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This study evaluates the biotechnological potential of isolated microorganisms for the solubilization 
of critical and valuable metals in LED lamp waste through a biometallurgical process, called 
bioleaching or biomineration, which occurs with the production of metabolites by microorganisms 
capable of transforming metals from the solid phase to the liquid phase. Seven different bacteria from 
LED waste were isolated. Among them, six samples were identified as belonging to the Bacillus 
genus. The pH increase indicates that the solubilization of the metals occurred through cyanogenesis. 
Cellular viability was monitored throughout the process, with viable cells existing for up to 30 days 
of experiment. The Scanning Electron Microscopy images showed changes in the LED particles size 
after the bioleaching process, confirming the degradation of the material from the metabolites produced 
by the microorganism during the process.
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1. Introduction
Energy-efficient adaptation strategies developed by 

governments around the world make consumers switch from 
conventional lighting technologies to light-emitting diodes 
(LEDs)1. This is because LED lighting technology offers 
a significantly higher energy efficiency than incandescent 
lamps, as well as zero mercury (Hg) induced toxicity, which 
is different from fluorescent lighting2.

According to Grand View Research, the LED lighting 
global market was worth US$ 81.48 billion in 2023 and should 
grow at a compound annual growth rate (CAGR) of 11.0% 
from 2023 to 2030. The increase in the civil construction 
area in many developing and developed countries, alongside 
governmental laws that limit the use of inefficient lighting 
systems and governmental initiatives that support the decrease 
of the price of LED lighting, are the main factors predicted to 
boost the market3. This valorization happens due to the fact 
that lamp LEDs are reservoirs of critical and valuable metals. 
Rare earth metals, for example, are a group of 17 elements 
used in various products in modern society, such as LEDs, 
magnets, or catalytic converters in cars4,5, and the primary 
production of rare earth oxides worldwide totaled 214,000 
tons in 2020. China plays an important role in its production 
(57%) and particularly in the refining of rare earths (85%)6.

However, as the consumption rate increases, so does 
the amount of LED lighting waste. Thus, LED waste, when 
directly deposited in landfills or incinerated, generates 
environmental pollution, in addition to wasting critical and 
valuable metals that add value to the waste7,8. A recent study 
indicates that LED lighting waste will be responsible for 
almost 45% of the total lighting waste in the electronical 
waste flow until 20309.

In this sense, the extraction of rare elements and critical and 
valuable metals can be carried out using bacterial processes, 
such as bioleaching. This is an innovative technique to extract 
valuable metals from waste electrical and electronic equipment 
(WEEE) that uses microorganisms and their metabolic 
byproducts10. The bioleaching procedure is advantageous in 
that it is not only environmentally friendly but can also improve 
metal recovery. The amount of critical and valuable metals 
recovered is many times greater than the amount of metal found 
in a high-grade ore. For example, natural gold ores have gold 
content of 0.5 to 13.5 g/ton, while e-waste has gold content of 
10 to 10,000 g/ton11,12. Thus, the recovery of metals of high 
added value in WEEEs through the bioleaching process favors 
technological development and, at the same time, is in line 
with the Sustainable Development Goals, especially Goal 12, 
which is related to Responsible Consumption and Production.

Various microorganisms are used in the bioleaching 
process. Generally, iron and sulfur oxidizing bacteria, fungi, and 
cyanogenic bacteria are involved in the bioleaching of metals 
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present in WEEE13. Considering their dietary needs, the three 
main groups of microbes involved in metal bioleaching are: 
autotrophic bacteria (such as Thiobacilli sp.), heterotrophic 
bacteria (such as Pseudomonas aeruginosa sp., Bacillus sp.), 
and heterotrophic fungi (such as Aspergillus sp., Penicillium 
sp.)12. The most frequently used microorganisms that convert 
WEEE metal fractions into water-soluble phases are aerobic 
mesophilic and chemolithotrophic bacteria, also known as Fe/S 
oxidizing bacteria14. For the recovery of metal fractions from 
WEEE, a variety of groups of alkalophilic and acidophilic 
organisms has been used, along with the products of their 
metabolic processes12. Usually, the bioleaching process, which 
occurs in an alkaline medium, is promoted by cyanogenesis 
— a process in which cyanide-producing bacteria produce this 
substance during the oxidative decarboxylation of glycine, 
a source of carbon present in the medium15,16.

