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Abstract: A pilot hydrocyclone plant was used to concentrate medium-grade celestine ore (67% celes-
tine) from the Montevive deposit in Granada (Spain) by using a dense media concentration (DMS)
process. To optimize the concentration process, several types of heavy minerals (coarse, fine C40 fer-
rosilicon and/or magnetite) were used to prepare a dense media with a constant density of 3.0 kg /L.
Then, the dense media (loaded with run-of-mine celestine mineral) was fed into the hydrocyclone
system. The mineral was then separated into two streams, the first containing the mineral fractions
that float (over stream) and the second containing fractions that sink (under stream) in the dense
media. Next, the heavy minerals (ferrosilicon and/or magnetite) were recovered from the dense
media using magnetic separation. The celestine mineral recovered from each stream was divided into
two fractions with particles size above or below 250 um to study the effect of the mineral particle size
on the separation process. Their mineral composition was quantified by X-ray diffraction (XRD) using
the Rietveld method. The celestine is preferentially concentrated in the under stream in the mineral
fraction with particles larger than 250 pm (up to 90% celestine). The optimum results (highest % of ce-
lestine) were obtained after desliming and using the ferrosilicon C40 medium, which has the smallest
particle size (<40 um) of all media used. The results of this study show that medium-grade celestine
mineral accumulated in the mine tailings can be efficiently concentrated using a DMS process, which
could help in making mine operations more sustainable and eco-friendlier.

Keywords: celestine; dense medium; hydrocyclone; DMS concentration

1. Introduction

Access to affordable raw materials and minerals is essential for our industrial, social,
and technological progress. A recent European Union (EU) study titled Critical Raw Mate-
rials for Strategic Technologies and Sectors defined 30 materials as critical raw materials
(CRM), including aluminum, lithium, titanium, and strontium for the first time in 2021 [1].
This report also highlights the vulnerable situation of the EU regarding its dependence
on critical materials from other countries. The Montevive mine (Granada, Spain) contains
the largest European deposit of celestine, which is the main source of strontium. The
celestine ore consists of mineralized stromatolites, originally made of calcite, which have
been partially replaced by celestine [2—4]. In addition to celestine and calcite, the celestine
mineral also contains other minority phases such as dolomite, strontianite, quartz, clay
minerals (kaolinite, paragonite, and illite), iron oxides, and hydroxides, which are part of a
finer mineral fraction.

Canteras Industriales S.L. (CI), the company that operates the mine, has traditionally
processed only high-grade mineral (approximately 80% celestine), while the lower-grade
mineral has accumulated in mine tailings and dumps. To make mine operation more
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sustainable and decrease its impact, CI is exploring new ways to process and concentrate
the medium-grade mineral. Celestine mineral concentration and recovery would reduce
mine operation costs by avoiding blasting and clearings, ground displacement, generation
of residues, and fuel consumption. Overall, it would minimize the impact of the mine
operation, making it more sustainable and eco-friendlier.

The most commonly used methods for celestine concentration are classification by
particle size, which separates the minerals present according to their grain size [5-15];
gravimetric concentration by dense media (in hydrocyclones, drums, or spirals), which
separates minerals by density differences and hydrodynamic drag [10]; and flotation
methods, which use differences in the surface properties of minerals for separation [16,17].
Oil agglomeration methods have also been used to concentrate celestine [18,19].

