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Abstract: Fluorite is an important industrial mineral composed of calcium and fluorine (CakF,).
This mineral is widely distributed through different deposits. However, in most cases, fluorite is
tightly associated with gangue, such as calcite and quartz. In this paper, different depressants are tested
in the flotation of fluorite in two different laboratory configurations—cell and column. Quebracho
tree (QT) was tested as the main depressant in combination with white dextrin (WD), potato starch
(PT), carboxymethyl cellulose (CMC), and sodium hexametaphosphate (SHMP). The optimum pulp
pH of the flotation of fluorite was determined as approximately 9.5-10. The best results are obtained
using a combination of quebracho and white dextrin as depressants, reaching 74% of fluorite grade
for modified column flotation and 70.5% for cell flotation. Additionally, the metallurgical recovery
obtained higher values when the flotation was carried out in the modified column and using the same
combination of depressant agents—75% for modified column flotation and 60% for flotation cell.
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1. Introduction

Fluorite (CaF;) has been classified as a critical non-metal mineral by the European Union for
its economic importance and high supply risk [1]. Fluorite rarely occurs without gangue mineral in
deposits. Minerals that usually occur with fluorite are barite (BaSOy), calcite (CaCO3), and quartz
(5i0,) [2,3]. CaF, presents a wide range of applications in chemical manufacturing, metallurgy,
and the glass and ceramic industries. Nevertheless, high degrees of fluorite purity are required
for different mineral applications. Thus, these less appealing fluorite resources require advanced
beneficiation methods.

Froth flotation is a selective process that is used to carry out specific separations of complex
minerals, based on the different surface properties of each of them. It stands out in fluorite flotation
as one of the physicochemical techniques with the highest performance [3]. To carry out the froth
flotation process, it requires the addition of chemical reagents to the system. These flotation reagents
are the collectors, depressants, activators, and modifiers, whose main actions are to induce and inhibit
hydrophobicity of the particles and to give stability to the foam formed. Separation of fluorite from
calcium minerals by flotation is difficult because they exhibit the similar surface properties [4,5]. This is
due to the presence of Ca?* cations on both surfaces [5,6]. Fatty acids are known to adsorb onto
the surface Ca?" ions [7,8]. Thus, they display a lack of selectivity, inducing global flotation of the
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CaCOs;. However, the efficient flotation of fluorite from other calcium-bearing minerals has been
reached using specific depressants [9-12]. Depressants are vital to achieve desirable separation results
in fluorite ore beneficiation. Depressants can be divided into three categories, namely, metal ions
(AI’*, Fe’*, Mg?t, Ca?*, Fe?*), inorganic inhibitors (sodium silicate, sodium sulfide, and sodium
hexametaphosphate), and macromolecular inhibitors (starch, tannin extract, and polyacrylamide) [13].
The main depressants used in the selective separation of fluorite from gangue minerals are tannin
extracts [14]. Quebracho extract contains tannins that have good depressant ability of certain minerals
as carbonates. Some authors have used mixtures of depressants to increase the efficiency of the fluorite
flotation process [15-17].

QT is one of the most recommended depressants for this separation. Rutledge and Anderson [17]
conducted a review of different published works on the action of QT in the separation of fluorite and
calcite. QT is widely recommended as a depressant in fluorite flotation because it depresses both
carbonates and silicates [18]. When the QT is adsorbed on the mineral surface, it becomes hydrophilic.
In addition, this work indicates that tannins have a negative surface charge due to the presence of
phenolic groups and these react with the surface of the minerals by chemisorption, interacting with
the collector that is being used, as is the case of oleic acid [19]. The electrokinetic potential of the
mineral is slightly negative with the addition of small amounts of tannin. This negative surface charge
repels anionic collectors causing depression, but attracts cationic collectors. Dextrin is also used as a
depressant in the mineral processing industry for some calcite minerals. Dextrins are derivative of
starch produced by partial thermal degradation under acidic conditions [20]. Zhang et al. [21] studied
a fluorite flotation system and found that combination of tannin and dextrin improved the recovery
of fluorite by 19.23%, the removal rate of CaCO3 by 13.43%, and SiO; by 8.93%. This combination
of dextrin and tannin appeared to exhibit considerable promise for depressing the impurities during
fluorite flotation. On the other hand, QT can react with dextrins in the presence of surfactants. On the
basis of such reaction, Bayer has produced a depressant under the trade name “Agent G4”. This was
used for many years as a depressant for carbonaceous gangue at the Mount Isa Hilton Concentrator
(Australia). This depressant is composed of 55% dextrin, 40% QT, and 5% surfactant [22]. However,
the fundamentals of how mixtures of QT + dextrin operate require additional study.

