 56.5 kJ/mol [5]. The reversibility of the disso-
lution reaction was later verified by Queneau and Cooke [6].

Martins and Martins [7] mention that Belikov, Maslenitskii
and Queneau assumed a diffusional control for the dissolution
rate, while Zelikman and Meerson [8] assumed that the kinet-
ics was chemically controlled. The same authors, in the same
article, explained why higher concentrations of calcium car-
bonate lead to a decrease in tungstate dissolution. According
to their research, calcium carbonate precipitates at higher con-
centrations of Na,CO; by interaction with a calcite layer
formed at the surface of the mineral grains, and they also
suggest that this effect could be minimized by using a seques-
tering calcium agent, such as H,Na,EDTA [7].

More recently, Yang et al. [9] mention that scheelite is nor-
mally decomposed during the Na,COj3 leaching at a tempera-
ture in the range 200-230 °C and that the dosage is normally
2.5-3.5 times the required stoichiometric amount. They also
suggest that kinetics is controlled by diffusion and that the use
of ultrasound improves the process by reducing or avoiding the
formation of a product layer in the solid-liquid interphase.

@ Springer

An important advantage of the use of this leaching process
is that compounds of iron, aluminium, titanium, etc. are nearly
insoluble in carbonate solutions. Some small amounts of sili-
cates, molybdates, vanadates, phosphates, aluminates and
some metal complex carbonates are found in leach solutions
in low concentrations. On the other hand, the use of carbonate
leaching, unlike acid leaching, requires the use of an integrat-
ed, closed-circuit process wherein the leach solutions are
recycled. Another possibility is the production of a commer-
cial sub-product, like sodium sulphate, normally used as de-
tergent. Barren leach solutions can also be used to regenerate
sodium carbonate. This compound results from the acidifica-
tion of the leach solutions by sulphuric acid, prior to solvent
extraction (SX). Then, the raffinates of SX could be used to
produce sodium sulphate thus compensating the high costs in
reagents of the leaching operation.

The main objective of this research was to define a flexible
hydrometallurgical process that would allow for the direct
processing of medium- to high-grade scheelite ores, as well
as low-grade scheelite concentrates, in conformity to a generic
process framework that involves leaching, solid-liquid sepa-
ration, elimination of impurities, clarification, solvent extrac-
tion and crystallization. The partial recovery of reactants to
produce sub-products can also be incorporated in the process.
To attain this purpose, sodium carbonate digestion at high
temperature and pressure is replaced by direct pressure
leaching of the ores at milder pressures and temperatures but
with higher sodium carbonate consumptions. Although the
post-leaching stages of liquor processing are not included in
this article, they were also investigated in detail, leading to the
production of crystals of ammonium paratungstate as the final
product.

2 Materials and Methods: Characterization
of Samples

2.1 Ore Samples

As in any other hydrometallurgical process, solid-liquid ex-
traction is the pivotal unit operation because it affects irrevers-
ibly the metal extraction of the overall process, constraining
all the other following unit operations. To characterize and
optimize the carbonate leaching operation, samples from a
medium-grade scheelite ore (orebody 1) were used as well
as samples from two scheelite concentrates: one with a lower
grade that was produced by gravity concentration (orebody 1)
and another with a high grade that was produced by flotation
from a scheelite-chalcopyrite deposit (orebody 2). In orebody
1, the mineralization occurs in a contact metamorphosed tung-
sten skarn. A granite/skarn interface is present with minerali-
zation that is next to the granite boundary. Scheelite occurs as
fine to coarse disseminations within the skarn horizons.



Mining, Metallurgy & Exploration (2019) 36:993-1002

995

Orebody 2 is a skarn-hosted tungsten-copper deposit. The
main mineralization is scheelite associated with pyrrhotite,
chalcopyrite and major quantities of fluorite.