The relative high density of celestine (3.96 kg /L) makes it susceptible to separation
from other associated lower density minerals (i.e., quartz 2.65 kg/L, calcite 2.71 kg /L, illite
2.80 kg/L, dolomite 2.84 kg/L) using a dense medium. Dense media separation (DMS)
methods separate the mineral of interest from the gangue minerals using a suspension
of dense medium minerals operated in a circuit [20]. However, the dense medium is a
heterogeneous suspension of finely ground particles of a different nature (dense medium
minerals and raw ore mineral) in water. Thus, mineral particle size and shape, as well as the
properties of the dense medium minerals (i.e., ferrosilicon, magnetite) used to prepare the
dense medium influence the separation process [11,21,22]. The DMS method is considered
practical for large particle sizes; however, some studies show good separation for particles
as small as 25 um [15,23,24]. Depending on the run-of-mine mineral’s particle size, the DMS
process uses cyclones, drums, or baths for processing circuits [20]. In this study, considering
the characteristics of the run-of-mine celestine mineral (particle size from 100 mm to 6 mm),
a hydrocyclone system was chosen. The run-of-mine mineral in the suspension (in this case,
celestine ore) is fed, at high pressure, into the top of the hydrocyclone system, entering
it tangentially [25]. Then, the run-of-mine mineral components are separated by their
densities and drag. The lighter mineral particles float and emerge in the over stream and
the heavier mineral particles (e.g., celestine and strontianite) sink and emerge in the under
stream (see Figure 1). However, in the hydrodynamic regime of the hydrocyclone, the
mineral particles” behavior is also affected by other factors (i.e., particle size and shape,
flow rate).

OVER
'
FEED 0 A Quartz (2.65 kg’L)

A Calcite (2.70 kg/L)
Tilite (2.80 kg/L)
Dolomite (2.84 kg/L)
Stroncianite (3.74 kg/L)

¥ Celestine (3.96 kg/L)

cscccsccse
UNDER

A

Figure 1. (A) Hydrocyclone system used for the mineral separation and concentration process. The
table shows the distribution of mineral phases that can be recovered in the two output streams
(UNDER and OVER). (B) Pilot plant used for the experiments, with the main parts indicated with
numbers (1—sump, 2—pump, 3—electric control cabinet, 4—hydrocyclone).
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The effect of relevant parameters such as the cyclone dimensions, inlet feed pressure,
particularly dense medium properties, and feed rates have been studied in the last few
decades [8,10,25]. However, even though hydrocyclone design and basic operation are
simple, there is still much to learn about their behavior and the effects of different operating
parameters used to control mineral separation [21,26].

In this study, we explore parameter optimization of the DMS concentration process
before scaling it up to a semi-industrial pilot plant. We examined the effects of the relevant
parameters of plant operation, such as celestine mineral feed rate, mineral granulometry,
heavy mineral suspension composition, and pressure limit of operation. In DMS, the
rheology of the dense medium plays an important role in separation efficiency; therefore, we
characterized the stability and viscosity of the suspensions used in the experiments [6,27].

We applied this methodology to concentrate medium-grade mineral (approx. 67% ce-
lestine) from Montevive mine tailings and detail the main results of the study. We also
describe the benefits of this methodology in making celestine mining more sustainable and
compatible with a circular economy.

2. Materials and Methods
2.1. Montevive Celestine Mineral

A sample of approximately 2000 kg of medium-grade mineral (65-69% celestine)
from the Montevive mine tailings was collected. The chemical composition determined by
X-ray fluorescence (XRF) showed that SrSOy4 (70%) and CaCOj3 (15-18%) were the main
components. Other minority components (<10%) were MgCOs, 5iO,, Al,O3, and Fe;Os.
Additionally, the mineral composition was quantified by X-ray diffraction (XRD) using the
Rietveld method, which showed that celestine (67.45%) and calcite (15.01%) were the main
mineral phases and that other carbonates (dolomite and strontianite) and silicates (quartz
and illite) were minority phases (<7.52%).

2.2. Sample Preparation

The run-of-mine (raw) celestine mineral was ground from 100 mm to 6 mm using a
roll crusher (Figure S1A) in closed circuit with a sieve (FINTEC 542) (Figure S1B).

The ground celestine mineral (<6 mm particle size) was subjected to a desliming
process, using the equipment shown in Figure S1C,D. The effect of desliming was studied
by comparing the dense medium separation (DMS) with the mineral before (raw) and after
finer fraction removal. A minimum of 16 kg of raw mineral was processed to prepare 10 kg
of deslimed mineral for each experiment. (The mineral fraction below 61 um corresponded
to about 38%.) Samples subjected to the desliming process are denoted with a D at the end.