QT depressant is widely used in fluorite flotation circuits due to its high ability to depress calcite,
barite, silicates, and metal sulfides and its reduced ability to depress fluorite under certain operating
conditions. There is a particular challenge in the separation of fluorite from calcite because both
minerals have Ca%* cations in lattice. As it was indicated before, when QT is adsorbed, the surface
becomes hydrophilic. Many attempts to describe and characterize the selective nature of QT have
been undertaken. It is clear through many studies that the condensed tannins, like that of QT, are far
more selective than the hydrolysable tannins like that of tannic acid. The hydrolysable tannins have a
greater depression affect to a disadvantage compared to the condensed tannins; the depression on the
hydrolysable tannins is too strong and thus, provides a less selective depression [23,24].

Currently, there are two pieces of industrial equipment that allow the carrying out of froth
flotation—mechanical cells and pneumatic columns. The main difference between the equipment is
that cells use mechanical agitation while columns use pneumatic agitation. This fact makes column
flotation suitable for fine particles (slimes) rather than cell [25,26]. Comparing both configurations
under different operational parameters will allow the choosing of the most suitable equipment for
fluorite flotation.

Although it is well-known that mechanical flotation machines provide stronger particle-bubble
collision than flotation columns, the system used for the injection of air can influence bubbles
generation and their distribution size, and therefore, separation of particles by flotation. For example,
Matiolo et al. [27] reported high recoveries for apatite flotation using a cavitation tube as the bubble
generation system in a column configuration. The fine bubbles obtained in the cavitation tube improved
the collision efficiency between bubbles and fines particles, which resulted in high recoveries for
ultrafine particles flotation.
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The importance of pH during the process in terms of mineral quality, process performance,
and chemical efficiency is well known. For example, the zeta potential is affected by the pH level of the
pulp and it affects the stability of the suspension [28]; if it is too low, flocculation occurs, which causes
poor flotation selectivity, while if it is too high, the suspension remains stable. Some authors have
analyzed, in detail, the effect of pulp pH on the flotation of fluorite and calcite [29].

In this paper, the flotation of fluorite, calcite, and quartz and their separation were, for the first
time, studied in the presence of a mixture of different depressants. Quebracho tree (QT) was used as
the main depressant to achieve the separation of fluorite and calcite. The interaction of (WD), (PT),
(SHMP), and (CMC) with QT was studied analyzing the grade and the recovery by mass balance of the
different minerals present in the feed. The objective of this study was to compare the floatability of
fluorite using different depressants mixtures. In addition, two pieces of laboratory equipment were
used—a mechanical cell and a pneumatic cell based on the operation of a column and which has been
designed from a modified Hallimond tube.

2. Materials and Methods

2.1. Mineral and Reagents

The fluorite mineral used in the experiments was obtained from the company Minera de Orgiva
S.L. (Spain). This mineral contains fluorite, calcite, and quartz as major mineral components. After a
series of physical upgrading processes, such as crushing and screening, the granulometric curve of the
mineral was determined using a motorized sieve shaker from 36 to 180 um (Table 1). The 80 percent
passing sieve size (P80) was 86 pm.

Table 1. Particle size distribution.