2.2 Solid Phase

The chemical composition of the ore and concentrate samples
was evaluated by energy-dispersive X-ray spectroscopy using
equipment X-MET 7500 from Oxford Instruments. In order to
verify the consistency of the analysis, samples with known
grades (measured in a wavelength dispersive X-ray analyzer)
were re-analyzed in the X-MET analyzer. The fitting between
both assessments was excellent not only for tungsten but also
for all other elements analyzed. For this reason, this equipment
was used for the analysis of the solid samples using the spe-
cific calibration curve, obtained specifically for the assess-
ment of tungsten.

The leaching tests used raw samples from orebody 1, with
grades of 0.45%, 0.97% and 1.24% in W, concentrates from
orebody 1 with an average grade of 19.2% in W and concen-
trates from orebody 2 with an average grade of 60.5% in W.
The reason for the tests with a high-grade concentrate from a
completely different orebody relies on the fact that it was
considered relevant to assess the robustness of the hydromet-
allurgical process for the treatment of concentrates, especially
from different sources.

The grain size distribution for all the samples (Fig. 1) was
obtained by laser diffraction, using a Malvern 2000 Particle
Size Analyzer with the sample dispersion unit Hydro 2000G.
The samples were dispersed in water at 250 rpm, and five
replicate measurements were performed.

For ore samples (orebody 1), some typical parameters of
the mean grain size distribution are the following: d(0.1),
5.3 um; d(0.5), 82.5 um; and d(0.9), 295.0 um. The volume
percentage of particles with grain size below 74 um (200
mesh Tyler) was 47.4%. Figure 1 shows the average grain size
distribution.

This distribution of the mineralization by different grain
size classes for ore samples from orebody 1 was also
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g. 1 Grain size distribution of ground W ore

evaluated. Figure 2 illustrates the repartition of grades by grain
size class using an ore sample with an average grade of 1.24%
in W. The predominant grain size—fraction below 74 pm—
has a higher average grade—1.59% W.

Combining the grain size distribution with the distribution
of grades within each class, it was possible to calculate the
distribution of W by grain size. Scheelite mineralization con-
centrates in the fine fraction below 74 um constitute 77% of
the total W content.

To evaluate the extension of mineral liberation, a sample of
raw and another of processed ore were analyzed by the SEM/
EDS system (FEI Quanta 400FEG ESEM/EDAX Genesis
X4M, FEI Company, USA) in high-vacuum mode at 10 or
15 kV to observe size, morphology and distribution. X-ray
microanalysis was made in specific fields for elemental char-
acterization. Samples were mounted directly in stubs and
stored in a desiccator for a maximum period of 24 h, until
SEM/EDS analysis, in order to prevent moisture absorption/
adsorption. At the time of the analysis, stubs were sputter-
coated for 60 s at 15-mA current with a palladium-gold thin
film using the SPI Module Sputter Coater equipment.

One example is shown in Fig. 3 where a SEM image of a
representative sample of raw ore (scale at the bottom) is
shown. Scheelite minerals are easily recognized by its reflec-
tance showing a brighter colour (example—lower particle
surrounded by a circle and numbered 1) while the waste rock
particles are dull (example—upper particle surrounded by a
circle and numbered 2). Several other scheelite particles that
have been completely liberated are also visible in the image.

Two selected particles highlighted as numbers 1 and 2 were
submitted to X-ray microanalyses. The non-mineralized par-
ticle (2) produced the left spectrum, while the mineralized
particle (1) was responsible for the right spectrum, both in
Fig. 4.

The mineralized particle showed high contents in W and
Ca, confirming that the particle is almost pure scheelite. The
non-mineralized particle showed that Fe, Si, Al, Mg, Na and
Ca are the prevailing elements, while tungsten was not
detected.

2.3 Liquid Phase

Tungsten concentrations in the liquid phase were initially de-
termined by flame atomic absorption spectrometry (GBC 932
plus), using a nitrous oxide/acetylene flame at 255.1 nm, slit
of 0.2 nm and a current of 5 mA. The detection limit was
50 mg/l. Calibration lines (coefficient of determination R* >
0.995) were obtained in the range 50-1000 mg/l. Whenever
necessary, dilutions were made with distilled water in order to
obtain tungsten concentrations that were within the linear
range.

