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ABSTRACT
Pyrite (FeS2) is one of the main tailings derived from coal mining. When processed, pyrite has several applica-
tions with high value-added, in contrast, if improperly discarded, it causes major environmental impacts, like 
the acid mine drainage. For those reasons, the seeking for beneficiation techniques of Pyrite has been the target 
of numerous studies. One of the most employed techniques is the separation by density using heavy liquids, like 
bromoform, as a separation medium. In the present work, we propose the use of lithium heteropolytungstate 
(LST), a non-halogenated and non-toxic solution, as an alternative in the separation by density method. For the 
experiments, raw pyrite samples were collected from the tailings of coal extraction from a mining company in 
Santa Catarina, Brazil. After the separation process, the samples before and after the beneficiation were char-
acterized by XRD, FTIR, and XRF techniques. The results revealed that the separation technique used in this 
work led to a significant increase in the concentration of pyrite, going from less than 10% in the raw sample and 
reaching almost 80% after processing. This impressive result reveals that LST represents a promising alternative 
for separating pyrite by density techniques, showing much greater effectiveness than other heavy liquids used in 
the literature, in addition to being environmentally friendly.
Keywords: Sustainability; Heavy Liquid; Beneficiation; Mineral Waste Treatment.

1. INTRODUCTION
Coal is the most abundant fossil fuel on earth, providing more than a third of global electricity generation and 
having a major influence on the world economy [1]. The coal mined in Brazil has a high sulfur content in its 
composition, requiring the processing of raw coal from mines (Run of Mine – ROM) to meet the specifications 
required by thermoelectric plants. This coal beneficiation process generates more than 60% of tailings, consist-
ing mainly of sedimentary rock minerals, pyrite (iron disulfide – FeS2), and ash [2, 3].

Residual coal generates sulfuric acid when exposed to oxygen and moisture, causing acid mine drainage 
(AMD), one of the biggest problems of coal mining activity [4, 5]. This process leads to contamination of water 
and soil resources, degrading the local biota and causing major impacts on the environment and the population [6].

Due to the significant quantity of tailings generated and such significant environmental impacts, the 
recovery and reuse of this material before its final disposal is essential to reconcile the activity of coal mining 
with environmentally sustainable development. In terms of environmental impacts, the removal of this material 
from the tailings can lead to a reduction of up to 90% of the acidity potential to be disposed into the environment, 
which significantly reduces the chances of generating AMD [7].

From an economic and technological perspective, the reuse of pyrite also shows enormous advantages. 
When processed, pyrite is a raw material for products like sulfur, sulfuric acid, fertilizers, and ferrous sulfates. In 
addition, due to its interesting physicochemical and electrical characteristics [8], it stands out as an excellent raw 
material for application in several technological segments, such as for the manufacture of photovoltaic modules 
[9] and batteries [10, 11], as well as in the treatment of effluents [12, 13].
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Several conventional mineral separation techniques can be applied for the pyrite beneficiation, with 
emphasis on density separation, leaching and flotation systems [14–17]. Among these techniques, the separation 
by density using heavy liquids presents several advantages due to its practicality, greater cutting precision, and 
reliability of results. Nonetheless, the selection of a heavy liquid that meets the density and viscosity require-
ments to promote adequate separation of various mineralogical components is not an easy task. One of the few 
examples of heavy liquids found in the literature for this purpose is Bromoform [16], a halogenated organic 
solvent. However, its high toxicity and cost ends up restricting its use on an industrial scale.

Focusing on the selection of a heavy liquid that is less aggressive to the environment and to human 
health, the present study used an aqueous solution of lithium heteropolytungstate (LST) as an alternative sepa-
ration medium to the density separation method. LST is a non-toxic compound and has the appropriate physical 
characteristics for pyrite beneficiation (adjustable density, low viscosity and non-reactive). In addition, the pro-
cess adopted in this study allowed for the recyclability of the solution, demonstrating it to be an environmentally 
and economically promising strategy for obtaining pyrite from coal waste.