Particle Size (um) Mass Weight (%) Cumulative Weight (%)

>180 1.16 1.16

150-180 3.45 4.61

120-150 6.18 10.79

90-120 7.67 18.46
75-90 12.71 31.17
52-75 19.04 50.21
36-52 23.81 74.02
0-36 25.98 100

Chemical composition was measured using X-Ray Fluorescence (XRF) with the equipment
“ARL Optim’X WDRXF” from Thermo Fisher Scientific, with 50 kV, Rhodium anode and LiF200,
InSb and AX06 crystals, together with the Oxsas 2.2 software from Thermo Fisher Sc (Table 2).

Table 2. Chemical analysis of the mineral (mass fraction, %).

CaF, CaCO; MgCO3; SiO; Fep O3 Pb Others
4412 37.22 2.80 14.04 0.68 0.28 0.85

Oleic acid (OA) with 98% purity was used as a collector agent. Analytical grade of hydrochloric
acid (99%) and sodium hydroxide (99%) were applied as pH regulator. Quebracho tree (97%) (QT),
white dextrin (97%) (WD), potato starch (97%) (PT), carboxymethyl cellulose (97%) (CMC), and sodium
hexametaphosphate (98%) (SHMP) were used as depressant agents. All the chemical reagents were
supplied by Sigma Aldrich Co., except quebracho tree and carboxymethyl cellulose, which were
supplied by Silvateam Co.
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2.2. Cell Flotation

Flotation experiments were carried out in a D12 multi-cell mechanical flotation cell of 2 L capacity,
model XFD-II-3, motor power of 120 W, and operating voltage of 400 V. For each test, the pulp was
prepared at 30% solid concentration at 25 °C and 900 rpm (an air flow rate of 0.15 m®/h approximately).
A complete description of the cell is carried out in a previous work [30]. Oleic acid was used in all tests
as a fluorite collector at a constant dosage of 400 g/t, based on a previous work [31].

Five different depressant reagents were added at a fixed dosage to the froth flotation process.
QT was used in all tests, alone and mixed with the other three depressants, at a dosage of 300 g/t.
WD, PT, SHMP, and CMC, at a dosage of 1100 g/t, were mixed with QT. The pH was adjusted by the
addition of sodium hydroxide (NaOH) for basic pH and hydrochloric acid (HCI) for acid pH.

NaOH was used as a pH regulator instead of other bases to avoid the formation of insoluble
compounds with the collector, oleic acid. In this way, by regulating the pH at slightly basic values,
it avoids the activation of quartz by the oleic acid collector. The literature indicates that the interaction
between oleic acid and quartz in the absence of activating ions is carried out in an unoriented manner.
The presence of activating ions such as Ca?* in the medium induces the formation of surface-oriented
compounds, increasing their presence in the foam [22].

The reagents were added to the process in the following order: First, when the pH was adjusted
to the desired value, QT depressant or its mixture with other depressants was added to the pulp and
conditioned for 5 min [32]. OA was added and allowed to condition for 3 more minutes. Finally,
all flotation tests were carried out in a time of 2 min. For individual mineral flotation, the concentrate
and tailing products were collected, filtered, and dried. XRF was used to determine the grade of
each stream, while recovery was calculated based on the solid weight and grade of the froth and
tailing streams.

2.3. Modified Column Flotation

The pneumatic cell used in this work is a column designed by the Chemical Engineering
Department of the University of Granada (Spain). The design of the column is based on the Hallimond
tube, widely used to study the behavior of the flotation process. The column had a diameter of
5 cm and was 16 cm tall with a pulp capacity of 300 mL. The column was built by Afora ICT-S.L.
with glass materials. The pieces of tube were interconnected with threaded universal joints. A complete
description of the column is carried out in a previous work [30].