Later, the chemical analysis of tungsten was performed in a
new Atomic Absorption Spectrometer ZEEnit® 700P BU,
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Fig. 2 Distribution of W grades
by grain size 18
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manufactured by Analytik Jena. Wavelength of the hollow
cathode lamp was 255.1 nm with background correction with
a deuterium lamp (current of 8 mA, slit of 0.2 nm, burner
height of 6 mm and flow rate of C,H,/air and C,H,/N,O of
80 I/h and 230 I/h, respectively). Calibration curves were per-
formed before each sample analysis, with analytical standard
solutions, with concentrations from 150 to 1200 mg W/1. The
quality control criterion defined for analysis acceptance was a
correlation factor higher than 0.995 and a relative standard
deviation lower than 5% between each replicate analysis, for
both standards and samples, performed in triplicate. All of the
chemicals were analytical grade or higher and used as
received.
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Fig. 3 SEM image of the ground raw ore
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2.4 Pressure Leaching

Pressure leaching tests were performed in a Parr Reactor
(Model 4523-T-T12-M-230-VS-1000-4848-TDM-CE) in a
1-1 capacity titanium vessel, with maximum stirring at
1815 rpm and with pressure and temperature of 53 bar and
350 °C, respectively. The reactor is equipped with nitrogen
(99.999%) and oxygen (99.995%) with independent feeding
capabilities. Nitrogen regulates pressure and creates an inert
atmosphere while oxygen can be added as a reagent if
necessary.

3 Results and Discussion
3.1 System Variables

One of the main research objectives was to study the direct
pressure leaching of scheelite ores by sodium carbonate with
L/S ratios higher or equal to 1, thus allowing an easy hydraulic
transport of the leach pulps. Simultaneously, it was intended to
use more moderate operating conditions than those referred in
the literature: temperatures between 110 and 180 °C instead of
values between 180 and 250 °C and pressures in the range 6—
13 bar instead of 15-20 bar.

Twenty-four tests were performed using samples from
orebody 1. The following parameters were considered: grain
size, L/S ratio, temperature, pressure, residence time, stirring
speed, concentration and quantity of the reagent. The follow-
ing experimental conditions were considered:

—  QGrain size (d(0.9) um)—295.02 and 22.063
—  Ore grade (kg W/t of ore}—4.5, 9.7 and 12.4
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Fig. 4 X-ray spectra of ore particles: mineralized (1) and non-mineralized (2)

— Liquid/solid ratio—1 and 1.2

Temperatures (°C)—90, 110, 150, 160 and 180
Pressure (bar)—6, 9.5 and 13

Residence time (h)—2, 4 and 8

Stirring speed (rpm)—200 and 400

the values of the equilibrium constant, due to the formation of
precipitates that consume reactant and impose a diffusional
control of the leaching reaction. In agreement with this anal-
ysis, Shen et al. [12] also use a thermodynamic approach to
prove that CaWOQy is easier leached in Na,COjs solution than

—  Concentration Na,COj3; (g/)—25, 50 and 100 in NaOH.
—  Quantity of the main reagent (kg/ton ore)—25, 30, 50 and For comparison, a blank test at atmospheric pressure and
100 relatively low temperature was also performed. The operating

—  Molar ratio Na,CO3/CaW0O,—3.5, 4.2, 7 and 14 conditions for this test were the following: liquid/solid ratio, 1;

temperature, 90 °C; pressure, 1 bar; residence time, 2 h; stir-

As the leaching of scheelite in a sodium carbonate solution
occurs according to reaction (1), the equilibrium constant is
equal to the molar ratio (or its inverse). Martins [10] deduced
the values for the equilibrium constant at different tempera-
tures from thermodynamic data and compared them with the
experimental values obtained by Perlov [11] (1.02 vs. 1.21 at
175°C, 1.29 vs. 1.45 at 200 °C, 1.60 vs. 1.56 at 225 °C, 1.95
vs. 1.85 at 250 °C). However, the industrial specific consump-
tions of carbonate are much higher than expected considering