2.3. Dense Media

Ferrosilicon and magnetite are often used as heavy minerals in dense media separation
due to their high density, coarser particle size distribution, and spherical particle shape [27].
Ferrosilicon is an alloy of iron and silicon, and magnetite is a natural iron oxide mineral
(Fe304). The cost of ferrosilicon is higher than that of magnetite [11,21,22]. The DMS method
was first applied in coal mining. At present, this method is used for the separation circuits of
diamond and iron, and the pre-concentration of base metals and heavy minerals [11,20]. A
suspension of intermediate density (between calcite and celestine) of around 3.00 kg/L was
prepared using ferrosilicon (7.42 kg/L) and/or magnetite (DMS80, 4.80 kg /L) (ACOMET
Metals and Minerals) in water. The elemental composition, physical properties and particle
size distribution of ferrosilicon are given in Tables S1-S3. Tables S4 and S5 include the
elemental composition and particle size distribution of magnetite.

Three different types of ferrosilicon (Table S4) with different particle sizes were used
to prepare different dense media: Coarse Grade (CG), Fine (F), and Cyclone 40 (C40).
They all have the same composition but were milled for different times. A mixture of
intermediate-grain-size ferrosilicon (F) and magnetite (M) (with particle size 200-300 pm)
at 33% (FM) was also used for dense media preparation.
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2.3.1. Viscosity Determination

Viscosity data were analyzed using the relationship between shear rate and shear
stress [27,28]. To determine the viscosity of each heavy mineral suspension (or slurry), the
slurry was placed between two parallel plates and stress was applied by moving one plate
relative to the other at a constant velocity. Due to the viscosity, a shear rate (with units of
vy=dv/dy = s~1) is created in the fluid. The shear stress (t = F/A, the force per unit area
(Pa)) is proportional to the velocity profile generated in the fluid (Newton model).

Y= 1)

The constant of proportionality (1) is the coefficient of viscosity, or resistance of the
liquid to flow.

Samples of CG, F, C40, and FM suspensions, with a density of 3.00 kg/L, were mea-
sured at different temperatures (30-60 °C) using a Malvern Kinexus rheometer and a 20 mm
diameter flat plate. The dynamic viscosity of the samples was determined according to the
ASTM D445 protocol.

2.3.2. Stability Study

The stability of the medium suspensions was calculated following the procedure
described by Bosman [6]:

e Ina 250 mL measuring cylinder, 250 mL of medium was prepared (water and heavy
mineral) at 3.00 kg/L (Figure S2A).
Then, the medium was well-mixed, preventing it from adhering to the cylinder walls.
Time and height data were taken from the dense medium column using a ruler and
stopwatch (Figure S2B).

e Due to the fast-decanting speed, a video of the process was recorded (Figure S2C).

2.4. Dense Medium Separation Experiments

To concentrate the Montevive celestine mineral, a suspension of heavy mineral (fer-
rosilicon, magnetite, or a 2:1 mixture of both) in water was prepared with a density of
3.00 kg/L (intermediate between celestine and associated minerals). Therefore, the lighter
associated mineral phases (quartz, calcite, illite, and dolomite) can be recovered in the over
stream and the heavier mineral phases (strontianite and celestine) can be concentrated and
recovered in the under stream (Figure 1A).

2.4.1. Laboratory Scale Separation System

The laboratory-scale hydrocyclone pilot plant was designed by AMP (Advanced
Mineral Processing S.L.) and consists of the equipment shown in Figures 1B, S3 and 54 and
listed below:

160 L sump (Figure S3);

AMP 3/2 CMAR 7.5 kW pump;

Frequency converter to run the pump and control speed (Figure S4B);
Wika Manometer 0—4 bar, 0.1 bar precision;

75 mm hydrocyclone (Figures S3 and S4C).

A Pulp Density Scale (SEPOR) was used to obtain direct readings of the specific gravity
of the liquid or pulp being tested. The direct reading of the slurry density and specific
gravity scale accelerated the determination of slurry densities.

Figure 1B is a 3D model of the laboratory-scale dense media hydrocyclone concentra-
tion pilot plant. Four hydrocyclones are visible, but for these experiments only the 75 mm
diameter hydrocyclone was used.