The conditioning step was carried out in a 500 mL standard flask at 25 °C, outside the flotation
column. Magnetic stirring was used for the correct dissolution of the reagents. First, the pulp was
prepared at 30% solid concentration. Then, pH was adjusted with NaOH or HCl according to the
desired pH (range from 6.5 to 10.5). The depressant (QT or mixtures) was then added and conditioned
for 5 min. Finally, the collector OA was added and conditioned for 3 min. In order to compare the
conventional cell with column flotation, it is necessary that the doses of reagents, in grams per ton of
mineral, be the same in cell and modified column flotation.

Finally, the last conditioning step was to shift the pulp from the flask to the flotation column.
It operated with a constant air flow of 20 mL/min (0.0012 m3/h) provided by a blower. The flotation
process was carried out for 2 min in all tests.

All flotation tests were carried out in duplicate. In this way, two different samples of each flotation
tests were analyzed to determine the grade, obtaining average values.

3. Results

3.1. Fluorite Grade

The optimum pulp pH for the flotation of fluorite was determined as approximately 9.5-10.
Figure 1 shows how the pH affects fluorite grade in the concentrate under the use of the various
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depressants named above. Each plot compares the beneficiation process of fluorite in the conventional
and modified column cells.
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Figure 1. CaF; (%) on concentrate for cell and column as pH function and type of depressant.

On the one hand, by studying the effect of each depressant mixture separately, it can be seen that
the best results were obtained for the QT + WD mixture, reaching 74% of fluorite grade for modified
column flotation and 70.5% for conventional cell flotation, both at pH of 9.5. Mixtures of QT + CMC,
QT + PS or even QT alone achieved results very close to QT + WD. The separation of fluorite and
calcite was especially difficult since both minerals contain the same cation, Ca®*.

On the other hand, in all trials, the values obtained for the modified column flotation were higher
than those obtained in the flotation cell. Another common aspect of all depressant mixtures was that
they reach the maximum value of fluorite grade at a pH close to 9.5. As can be seen, there was a large
difference between using a depressant and not using it. When no depressant was used, the fluorite
grade obtained was 53.8% for the modified column and 51.6% for the cell, both at 8.5 pH. However,
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when QT or a mixture of depressants was added, fluorite grades rose to values close to 70% at a pH
range of 8.5-9.5.

Finally, it should be noted that the QT + SHMP mixture was not a good option as a carbonate
depressant in the fluorite flotation process. Using only QT gave better results.

3.2. Metallurgical Recovery

Another important factor to study in the minerals flotation is the metallurgical recovery. This is
defined as the amount of mineral of interest (mass) obtained in the concentrate with respect to what
was in the feed. Figure 2 shows the metallurgical recovery of fluorite for each of the depressants used.
Each plot compares the results obtained in the cell and the flotation column.
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Figure 2. Metallurgical recovery for cell and column as pH function and type of depressant.
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The results show that higher metallurgical values were obtained in the modified column cell.
As can be seen, there was a clear benefit of using a depressant. By carefully analyzing Figure 2, it can
be seen again that the best results were obtained when the mixture QT + WD was used.

With regards to comparison of performance of cell and modified column configurations, values
of 75% were reached for modified column flotation and 60% for flotation cell at pH above 9. All the
depressants followed the same trend—higher metallurgical recovery values were reached for pH
values of 9 and higher.

Depressants QT, QT + CMC, and QT + PS also gave good results with metallurgical recoveries of
65% and 55% for the modified column and conventional cells, respectively. It is noted that QT + SHMP
gave the lowest recoveries of these depressant combinations.

3.3. Carbonates Grade

The degree of carbonates in the concentrate reached its minimum value at pH 9.5 for all the
depressors used. However, the minimum was reached at a neutral pH when no depressant was used
(Figure 3). The minimum concentration of carbonates in the concentrate was 19% using QT + WD as a
depressant in the flotation column. It has been shown that carrying out flotation of fluorite at pH higher
than 9.5 leads to a greater flotation of carbonates, even when using different types of depressants.