In this sense, this study investigates the biotechnological 
potential of isolated microorganisms from lamp LEDs for 
application in the bioleaching process of critical and valuable 
metals from WEEEs, seeking a sustainable approach to the 
recovery of high added value materials for the maintenance 
of technological development.

2. Methodology

2.1. Obtaining and processing LEDs from lamps
After the post-consumer LED lamps were disassembled, the 

LEDs were separated from the modules. For the microorganism 
isolation procedure, the LEDs were macerated, with mortar 
and pestle, and weighed.

To perform the characterization and other experiments, the 
LED lamp modules were obtained through a partnership with 
a Screening Unit (SU) in Porto Alegre. The LEDs removed 
from the modules were grinded in an analytical cutting mill 
from Janke & Kunkel, for about 5 minutes.

2.2. LED characterization
The determination of the chemical composition of the 

LED was performed by XRF analysis in a Shimadzu Energy 
Dispersive X-Ray Fluorescence Spectrometer, model EDX 
720, located in the Laboratory of Characterization and 
Recovery of Materials, at UNISINOS.

The structure of the crushed LED, as well as the composition 
of the critical and valuable metals, was also evaluated by 
Scanning Electron Microscopy (SEM) with EDS (Energy 
Dispersive Spectroscopy) attached and visualized at various 
magnifications using SEM, model Mira3 Tescan, from 
the Graduate Program in Materials Science of the Federal 
University of Pernambuco.

2.3. Isolation and maintenance of microorganisms
The culture medium used for the isolation and growth of 

microorganisms was Nutrient Broth (NB), with the following 
composition: 3 g/L yeast extract; 1.5 g/l meat extract; 5 g/l 
peptone; 8 g/L sodium chloride. The medium was prepared 
and autoclaved. 0.6 g of LED (used as described in session 
2.1) were added to test tubes containing the culture medium 
(CM) and incubated in a microbiological greenhouse, at 28ºC, 
for 15 days. The experiments were performed in triplicate. 

After incubation, a serialized dillution was carried out to 
isolate colonies with different morphological aspects.

After isolated, the cultures were maintained in a nutrient 
agar (NA) medium, with the following composition: 3 g/L 
yeast extract; 1.5 g/L meat extract; 5 g/L peptone; 8 g/l 
sodium chloride; 15 g/l agar. The tubes were stored in a 
refrigerator at 4 °C and transplants were made every 3 
months to maintain the culture.

2.4. Partial characterization of isolated 
microorganisms

Gram staining was performed to analyze the Gram 
nature (positive or negative) and the shape of the isolated 
microorganisms. Gram’s technique17 became known as 
Gram staining, which is widely employed in microbiology 
to identify bacterial groups through the thickness of the 
cell wall, composed of peptidoglycan. The macroscopic 
characteristics of the colonies were also identified.

Microbial identification using ionization by matrix-assisted 
laser desorption-time of flight MS (MALDI-TOF MS) is 
based on the analysis by MALDI-TOF-MS of microbial 
lysates18,19. This approach is a new method, which is faster than 
conventional methods. For example, conventional methods 
require the isolation and cultivation of microorganisms 
from specimens using various isolation mediums. The 
resulting isolates are then identified by techniques such as 
biochemical properties analysis, direct detection of antigens, 
or amplification/detection of genes carried by microorganisms. 
The MALDI microbial identification system consists primarily 
of a computer equipped with MALDI-TOF MS, a microbial 
mass spectrum library, and analysis software. The obtained 
MALDI mass spectra are combined with the microbial mass 
spectrum library to determine the species19,20.