A magnetic separation system was needed to recover the used heavy media. The
pulp with magnetic particles of ferrosilicon or magnetite and mineral (100% below 250 um)
passes through the magnetic separation system (Figure S5A,B), and the magnetic particles
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are trapped in the stainless-steel grid, which is magnetized. On the other hand, non-
magnetic particles pass through the grid and are discharged into the tramp. After magnetic
separation, the streams with the finest particles are flocculated (Figure S5C). The larger
particles or “flocks” have greater mass and settle at a much faster rate than individual
unflocculated particles [29].

2.4.2. Mineral Separation Experiments

The theoretical mass of the run-of-mine mineral, water and dense medium were
calculated from Equations (2) and (3), where m and p are the mass and density, respectively,
of celestine mineral (a), heavy mineral (b) and water (c). The amount of celestine mineral
was set at 10 kg, the total volume of the heavy media suspension was set at 55 L, and the
density of the media suspension was set at 3.00 kg/L.

m m m
J+J+J:VT (2)
Pa Py Pc

ma + mb + mc
Vr

Two preliminary tests were performed to establish the optimum operating parameters
(See Supplementary Information). Then, 8 experiments were carried out with CG, C40,
F and FM dense mediums (4 with run-of-mine celestine mineral and 4 with deslimed
celestine mineral). A quantity of 10 kg of celestine mineral, screened to remove coarse
particles (>6 mm), was introduced with the pump pressure set at 1 bar. The inlet pressure
into the hydrocyclone was measured using a manometer (WIKA 0-4 bar, 0.1 bar precision).
The density of the heavy mineral and water mixture was measured. First, a Pulp Density
Scale with Poly Container (SEPOR) was used to measure the mixture’s density, and then
the density was set at 3.00 kg/L.

Over and under stream samples were collected once the mixture and operation condi-
tions were stable and continued until all the mineral was processed.

=0T 3)

2.5. XRD Analysis

Approximately 2 kg samples (run-of-mine mineral and processed mineral) were dried
and ground in a bar mill to a size less than 100 um for DRX analysis. Four samples were
analyzed for each test (over stream, with particles smaller than 250 um, OL; over, with
particles larger than 250 um, OH; under stream, with particles smaller than 250 pm, UL;
under stream, with particles larger than 250 um UH) (Figure 2) by high resolution X-ray
diffraction (XRD) using an Xpert Pro X-ray powder diffractometer (Panalytical, Almelo,
The Netherlands).

The samples were measured in reflection mode using copper radiation (from 4° to 120°
with a 0.017° step size and 100 s integration time by step). The identification of the main
mineral phases presents in the samples (celestine, strontianite, barite, Mg-calcite, dolomite,
quartz, kaolinite, illite, paragonite) and the corresponding quantitative analysis of weight
percentages were performed using the Rietveld method with TOPAS software v.5 (Bruker,
Billerica, MA, USA).



Appl. Sci. 2023,13, 10206

6 of 16

Y OH
OVER
FEED . "2 ot
M ] L
SEaM

UH
.-.---...)}77
UNDER ‘9501-‘

UL

Figure 2. Hydrocyclone system and the type of samples recovered in the two output streams (under
(U), over (O). The mineral was then separated by sieving into two fractions with different particle
sizes (higher (H) or lower (L) than 250 pum).

3. Results and Discussion
3.1. Characterization of Dense Media

We characterized the stability and viscosity of the dense medium to better understand
its behavior in our experimental hydrocyclone system. We also examined how to control
and optimize the mineral separation process. The dense media should ideally have low
viscosity and high stability [30,31]. Viscosity describes the resistance of a solid particle as
it moves in the medium. Stability describes the degree of stratification of particles in the
medium as well as the settling rate [32].