The effect of pH on the flotation of fluorite with QT has been studied quite thoroughly. In practical
applications, the pH ranges from 8 to 9.5. This accounts for multiple factors of adsorption of the QT
and the oleate, the acid consumption, and practical recovery and grade balances. Iskra et al. [24]
indicated that QT remains a depressant up until a pH of around 10. The optimal adsorption pH for QT
on fluorite surface is around 7, while the dissolution of calcite requires the pH be at or above 8.
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Figure 3. CaCO3 + MgCOj3 (%) on concentrate for cell and column as pH function and type of depressant.

When depressants were not used, the grade of carbonates in the concentrate was practically the
same as that of the feed, around 41%. The worst combination of depressants was again QT + SHMP
since the grade of carbonates in the concentrate was still quite high, around 28% at pH of 9.5. It can be
seen that using QT alone as a depressant presented very similar results to QT + PS and QT + CMC.
The only combination that improved the effect of QT as a depressant has proven to be QT + WD.

3.4. Quartz Grade

The SiO, grade in the concentrate stream followed an exponential function as the pH increased.
The minimum SiO; values were reached, for each of the tested depressants, in the pH range 6.5-7.5.
SiO; concentration drastically increased when using pH values above 7.5. Results were similar for
all tests performed (without and with different combination of depressants). As can be observed in
Figure 4, quartz grade in the concentrate did not change significantly for all the depressants used,
even though some authors have shown that sodium silicate was a good depressant for quartz [33].

Additionally, there was no significant difference in the flotation in column with respect to the cell.
The conventional and modified column cell gave fairly the same silica grade in the concentrate. It has
been reported that flotation separation of fluorite from calcite and quartz can be accomplished by using
water glass as the depressant [34]. However, the process was carried out in two stages with calcite
depression at pH around 10 followed by quartz depression at a lower pH. This finding is supported by
our results, (Figure 4), which show that quartz recovery increases with pH and are consistent with the
findings of Chen et al. [35].

3.5. Interaction Mechanisms of Collector and Depressants on Fluorite Flotation

In this paper, the flotation of fluorite, calcite, and quartz and their separation using different
depressants and oleic acid as the collector have been studied. The best results were obtained using a
mixture of quebracho tree and dextrin white as depressants. To explain the results, a review of the
investigations carried out by other authors on fluorite flotation has been conducted.

The mechanism of interaction of the collector as the fatty acid in salt-type minerals and the
conditions used in their flotation have been widely studied for a long time [5,36-38]. Most of these
authors agree that the mechanism of interaction of the reagents with the mineral in the flotation process
is very complex. The adsorption of the collectors and depressants in the mineral is generally considered
to be affected by the pH of the flotation system, which determines the charge on the surface of the
particle and, therefore, the type of interaction. In general, coulombic attraction, physical adsorption,
chemisorption, and surface precipitation have been suggested as possible mechanisms. However, there
is no clear understanding of the interaction of reagents with the mineral, and the results shown by
different investigations differ significantly depending on the origin of the minerals [39].
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Figure 4. SiO, (%) on concentrate for cell and column as pH function and type of depressant.