For identification by MaldTof of the isolated bacteria, the 
samples were transferred to Petri dishes by depletion, incubated 
for 20 hours and forwarded to LabMaldi — the Microbiological 
Analysis Laboratory of the Institute of Basic Health Sciences 
of the Federal University of Rio Grande do Sul. The materials 
used were: dissolved BTS, dissolved HCCA, wooden application 
sticks, and a 0.5-10 µL micropipette 1. For each sample, an 
isolated colony was spread as a thin film directly on a spot 
on a MALDI target plate, using a sterile sample applicator 
(wooden application stick). 1 µL of BTS was added at each 
of the assigned BTS QC positions and the spots were dried at 
room temperature. Each sample position and BTS QC position 
was overlaid with 1 µL of HCCA matrix solution. When the 
matrix was crystallized and completely dry, the prepared 
MALDI target plate was ready to be analyzed in the MALDI 
Biotyper21. Table 1 shows how this score is interpreted.

2.5. Bioleaching process
The medium used for the process was NB (nutrient broth). 

All microorganisms applied in the process were previously 
acclimatized. The preinoculum was prepared using NB 
medium, without addition of the LEDs. Three elevations 
of the microorganism were added to 100 mL Erlenmeyer 
flasks, containing 50 mL of medium, which were previously 
sterilized and incubated in an orbital shaker, for 24 hours, 
150 rpm of agitation, and 37 °C. After the incubation period, 
the Optical Density of the medium was determined in a 
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spectrophotometer (model) at 600 nm wavelength in order 
to determine the concentration of cells. The O. D. used for 
inoculum in the bioleaching process was 0.8, equivalent to 
a cell concentration of 107 CFU/mL.

To prepare the process, 500ml Erlenmeyer flasks, 
containing 250ml of NB medium, were sterilized in an 
autoclave containing 5g/L and 10g of ground LED. Then, 
10% of the preinoculum was added to the medium containing 
LEDs and the samples were incubated in an orbital shaker 
for 30 days, at 150 rpm of shaking and 37°C. At the end of 
the process, the samples were centrifuged for 15 minutes, 
at 5000 rpm, and filtered to obtain the cell-free liquid. All 
experiments were conducted in triplicate.

2.6. Monitoring analyses
Monitoring analyses were performed to evaluate possible 

changes in chemical and biological characteristics in the 
bioleaching process. Every 10 days, aliquots of 20 mL were 
removed from the medium, in which the bioleaching process 
was taking place, and pH — measured in an Orion automatic 
pH meter, model 310 — and cell viability — evaluated from 
serial dilution and plating to count viable cells present in 
the medium — analyses were performed.

2.7. Scanning electron microscopy
For the characterization of the LEDs after the bioleaching 

process, the samples were washed with distilled water to 
improve the visualization of the sample’s surface, due to the 
accumulation of cells that adhere to the metal surface during 
the process. Thus, after the end of the bioleaching process, 
the samples were centrifuged (500 rpm, 15 minutes). The 
supernatant was reserved for analysis and 50 mL of metal were 
added to the distilled water. This material was centrifuged again 
under the same conditions, the supernatant was discarded and 
the washing process was done two more times. Finally, the 
samples went to the stove, to dry at 60 °C for 30 minutes, and 
prepared for the readings in the Scanning Electron Microscope 
(SEM), Mira3 Tescan model, from the Graduate Program in 
Materials Science of the Federal University of Pernambuco.

3. Results and Discussion

3.1. LED characterization
Table 2 shows the qualitative chemical composition, 

found by XRF, of the LED after grinding, in which can 

be seen that the LEDs are composed of high added value 
metals. The main elements in their composition are titanium 
(Ti), silicon (Si), tin (Sn), copper (Cu), and yttrium (Y). 
In lower concentration, there are also other importante 
elements, such as gallium (Ga), silver (Ag), calcium (Ca), 
aluminum (Al), bromine (Br), lead (Pb), among others. This 
characterization is crutial to determine which elements of 
interest—valuable and critical metals—are presente in the 
LED waste, confirming the importance in using this waste. 
Many authors also observed the presence of these elements 
in characterizations performed by XRF22-24.