3.1.1. Stability of Dense Media

The stability of the suspensions was measured from the settling velocity using the
method described in Section 2.3.2. Figure 3A shows how the height of the suspension
changes as a function of time. The stability value is calculated from the slope of these
curves. When comparing the plots for the different ferrosilicon suspensions (CG, F, C40),
one can see how the stability of the media decreases (slope increases in absolute value)
as the particle size increases. On the other hand, the suspension containing magnetite
(FM; 33% magnetite) has a much slower settling rate than that of pure ferrosilicon (F,
CG, C40). This indicates that the addition of magnetite (with more irregularly shaped
particles) to the ferrosilicon (with more spherical particles) suspension increases its stability.
Therefore, to increase or maintain the stability of the suspension, fine particle minerals
(e.g., bentonite) should be added to the coarser heavy mineral to reduce the settling velocity
of the media [33]. These results are consistent with those of other authors [33-35]. Thus, the
FM mixture performs better than suspensions with only ferrosilicon. Additionally, the use
of dispersants and/or magnetic dopants could be alternative ways to improve the stability
of the suspension [33,36,37].
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Figure 3. Plots to determine the heavy mineral suspension stability and viscosity. (A) Distance of
suspension versus time; (B) shear stress versus shear rate. CG (Course Grade), C40 (Cyclone 40), FM
(mixture of ferrosilicon and magnetite), Fine (F).
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3.1.2. Viscosity of Dense Media

To characterize the viscosity of the dense media, we considered it as a Newtonian
fluid. We plotted the shear stress versus the shear rate to calculate the viscosity from the
slope of these curves [38]. Figure 3B shows the shear curves of CG, C40, F and FM media
for a constant density of 3.00 kg/L. In all cases, the slope is less than 1, indicating that the
apparent viscosity decreases with the velocity profile and that the fluid behavior can be
described as pseudoplastic (shear-thinning) [6,27,38].

The rheological properties of F medium show a more pseudoplastic nature and thus, a
lower viscosity (0.049 Pa). Ferrosilicon media show similar rheological properties and a
pseudoplastic nature (CG: 0.00928 Pa; C40: 0.0932 Pa; FM: 0.00969 Pa) [27].

When different media are compared at equal medium density, the F (ferrosilicon)
medium has a lower viscosity than the FM medium (ferrosilicon and magnetite mixture).
The increased viscosity of the FM medium can be attributed to the addition of magnetite,
which produces a suspension containing irregularly shaped particles and a higher volume
of solids (due to its lower density) [11,30].

Overall, our results show that the heavy mineral suspensions or media are quite un-
stable and settle rapidly, making it difficult to measure their viscosity [31]. The suspension
behavior is closer to a pseudoplastic fluid, and its viscosity and stability depend on the
mineral composition, particle size and shape. Optimal values of stability are achieved
with solutions containing finer particles and the controlled addition of magnetite, which
increases the stability of the suspension.

3.2. Celestine Mineral Concentration by DMS
3.2.1. Theoretical and Empirical Mass of Heavy Mineral in the Suspension

Table S7 shows the comparison between theoretical mass (according to Equations (2)
and (3)) and empirical mass of the heavy mineral used to formulate the dense media in
each experiment. Moreover, the table includes the over and under stream mass as well
as the sampling time (t). In all tests, the calculated heavy mineral mass was greater than
that required to achieve a 3.00 kg /L density medium. In the case of the FM medium, the
theoretical and empirical masses were similar. In all tests, the theoretical heavy mineral
mass was greater than that required to achieve a 3.00 kg/L medium. In the case of the FM
medium, the theoretical and required masses were more similar. This may be related to the
rheological properties of suspensions. Processes operating at high densities are vulnerable
to viscosity changes as increasing the density of the medium would also increase its
viscosity [39].

3.2.2. Mineral Mass Recovered in the Output Streams

The study of the mass obtained in each stream is essential for the design of post-
hydrocyclone equipment at semi-industrial and industrial scales.

Figure 4 (Table S8) shows the mineral mass recovered in each output stream. The
under streams (UL and UH) have a higher mass percentage in experiments using CG, F,
FM, and FM_D media. However, the mineral mass recovered in the under and over streams
is similar in the experiments using CG_D.

The mineral mass recovered in the UH stream (containing the coarse (>250 um) and
more dense mineral particles) is highest in the CG, F, FM, and FM_D tests. As expected,
desliming the run-of-mine mineral decreases the mineral mass in the OL stream (containing
finer, <250 um, and less dense mineral) and increases the mineral mass obtained in the
output OH stream (except for the experiment using F medium).
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Total mass in each stream (kg)

cG c4o0 F FM CcG_D c40_D F.D

Figure 4. Mineral mass recovered in the over and under streams for the different conditions tested.