Fig. 5 Effect of temperature on
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ring speed, 400 rpm; concentration Na,COj3, 100 g/l (or
0.94 mol/l); quantity of the main reagent, 100 kg/t ore; and
molar ratio Na,CO3/CaWO,, 14. Based on the analysis of the
solid phases, the extraction was 29%.

3.2 Leaching of Medium-Grade Scheelite Ore

As a preliminary interpretation tool, the linear correlation be-
tween tungsten extraction and each one of the operating
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Fig. 6 Effect of pressure on
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variables was determined for all the samples from orebody 1.
At a confidence level of 99%, the correlation coefficient was
acceptable for three variables, temperature, pressure and con-
centration, in descending order of importance. The other var-
iables (L/S ratio, stirring speed, residence time, ore grade,
quantity of reagent and molar ratio) were not significant.
One should notice that the ore grades did not differ substan-
tially once they had values between 0.45 and 1.24% in W.
This explains why the molar ratio was not a significant
variable.

3.2.1 Effect of Temperature

The effect of temperature on the extraction was considered
linear. To test this simplified model, all the results from pres-
sure leaching experiments with samples from orebody 1 were
taken into account. Fitting was expressed by using both the
least squares method (original fit) and a robust fit that excludes

Fig. 7 Fit of the multilinear
regression model to the
experimental values obtained

100%

90%

o ° <.>
80%
<
70%
60% .
8 o o
T 50% L[]
Q
g
40%
30%
20%
10%
0%
0 2 a

@ Springer

Effect of Pressure

-

g
---" o
SO 3
- °

24 2.6 2.8 3.0 3.2 3.4 3.6 3.8

Square root of pressure (bar)

as outliers the points at an arbitrary distance greater than 1.5
standard deviations from the baseline model and re-fits the
data with the outliers excluded. The robust fit did not improve
the regression, which means that no evident outliers existed in
the data.

The effect of increased temperature on extraction is evident
(Fig. 5), despite the relatively high vertical dispersion of the
recoveries for the same temperature, which highlights that
recovery also depends on other variables. The correlation co-
efficient for the least squares fit is 0.854.

3.2.2 Effect of Pressure

In pressure leaching, the recovery is normally affected by the
square root of the pressure. Adopting this principle, we
assessed the relationship between the leaching recovery and
the square root of pressure by a least squares fit (Fig. 6). The
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Table 1 Characterization of the
leaching solutions

Minimum Maximum Average Standard deviation
Concentration (g W/1) 3.5 21.3 8.6 5.0
pH 10.4 11.0 10.7 0.2
Oxidation/reduction potential (mV) 202.8 262.2 221.5 19.5
Ist filtrate concentration (g W/1) 0.5 2.5 14 0.7
Global extraction, liquid phase (%) 29 100 70 20

correlation coefficient is 0.6 that is also acceptable for a 99%
confidence level.

The increase in extraction with pressure is evident, but it is
noticeable that maximum recoveries co-exist within a wide
range of variation in pressure (horizontal dispersion), which
emphasizes that it is the combined effect of pressure and tem-
perature that maximizes the yield.

3.2.3 Effect of Other Operating Conditions

The L/S ratios tested, 1 and 1.2, did not affect the extraction.
As a lower ratio corresponds to higher concentrations in the
liquid phase, the first ratio (1) was selected as the most con-
venient. Nevertheless, this parameter is constrained by the
grade of the feed, especially for high-grade concentrates, due
to the solubility of Na,COj in aqueous solutions, imposing the
necessity of higher ratios.