2. EXPERIMENTAL

2.1. Materials
The tailings containing pyrite (FeS2) used in this study, derived from the extraction process of coal, was col-
lected in the city of Forquilhinha in the State of Santa Catarina, Brazil. To promote separation by density, lithium 
heteropolytungstate (LST) solubilized in water with an average density of 2.85 ± 0.02 g/mL provided by Central 
Chemical Consulting was used.

2.2. Method for separating pyrite by density using heavy liquids
Before the density separation step, the raw material containing pyrite underwent a pre-beneficiation process. 
For this, the sample was first water-leached to remove soluble salts, mainly sulfates [17], followed by a commi-
nution step in a ball mill and sieving in a 75 µm sieve, to obtain a fine and homogeneous sample. The material 
obtained from this pre-processing are herein referred as raw pyrite (P-R).

After pre-beneficiation step, the sample proceeded to the density separation process, based on the pro-
cedure described in the literature [18]. In this step, a 500 ml extraction funnel was used as a separation vessel. 
Initially, 75 ml of the LST solution was inserted into the funnel. Next, 25 g of the pre-beneficiated sample was 
added and the system was manually stirred. Lastly, another 50 ml of LST was added and the sample was left to 
separate until the separation between the fractions became evident.

The pyrite, having a higher density than the LST solution, concentrates in the densest fraction at the 
bottom of the funnel. The density separation process occurs due to the fact that the LST solution has an interme-
diate density between pure pyrite (d = 5 g.cm–3) and the other main mineral components present in the sample 
(d < 2.65 g.cm–3).This denser fraction was then collected, filtered, washed in water and ethanol, and dried in an 
oven at 100°C. The sequence of steps used for the pyrite separation by density using LST are summarized in 
Figure 1. It is worth noting that this sequence of steps was essential to ensure greater efficiency of the separation 
process. Only in this way it was possible to promote an optimal dispersion of the sample in the solution and 
avoid that part of the pyrite remained adhered to the funnel wall or next to the voluminous residue that accumu-
lates in the upper fraction of the supernatant.

2.3. Characterization
The identification of the crystalline phases was performed by X-Ray Diffraction (XRD) analysis. For this, the 
samples before and after the beneficiation process was analyzed in a Rigaku MiniFlex600 X-ray diffractometer 
(Rigaku Corporation, Japan), using a measurement range (2θ) from 10° to 90°, with a step of 0.05° and a scan 
speed of 10°/min.

Fourier Transform Infrared Spectroscopy (FTIR) analysis was employed to identify the main constitu-
ents present in the samples. The samples spectra were collected in the range of 4000 to 400 cm–1 with a resolu-
tion of 4 cm–1 using an IRSpirit-T FTIR spectrophotometer (Shimadzu Corporation, Japan) equipped with an 
Attenuated Total Reflection (ATR) sampling accessory.

Energy Dispersive X-ray Fluorescence (XRF) Spectrometer model EDX-7000 (Schimadzu, Japan) was 
used for the chemical composition analyses.

3. RESULTS AND DISCUSSION
After processing the raw sample (P-R) following the methodology presented in the experimental section 2.2, the 
processed material was obtained. The Figure 2 presents images of the raw residue samples (P-R) and the sample 
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obtained after processing, called here as P-LST. To confirm the efficiency of the separation method used for the 
concentration of pyrite the samples were characterized by means of XRD, FTIR and XRF.

3.1. XRD analysis
To investigate the difference between the samples before and after beneficiation, the samples were initially 
characterized by XRD technique and the diffractograms obtained for the P-R and P-LST samples are presented 
in Figure 3.

Based on the XRD analysis of the raw sample, it was possible to observe the significant presence of 
silica, verified by the intense peak referring to the quartz crystalline phase (JCPDS: 46–1045). In addition, the 
diffractogram of the P-R sample revealed the presence of crystalline phases associated with the presence of clay 
minerals such as kaolinite (JCPDS: 89–6538). Regarding the presence of pyrite in the P-R sample, although 
some peaks suggest its presence, its amount seems to be very low, and it was difficult to confirm its presence 
based solely on the diffractogram obtained.