Figure 1 shows images of the ground LED after processing in 
a scanning electron microscopy, under different approximations. 
The structure of the metal before the bioleaching process is 
granular and the surface is even (without cracks), indicating 
that the grinding process reduced the particle size, but did 
not modify the structure of the material. Furthermore, the 
images indicate particles with variable sizes, smaller than 
300 µm. These images will be relevant when comparing 
with the same material after the bioleaching process. These 
images are relevant for comparison with the same material 
after the bioleaching process, as parameters such as particle 
size, surface presentation, and structure of the material are 
verified to identify the production of metabolites that may 
have solubilized the material throughout the process. A recent 
study by Peixoto et al.25 presents SEM images to characterize 
printed circuit board waste before a bioleaching process to 
remove copper. Waghmode et al.26 evaluated, through SEM, 
characteristics such as particle size and shape of WEEE 
before the bioleaching process. The images also showed the 
polymorphic nature of the waste under different magnifications.

Furthermore, Figure  1 shows the chemical elements 
in the grinded LED through Energy Dispersive X-Ray 
Spectroscopy (EDS). The elements seen in this fraction of 
the sample are Cu, Fe, Ti, Si, Ag, and Sn. These elements 
were also detected in the XRF analysis, confirming the 
presence of metals of interest in the LED sample used. 
Abraham et al.27 also evaluated the elements in the surface 
of the metal before the bioleaching process to confirm the 
presence of the metals of interest in the sample.

3.2. Isolation and partial identification of 
microorganisms

Identifying a microorganism as a species depends on 
the fulfillment of assigned specific characteristics, in which 
recognizing the source or origin of the organism (environment 
and location, for example) is essential. An improper performance 
of a preliminary test can confuse and harm this entire process. 
In the laboratory routine, a systematic reasoning is used, 

Table 1. Legend for interpretation of MaldTof identification results 
from isolated bacteria.

Score

2.300 – 3.000 Secure identification to 
species taxonomic level

2.000 – 2.999 Secure identification to taxonomic 
level of genus, probable species

1.700 – 1.999 Probable identification to 
genus taxonomic level

0.000 – 1.699 Unreliable identification
Source: LabMald - Microbiological Analysis Laboratory of the Institute 
of Basic Health Sciences of the Federal University of Rio Grande do Sul

Table 2. Result of the qualitative chemical composition via 
XRF of elements present in the crushed LED waste used in the 
bioleaching process.

Sample
Majority 
elements 
(>50%)

Lesser  
quantity 

(5%<x<50%)

Trace  
elements  
(<5%)

LEDs - Ti, Si, Sn, Cu, Y
Ca, Al, Ga, Pb, Zn, 
Fe, I, Bi, Ni, Sr, P, 

Cr, Mn, Br, Zr
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Figure 1. SEM images of the LED waste after processing in different magnitudes: A) 2000x; B) 1000x; C) 5000x; and D) grinded LED 
magnified 73x in EDS layer (left); graph of the sum spectrum of maps with all elements present in the LED (right).

aiming to reduce the cost and time required to release the 
report and impacting the diagnosis28,29.

Seven colonies with different morphological characteristics 
were isolated (Figure 2), then named in a sequence from 
1 to 7. Then, the following characterization processes were 
carried out: Gram Staining, which helps identify bacterial 
groups through the thickness of the cell wall, composed of 
peptideoglycan, in addition to showing the shape of the cell 
through the optical microscope; the presence of endospores 
— which are structures of the bacteria whose function is to 
provide resistance and ensure the survival of the organism in 
an inappropriate environment — in the microbial cell was also 
evaluated, as the presence of this structure in the cells indicates 
that the microorganism has a greater ability to develop in an 
environment with concentrations of LED; and, finally, the 
MaldTof analysis was carried out to identify, at the proteomic 
level, the genus and species of the isolated microorganisms.

Table 3 shows the results of Gram Staining, the shape 
of the cells, the presence of endospores, and the results of 
the bacterial identification analyses by MaldTof, as well as 
the score that represents the interpretation of the results. All 
isolated bacteria belong to the Gram-positive group. Gram-
positive bacteria employ several defense mechanisms, including 

changes in their cellular wall structure and the production 
of enzymes, which confer greater resistance in inhospitable 
environments30. These characteristics are very favorable for 
the bioleaching process, as one of the main limitations for 
the commercialization of this method of metal recovery is 
the toxicity that the elements present to microorganisms.