More recently, Quast [40] performed a review on the interaction of oleate with non-sulfide minerals
using zeta potential. This author concluded that although there are differences of opinion on the
actual interaction mechanism, it is accepted that the presence of oleate species causes a reduction in
zeta potential and that the suggested mechanisms include chemisorption of various oleate species in
solution (oleate anions, ionic dimers or acid—-soap complex) in conjunction with physical adsorption,
presence of undissociated oleic acid, precipitation of oleate salts, or formation of oleate colloids on
the mineral surface. In addition, oleate adsorption could occur through the formation of one or more
layers on the mineral surface. Rao and Forssberg [37] already indicated in their work as a mechanism
for adsorption of oleate on fluorite and calcite, the monolayer coverage in the case of calcite and the
formation of bilayer in the case of fluorite, followed by a precipitation of calcium soap. Lin et al. [41]
study the separation mechanism of fluorite and calcite with oleic acid and conclude that the results of
the zeta potential confirm that the chemical adsorption of the collector on the mineral surface provides
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a good recovery of fluorite when the pH is close to 10 and that calcium and oleate ions in the mineral
surface react form calcium oleate. Other researchers studied the zeta potential of fluorite as a function
of pH in the absence and presence of a collector [4,6,42—44]. At low pH values, a constant positive zeta
potential of approximately 20-30 mV was observed. At pH 7, the zeta potential began to decrease,
reaching zero at pH values between 7.5 and 8.5. Above pH 8.5, the zeta potential increased in negative
value as the pH was increased. The addition of sodium oleate caused the zeta potential of the fluorite
to become more negative at the same pH compared to that observed without addition of sodium oleate.
The isoelectric point also shifted to lower pH values with an increase in oleate concentration, showing
a greater affinity of oleate for the fluorite surface.

On the other hand, Zhang et al. [44] studied the selective adsorption of tannic acid in calcite
and its implication as a depressant in the separation of fluorite using sodium oleate as the collector.
These authors found that the results of the adsorption and zeta potential tests indicate that tannic
acid is an effective depressant for separating fluorite from calcite, demonstrating that the interaction
of tannic acid on the fluorite surface has little effect on the chemisorption of the collector, while
it strongly weakens the calcite surface which favors its separation. However, dextrin or similar
compounds have been poorly invested in fluorite flotation. Chen et al. [42] studied the flotation of
scheelite, calcite, and fluorite using dextran sulfate sodium as a depressant and sodium oleate as a
collector. The authors observed significant drops in the zeta potential for all minerals in the absence
of a depressant, indicating that the collector can interact with them and change their surface charge.
In the presence of the depressant, the drop in zeta potential is different for each mineral and depends
on the collector concentration, indicating that the depressant interferes with the interaction between
the collector and minerals. Finally, Zhang et al. [21] proposed, for the first time, the enrichment of
fluorite in laboratory and industrial flotation tests using oleic acid as a collector and tannin and dextrin
as depressants. The authors conclude that two-stage flotation using dextrin to remove SiO; and tannin
to remove CaCOj improves the fluorite flotation process.

The results obtained in this work are consistent with those found by other researchers and are a
good starting point for scaling the process.

4. Conclusions

In this work, a set of quartz and carbonate depressants were studied in fluorite flotation. Of all the
depressants studied, the combination of QT with WD shows the best depressant efficiency, with values
of 20% CaCO3 + MgCO; and 3.7% SiO; in concentrate at pH 9.5 and column equipment. This fact led
to having the best results in terms of fluorite grade, reaching maximums of 74% in a single stage for
column flotation. The use of QT + CMC and QT + PS depressant mixtures present similar depressant
efficiency than the use of QT alone, so its use is ruled out due to the economic costs of using two
depressants reagents. Additionally, it should be noted that the use of QT + SHMP is not a good option,
since it presents the worst depressant efficiency, even worse than the use of QT alone, obtaining values
of 28% CaCOj3 + MgCOs3 and 4.6% SiO; in concentrate stream at pH 9.5 and column equipment.

Flotation of fluorite in the column (pneumatic cell) has shown better results than in the mechanical
cell for all depressants studied. When the feed has a content of 25.98% in particles smaller than 36 um,
considered slime particles, column flotation shows better results than in cell. This fact confirms what
other authors say about the presence of slime in feed. It would be interesting to remove this smaller
fraction of 36 um from the feed and see how the column flotation behaves versus cell flotation.

Finally, it is demonstrated that the optimum pH for the flotation of fluorite is around 9.5. Values
above this pH make the oleic acid also collect quartz. Meanwhile, pH values below 8 promote
carbonate flotation.

It should be noted that the scale in which the tests are completed at do not provide conclusive
evidence for larger scale performance, whereas it is a good starting point for scaling the process.
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