3.3. Characterization of the Mineral by XRD

3.3.1. Characterization of Run-of-Mine Mineral Fed into the Input Stream

The XRD diagrams of the celestine mineral show that the main mineral phases detected
in the run-of-mine mineral (sample 70) and mineral after desliming (sample 70D) (Table 1,
Figure 5) are celestine, calcite, strontianite, quartz, dolomite, and illite. After desliming
(70D), the celestine degree increases by a few percentage units (70: 67.45% celestine, 70D:
69.45% celestine) and the quartz content decreases (70: 6.79% quartz, 79_D: 3.54% quartz).
The finer fraction of the mineral is enriched in quartz and clays; therefore, their selective
removal through the desliming process should increase the percentage of celestine, as

shown by Ariza-Rodriguez et al. (2022).

Cel
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- Qk — Raw data
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= al Residual
¥
]
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Figure 5. X-ray diffraction patterns of 70D (deslimed; (A)) and 70 (run-on-mine; (B)) celestine mineral
samples that were fed into the hydrocyclone system. Main peaks of mineral phases are indicated:

illite (Ilt); celestine (Cel); calcite (Cal); and quartz (Qtz).
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Table 1. Mineral composition of the run-of-mine mineral samples (fed in the input stream) determined
by XRD analysis.

Sample Celestine (%)  Stroncianite (%)  Quartz (%)  Dolomite (%) Calcite (%)

70 67.45 2.03 6.79 8.08 15.01
70D 69.28 1.81 3.54 9.04 15.55

3.3.2. Characterization of the Mineral Composition in Output Streams

Figures 6, 7, and S6 and Table S9 show the main results obtained by XRD analysis. In
particular, Figure 6 shows a comparison of the diffraction patterns of the mineral collected
from the different output streams during the concentration process, starting with the 70 run-
of-mine mineral and using C40 as dense medium (Figure S6 show results obtained with the
same mineral after desliming 70D). It is evident that the characteristic peaks of celestine
are always higher in the under stream, which has coarser particles UH. Figure 7 shows the
mass percentages of the different mineral phases detected in the different output streams.
In all cases, the stream with the higher celestine grade is the UH stream, the highest being
the C40 medium, with or without desliming.

U&J Ub%J%M%
N

UH |
L__/\_,.MLJ .
:f. | |=| J . Il | | I
W-JH'«.__JJ (— LW .’1.;' " ViV \-..-N"" V\-&/} L_...,_."V (AP w"\.l" W ‘-_.."vu\.a\.-._.,
OH
————
10 20 30 40 50

2Theta (deg.)

Figure 6. Comparative XRD patterns of samples collected from the over (OH, OL) and under (UH,
UL) streams with C40 dense medium that have a particle size higher (H) or lower (L) than 250 pum.
Mlite (Ilt); celestine (Cel); calcite (Cal); quartz (Qtz).

Even though celestine is concentrated and recovered mostly in the under streams
(especially in the coarse size fraction UH), the main gangue mineral phase (calcite) appears
in significant amounts in the under stream in the finer fraction mineral (UL). This is
reasonable as calcite is associated with celestine in the run-of-mine mineral but has a finer
particle size [2]. Calcite particles bound to heavier celestine crystals could be drawn into
the under stream.

Figures 7 and S6 show the distribution of the mineral phases present in the OL, OH,
UL, and UH samples recovered after the concentration process. In the experiments using
the CG medium, the mineral recovered from the under stream (UL and UH) has a signif-
icantly higher concentration of celestine than that recovered from the over stream. This
demonstrates the efficiency of the density separation process and that heavier celestine
particles are preferentially drawn into the underflow streams. For the other media suspen-
sion, the results are more variable. Nevertheless, in all cases, the highest concentration of
celestine was obtained in the UH stream (under stream and larger particle size fraction,
above 250 um). In the experiments using the C40 dense medium, the percentage of celestine
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obtained in the over streams (OH and OL) and UL stream is very similar (differing by less
than 2%) (OH: 63.51% celestine; OL: 64.64% celestine; UL: 66.36% celestine). When CG, F
and FM media are used, the percentage of celestine in the OH and OL streams are lower
than the corresponding percentages in the under streams.
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Figure 7. Bar graphs showing the distribution of mineral phases in each output stream for each
medium used in the experiments.