The morphology of the cells of all isolated microorganisms 
is bacillus, which is a rod shape. Samples 2, 3, 4, 5, and 7 
have endospores, which are structures that also contribute 
to a greater resistance of microbial cells.

The MaldTof analysis, used to identify isolated 
microorganisms, is a technique that uses software that 
determines a score according to the compatibility of the 
sample data with the microbial mass spectrum library. To 
interpret the results, we must compare the scores found for 
each sample with the reliability determined by the software. 
Table 3 shows that, at the genus level, sample 6 was securely 
identified, belonging to the Bacillus genus. However, the score 
for sample 1 is not reliable for genus and species identification. 
Regarding samples 2, 3, 4, 5, and 7, the scores suggest that 
they belong to the Bacillus genus, widely described in the 
literature for its high potential for solubilization of metals in 
electronic waste31-33. The low accuracy of the identification 



5Biotechnological Potential of Isolated Bacteria from Post-Consumer LED Lamps for Solubilization of Critical Metals

of microorganisms by this technique can be attributed to 
the fact that the Bacillus genus may present spores in its 
morphology, which would difficult the identification at a 
proteomic level. In this case, further analysis with younger 
cultures is suggested. Another factor, which may have 
limited the reliability of the identification by MaldTof, is the 
possibility of having isolated microorganisms that are not 
yet in the database. Molecular identification analysis will 
be performed later to ensure the identification.

A study by Surányi  et  al.34 used the MALD-TOF 
technique for a quick identification of 235 bacterial isolates. 
In this study, the authors were unable to identify a third of 
the isolates through this technique, even at the genus level, 
reinforcing the need to apply a second method for the bacteria 
that were not identified.

3.3. Bioleaching process and parameter monitoring
Several metabolic processes occur during the exposure 

of metal waste with microbial cells. The monitoring analyses 
point to chemical and biological transformations, which are 
occurring during the experiment, indicating the metabolic 
routes that microorganisms are using for the solubilization 
of metals. Furthermore, cell viability ensures that microbial 
cells are active and remain viable for the continuity of the test.

All experiments started with a concentration of 
107 CFU/mL, except for the control-condition, which was 
not subjected to the addition of microorganisms Figure 3 
shows the variation in the concentration of viable cells 
throughout the process. In all conditions, cell viability 
decreased over time, apart from sample 6, which showed 
an increase in cell concentration for the first 15 days of 

Figure 2. Macroscopic images of colonies of isolated microorganisms on lamp LEDs. The numbers correspond to the respective samples.

Table 3. Results of the morphological and proteonomic characterization of isolated microorganisms.

Sample Gram Morphology Endospores MaldTof Result Score

1 + Bacillus No Bacillus atrophaeus
1,64

(unreliable)

2 + Bacillus Yes Bacillus mojavensis
1,749

(probable genus)

3 + Bacillus Yes Bacillus atrophaeus
1,781

(probable genus)

4 + Bacillus Yes Bacillus subtilis
1,785

(probable genus)

5 + Bacillus Yes Bacillus mojavensis
1,851

(probable genus)

6 + Bacillus No Bacillus licheniformis
2,031

(confident for genus, 
probable species)

7 + Bacillus Yes Bacillus mojavensis
1,921

(probable genus)
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the experiment. In contrast, sample 6 showed a complete 
decrease in the concentration of viable cells in the first 10 
days of the experiment, indicating that the metals present 
in the LED were toxic to this microorganism, causing the 
death of its cells. The remaining samples remained viable 
for 20 days of the experiment, except for sample 7, which 
maintained a concentration of 103 CFU/mL until the end of 
the experiment (30 days), indicating a greater resistance of 
this microorganism to longer periods of exposure to LED.

Khezerloo et al.35 conducted a study on the bioleaching 
process of critical and valuable metals from LED television 
screens. In their work, the highest yields of indium, aluminum, 
and strontium were obtained in periods longer than 10 days. 
This result indicates that microorganisms with greater resistance 
to longer periods of time have the potential for higher yields 
of metal solubilization. They also evaluated the viability of 
cells throughout the bioleaching process of metals in the 
LEDs. In the study, the concentration of viable cells also 
reduced considerably during the process. After 30 days of 
experiment, only 125 cells of A. ferrooxidans remained viable.