Figure 1: Method for separating pyrite by density using LST.

Figure 2: Images of the samples of raw coal waste (A) and the sample obtained after beneficiation using LST (B).
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After the beneficiation process, the peaks referring to the pyrite crystalline phase (JCPDS: 42–1340) 
become evident and relevant in the sample P-LST. Concurrently, the peaks attributed to quartz shows a signif-
icant reduction and the peaks associated with clay components become practically insignificant. Although it 
is still possible to observe the presence of peaks referring to other crystalline phases besides pyrite, the lower 
intensity of these peaks suggests that these phases are present in extremely low concentration in the final sample. 
Similar diffractograms have been reported in the literature [16] using bromoform as a separation medium, which 
presents high toxicity. This result reveals that the use of LST is a more sustainable alternative to promote the 
concentration of pyrite from coal residues.

3.2. FTIR analysis
To confirm the results obtained by XRD analysis, the samples were also characterized by infrared spec-

troscopy technique. The FTIR spectra for the P-R and P-LST samples are presented in Figure 4.
In relation to the P-R sample, the presence of clay can be confirmed by the bands in the region of 

3700–3600 cm–1, which are attributed to the stretching and bending vibrations of Al-OH groups characteristic 
of kaolinite [19]. Such bands disappear almost completely in the P-LST sample, which corroborates the results 
obtained by XRD.

Another difference noted between the samples refers to the intensity of the bands in the region between 
1200 and 800 cm–1. Bands in this region are difficult to be precisely assigned, however, based on the previously 
discussed XRD results it is possible to conclude that they are attributed to different vibrational modes associated 
with the presence of Si-O bonds [19, 20]. Such bonds are present in clays and quartz, both minerals identified 
by XRD. Although both samples show signals in this region, the intensity in the P-LST sample is significantly 
lower, indicating the decrease of their concentrations in the beneficiated sample and confirming the efficiency 
of separation by density.

Lastly, only in the beneficiated sample is possible to clearly differentiate the characteristic peak of pyrite 
at 416 cm–1. The difficulty in identifying pyrite in the crude sample by means of the FTIR technique should be 
related to its low concentration and the fact that its characteristic band appears very close to the detection limit 
of the equipment. The FTIR results corroborate the data obtained by the XRD technique, highlighting the effec-
tiveness of the LST as mentioned above.

3.3. XRF Analysis
Finally, in order to provide more quantitative data on the sample separation efficiency, the chemical composition 
of the pyritic residue before and after beneficiation was investigated by X-ray fluorescence (XRF) analysis. It 
is worth noting that although XRF analysis shows high precision and reproducibility in the quantification of the 

Figure 3: Diffractogram of the P-R and P-LST samples.
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vast majority of chemical elements, its sensitivity to elements with low atomic weight is low. Thus, elements 
such as carbon and oxygen are not being considered in the overall percentage reported in this study. The results 
obtained for the P-R and P-LST samples are presented in Tables 1 and 2.

Firstly, with respect to the raw sample (Table 1), it is possible to note a high concentration of silicon and 
aluminum. The two elements together represent almost 80% of the detected elements, indicating a high con-
centration of oxides derived from these elements. As discussed earlier, XRD and FTIR analyses confirmed the 
presence of silica and aluminosilicates (clay), which are the most abundant components expected in this type of 
waste [2]. In a much smaller order of magnitude, but still relevant, appear iron and sulfur, which represent the 
two elementary constituents of pyrite.

The approximate percentage of pyrite can be estimated by theoretical stoichiometric calculation, as 
reported in the literature [16]. This calculation takes into account the ratio between the mass percentage of sul-
fur found with the theoretical percentage of sulfur expected for pure pyrite of 53.4%. Based on this calculation, 
it is possible to estimate that the collected residue had less than 10% of pyrite in its composition. However, 
considering that elements such as oxygen (and possibly carbon) are not being considered in the total percentage, 
the concentration of pyrite should be even lower, which may justify the difficulty in detecting pyrite by the XRD 
and FTIR techniques as previously discussed. Finally, the other two elements detected in relevant amounts were 
potassium (~6.6 wt.%), a very common element found in various types of silicates, and titanium (2.4 wt.%), 
probably present in the form of titanium dioxide.