Mineral desliming increases the concentration of celestine, especially in the OL stream,
as demonstrated in Figure S6. Desliming exhibits significant beneficial results in some mine
processing. It is considered a critical factor for yield and avoids the pulping process [40,41].
In this case, desliming increases the concentration of celestine in the over stream with
smaller size fraction (OL). Other studies, which used flotation concentration methods,
demonstrated the best way to increase mineral concentration was to remove the fines as
they hinder sedimentation [42,43].

Celestine concentration in the output streams

Figures 8 and S7 show the concentration/percentage of celestine (main phase detected)
for each output stream (over O or under U) with particle sizes higher (H) or lower (L)
than 250 pm, without considering the total mineral mass recovered. The concentration of
celestine is shown using a grey scale and the increasing celestine concentration is shown as
a darker colour.

Without desliming, the highest percentage of celestine is obtained from the output
stream with the larger particle size (UH) for the dense medium C40 and FM (Figure 8).
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Figure 8. Celestine concentration in the output streams starting from the run-of-mine mineral
(without desliming; sample 70).

The highest celestine concentration is obtained in the UH stream with C40 (Figure S7)
when desliming mineral is the starting material. He & Laskowski (1994) demonstrated that
the separation efficiency of coarse particles (>2.0 mm) in a dense medium is determined
by the stability of the medium (an increase in medium density results in better separation
efficiency), whereas when the medium particles are finer (<0.5 mm), the rheological prop-
erties play a more important role. In this sense, opposite trends can be shown between
separation efficiency and medium density. At high medium densities (>1.5 s.g.), the effect
of medium rheology becomes dominant. In this study, the best results were obtained with
C40 (82-90% < 45 pm), which has a viscosity similar to FM and CG, but is more stable.

Figure 9 shows the celestine mass recovered in each stream in the different experiments.
The highest amount of celestine is recovered in the UH stream. This result is more evident
for CG, F, and FM without desliming and in experiments using the FM_D medium. For
the DMS process, the density of the mineral in heavy media should be at least twice the
required medium density. For this reason, it would be better to use ferrosilicon (with a
density of more than twice 3.00 kg/L) than magnetite [44]. However, these results coincide
with the current study if the mineral is deslimed. At high medium densities (>1.50 kg/L),
the effect of viscosity becomes dominant; it is beneficial in this density range to use coarse
mediums to improve separation efficiency [45].
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Figure 9. Quantities of celestine recovered in the different output streams for the different me-
dia tested.

4. Conclusions

This study shows how medium-grade celestine mineral from Montevive can be effi-
ciently concentrated using dense media separation (DSM) with a laboratory scale hydrocy-
clone system. The influence of relevant operation parameters such as conditioning celestine
mineral, type of dense medium, and feed pressure were tested. These results could be used
to scale up the process to a semi-industrial and industrial scale. This would enable the mine
operation to become more sustainable and decrease its overall impact on the environment.

In the case of ferrosilicon media (CG, F, C40), the stability of the suspension increases as
the grain size decreases. The addition of magnetite increases the stability of the suspension
(FM) (even though magnetite has a larger particle size than ferrosilicon) due to their non-
spherical shape. Moreover, dense media rheological and stability properties are highly
variable and should be regularly monitored during the separation process.

The optimum results for the celestine mineral concentration experiments were ob-
tained in the under stream for the coarse fraction of the mineral (>250 pum). If only con-
sidering the output under stream (UNDER), and the coarser (UH) and smaller (UL) size
fractions, the optimum results (highest celestine mass recovered) were obtained using the
run-of-mine mineral (without desliming) and CG, F, or FM medjia.

If examining the celestine concentration alone, the optimum results were obtained
when the C40 medium was used, which recovered mineral with up to 90% celestine content.
However, although the C40 medium achieves high concentrations of celestine, the output
flow rates and the total mass of celestine recovered are low.

Further studies are needed to validate the parameters of dense medium density and
hydrocyclone inlet pressure on a semi-industrial scale, as well as to study the hydrocyclone
inclination parameters.
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