The leaching pressure reactor used does not allow
collecting intermediate samples to study the kinetics.
Nevertheless, the leaching reaction in the conditions tested is
very fast, with a maximum extraction being obtained after 2 h.
However, residence times up to 6 h were also tested.

Stirring speeds from 200 to 500 rpm were evaluated.
Similarly, this parameter did not affect the extraction. Due to
the relative high viscosity of the pulp (weight solid percentage
of 50%), a speed of 400 rpm was considered more
appropriate.

The molar ratio Na,CO5/CaWO, used in the tests varied
from 2.2 to 14, which corresponded to a quantity of Na,CO;
of 25 up to 100 kg/t. This parameter did not significantly affect
the leaching yield because the range of ore grades tested was
narrow. For industrial scaling and design, the experimental
results showed that a ratio between 3.5 and 5 is sufficient.

The concentrations of Na,CO; used in the tests ranged
from 25 to 124 g/l or equivalently from 0.19 to 1.17 mol/l.
This parameter exhibited the third highest correlation with the
extraction yield. It should be noted that the coupling of the

concentration with the molar ratio determines the specific
quantity of the reagent used (mass of Na,CO; per mass of
ore).

Two of'the tests were performed using ultrafine ground ore.
The behaviour was similar to the described above, which re-
veals that scheelite was already liberated and that extra grind-
ing was not necessary.

3.2.4 Combined Effect of Pressure, Temperature
and Concentration—Multilinear Regression Model

A multilinear regression model was employed to estimate the
extraction from the following independent system variables:
temperature, square root of pressure and carbonate concentra-
tion. The equation of the regression model is as follows:

7= 0.0218 + 0.0042 T + 0.0314 v/P~0.0202 C (2)

where 7) represents the extraction in a dimensional form, 7 is
the temperature in °C, P is the pressure in bar and C is the
carbonate concentration in mole per litre. The multilinear cor-
relation coefficient is 0.86 and the standard error of the esti-
mate is 0.078. This correlation coefficient for three indepen-
dent variables is acceptable at a 99% confidence level.
Figure 7 represents the value obtained for the extraction and
the correspondent estimated value calculated for each experi-
ment using the multilinear regression model.

The residuals of the fit have an average of 0.0057, a value
near zero. The distribution of the residuals was tested against
the normal law at a confidence level of 0.05 using the
Kolmogorov-Smirnov test. The hypothesis of normality was
acceptable, and therefore, we may consider the residuals a
pseudo-random variable. In fact, they depend to a non-
quantifiable extent on the values of the other operating condi-
tions, but also on the errors associated with the experimental
procedures. They can be considered a random component,

Table 2 Concentrations of

impurities in the leaching Sample test no. 1 W
solutions 1.80%
Sample test no. 10 w
0.54%

PO, (mg/l) SiO, (mg/l) Mo (mg/l) Fe total (mg/1)
<0.05 630 1.5 <0.03
PO, (mg/l) SiO, (mg/l) Mo (mg/l) Fe total (mg/1)
<0.05 11 1.5 <0.03
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Fig. 8 SEM of the residue

which sums to the deterministic component estimated by the
multilinear regression model.

3.2.5 Characterization of the Liquid Phase

The following analytical parameters were determined for the
liquid phases:

—  Concentration of W in the leachate

—  Ogxidation/reduction potential (mV)

Fig. 9 X-ray spectrum of a 14
scheelite particle in the residue
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—  Concentration of W in the washing solutions of the filtrate
cakes

As expected, the leaching solutions were very alkaline with
an average pH of 10.7 and a reducing redox potential varying
between 120 and 240 mV. Concentrations of W ranged from
3.5to 11.4 g/l. A summary of the experimental values obtain-
ed (minimum, maximum, average and standard deviation) is
shown in Table 1.

Some elements, such as As, Mo, P, SiO, and Fe, may have
an interfering action in the subsequent steps of the overall
process. To evaluate the presence of these elements, two
leaching liquors, obtained in different leaching tests, were
analyzed and the results are presented in Table 2.