Regarding the P-LST sample (Table 2), essentially iron and sulfur were identified by XRF analysis, 
which together represent about 90 wt.% of the detected elements. This impressive result reveals the high effi-
ciency for the pyrite concentration by applying the density separation method with LST. In this case, considering 
that only a small fraction of other elements are present (< 10 wt.%), the calculation of the total percentage of 
pyrite in the sample becomes more accurate. Again, using the same calculation approach previously mentioned, 
the estimated amount of pyrite in the beneficiated sample would be approximately 76 wt.%, which represents a 
tremendous increase in its concentration compered to the raw sample.

The third most significant element detected by XRF was silicon, with approximately 7 wt.%. This data 
corroborates the results of FTIR and DRX analyses, which demonstrated that even after the beneficiation method 
employed, the P-LST sample still presented traces of silica that were not possible to separate.

Comparing the results obtained in this study with other methods reported in the literature, it is evident the 
advantages of using the density separation technique employing LST as the separation medium. For example, 
using similar density separation method but employing Bromoform as the separation medium, Oliveira et. al 
(2016) was able to concentrate pyrite in a coal mining waste sample from approximately 68 wt.% to 76 wt.%, an 
increase of only 8 wt.%, which is much lower than that obtained in the present study. Furthermore, we emphasize 

Figure 4: FTIR spectra of the P-R and P-LST samples.
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that the process of employing LST, a non-toxic compound solubilized in water, is environmentally friendlier than 
processes using a halogenated organic solvent such as Bromoform, which has a high level of toxicity.

3.4. Recyclability of LST
In order to investigate whether the present approach is an environmentally and economically promising 

strategy for obtaining pyrite from coal waste, the recyclability of the LST solution was evaluated.
After performing purification under the optimized conditions, the heavy liquid solution of LST was eas-

ily recovered from the separation medium and reused for further beneficiation. Remarkably, the LST maintained 
its efficiency constant until the fifth cycle, with no losses in the LST solution and in the yield of the beneficiated 
material. The recyclability of LST represents a safer alternative to the high toxic bromoform organic solvent, 
which facilitates its use on a larger scale. Thus, the beneficiation strategy used in this work allows an easy pro-
cess scale-up, making it a highly attractive method for obtaining pyrite with high yield and purity.

4. CONCLUSIONS
Density separation using a heavy liquid has been widely suggested in the literature as an optimal technique for 
mineral separation. Among the available heavy liquids, bromoform is commonly used to promote this sepa-
ration, although been an extremely toxic solvent. In the present study, the use of LST as a non-toxic aqueous 
solution was proposed as an alternative separation medium, significantly reducing the risk during its handling 
and further environmental impacts.

The characterizations of the raw sample revealed a high concentration of quartz and kaolinite, confirmed 
by the XRD and FTIR analyses. According to the XRF analysis, the amount of pyrite correspond to less than 
10% of its composition. After the beneficiation process using the LST solution as a separation medium, a sample 
with approximately 76% pyrite was obtained, significantly removing the other mineral components, thus indi-
cating that the proposed separation medium is efficient for separating pyrite.

Based on the results obtained, it was found that the proposed methodology proved to be extremely 
efficient for the pyrite purification, providing this material the possibility of no longer being treated as a waste, 
but as a precursor for several technological applications, increasing its added value and contributing to the 
environment.
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Table 2: XRF analysis of the processed sample (P-LST).

ELEMENTS WEIGHT PERCENTAGE
Fe 50.5
S 40.6
Si 7.1

Other Elements
(<1.0 wt.%)

1.8

*Tungsten traces derived from LST were disregarded in the calculation of the  
global percentage of the detected elements.

Table 1: XRF analysis of the raw sample (P-R).

ELEMENTS WEIGHT PERCENTAGE
Fe 8.0
S 5.4
Si 54.9
Al 22.2
K 6.6
Ti 2.4

Other Elements
(<1.0%)

0.5
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