3.2.6 SEM of the Leaching Residue

Several samples of leaching residues were viewed by SEM.
Figure 8 is representative of the images obtained, and it is
clearly seen that, in the observed field, only two mineralized
particles, highlighted with white arrows, are present.

The scheelite particle outlined in a white circle was submit-
ted to X-ray microanalysis. The obtained spectrum, shown in
Fig. 9, confirms that the particle is constituted by scheelite that
was not leached.

3.3 Leaching of Scheelite Concentrates

Two tests were performed using scheelite concentrates: one
with a low grade from orebody 1, with a grade of 19.2% in W,
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produced by gravity separation using a shaking table and the
other from orebody 2, produced by flotation, with a high grade
of 60.45%. The flotation concentrate had the following grain
size distribution: d(0.1) =109.504 pum, d(0.5)=188.579 um
and d(0.9)=311.053 pum.

In relation to the previous tests, it was necessary to
drastically change the L/S ratio because of the solubility
values of Na,COj3 in water. The maximum solubility for
the anhydrous compound occurs at 34 °C and is
486.9 g/L. For the low-grade concentrate, a L/S ratio
of 4 was used with a molar ratio of 6.4, while for the
high-grade concentrate, a L/S ratio of 10 with a molar
ratio of 5 was used. Values for the solubility of Na,COjy
in water can be found in Seidell and Linke [13] and
Lide [14].

The other operating conditions remained the same: temper-
ature, 180 °C; pressure, 9.5 bar; and residence time, 2 h. The
recoveries were 82% in the first case and 88% in the second

Bins
Crushed Ore

Rod Mill Ball Mill

3.4 Flowsheet for Pressure Alkaline Leaching

The direct pressure alkaline leaching of medium- to high-
grade scheelite ores can be implemented using the flowsheet
proposed in Fig. 10. Grinding is suggested to be performed in
two stages, using a rod mill and a ball mill. The crushed ore
feeds the rod mill where a coarse grind occurs. The ground ore
together with the material coming from the ball mill is classi-
fied by hydrocyclones. The underflow is ground in the ball
mill and the overflow is thickened. The underflow of the
thickener proceeds to leaching, while the overflow, mainly
constituted by water, is recycled to grinding. The objective
is to guarantee liberation and simultaneously avoid
overgrinding. After grinding, the pulp is stored in a stirred
tank. It should be noted that grinding can be accomplished
using other possible arrangements that depend mainly on
scheelite liberation.

Dissolution of tungsten can be performed in autoclaves at a
pressure of 9.5 bar and a temperature of 180 °C, with a
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Fig. 10 Flowsheet for direct soda ash pressure leaching of scheelite ores
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residence time of 2 h. After leaching, the pulp is cooled by
fresh cold water in a heat exchanger. The warmed water is
used to prepare the leaching carbonate solution while the pulp
proceeds to solid-liquid separation. This last operation can be
performed in a horizontal belt filter, to ensure the production
of a consistent low moisture cake ready for environmentally
safe tailings storage. The filtrate will proceed to further pro-
cessing for enrichment and purification.

In the case of processing concentrates produced by flota-
tion, grinding operations will not be necessary.

4 Conclusions

The sodium carbonate pressure leaching of scheelite ores and/
or concentrates is a flexible process that can be used in two
different circumstances: directly with a medium- to high-
grade ore, thus avoiding the necessity of a previous treatment
by physical methods (gravity or flotation), and/or also with
concentrates that were previously enriched by those
techniques.

The process proposed uses direct pressure leaching of ores
or concentrates. The operatory conditions, temperature and
pressure, are much milder than those proposed in the litera-
ture. In opposition, the consumption of sodium carbonate is
higher. The process diagram is simple, flexible and straight-
forward. The upscaling and design for implementation of a
pilot plant is relatively easy.

Operating conditions are flexible and can be adapted to the
type of ore guaranteeing a high extraction and an optimization
of consumables and energy.
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