Figure 4 shows the pH changes in the medium of the 
bioleaching process over the 30 days of the experiment for all 
evaluated microorganisms. The main parameter influencing the 
leachability of metals is the pH of the surrounding environment36-39. 
Relatively small changes in the pH value can cause an increase 
and a decrease in the concentration of leached substances 
by several orders of magnitude39. The graph shows a similar 
pH variation between the different samples (conditions with 
addition of microorganism) over time. The control-condition 
(without the addition of microorganism) maintained the pH 
practically stable during the 30 days of testing (5.6 – 6.2). For 
the other conditions, the pH of the medium at the beginning of 
the experiment was slightly acidic (5.8), but, after the first 5 days 
of the experiment, it increased to values between 8.7 and 8.8. 
These values were slightly reduced over time and, at the end of 
the 30 days of incubation, the pH averaged around 7.7, except 
for sample 5, which had a final pH of 8.0. These results show that 
the microorganisms may have developed alkaline metabolites 
through the process of cyanogenesis performed by cyanogenic 
bacteria16,40. The Bacillus genus is described in the literature by its 
ability to consume a carbon source and transform it into cianide, 
performing the bioleaching process in alkaline conditions41-43.

Li  et  al.16 published a study on the process of gold 
bioleaching in printed circuit board waste in an alkaline 
medium by bacteria. The results show better gold solubilization 
yields in pH ranges between 7 and 9.

3.4. Scanning electron microscopy
Scanning electron microscopy was also performed to 

examine size, shape, and structure of the LED surface after 
the bioleaching process. In Figure 5A, we see a LED sample 
in control condition; that is, the entire procedure was carried 
out without adding microorganisms, for comparative effect. 
In this image, the LED surface does now show significant 
cracks or changes when compared to the initial sample before 
the bioleaching process (Figure 1). This result indicates that, 
even with the 30 days of the experiment, the absence of the 
microorganism did not cause any effects in the morphology of 
the metal. However, in Figure 5B, in which sample 5 can be seen, 
there are significant changes in particle size when compared to 
the control sample (Figure 5A). Furthermore, many particles 
have different shapes, confirming this process of degradation of 
the metal. This result indicates that the microorganisms during 
the bioleaching process released metabolites that solubilized 
the metal. In Figure 5B, sample 7 is shown, in which particles 
with many cracks, compared to the control sample, are seen: 
the metal has a decreased size and a more fragile appearance, 
indicating, once more, that leaching metabolites were produced 
during the incubation time of the samples.

Pourhossein and Mousavi44 carried out a study regarding 
the bioleaching process of copper, nickel, and gallium in 
LED lamps waste. Scanning electron microscopy was used to 
confirm the bioleaching process. The authors confirmed that 
the reduction in size and change in the shape of the particles 
are parameters to evaluate metal degradation. Arshadi et al.45 
investigated copper and nickel bioleaching from each bacteria. 
In this study, the samples of scanning electron microscopy also 
revealed metal degradation after the process. Abraham et al.27 
evaluated the bioleaching of metals in WEEEs by Bacillus 
liqueniforms. In this study, the scanning electron microscopy 
evaluated the appearance of crack in the metal surface during the 
incubation period, also confirming the process of solubilization 
of the metals by this parameter. Pourhossein et al.46 evaluated, 

Figure 3. Cell viability of microorganisms throughout the bioleaching process.
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Figure 4. Evaluation of the pH during the bioleaching process for the different isolated microorganisms.

Figure 5. Scanning electron microscopy images: A) LED after incubation without the addition of microorganism; B) LED after bioleaching 
process with sample 5; and C) LED after bioleaching process with sample 7.

through SEM, changes in the morphology of the WEEE used 
after the bioleaching by bacteria process. According to the 
authors, the changes in the metal from the leachates produced 
by the microorganism in the process are a parameter that 
indicates solubilization of the metals.

4. Conclusions
The characterizations prove the presence of critical and 

valuable elements in the LED, which makes this WEEE a 
product of high added value due to the presence of metals 
that are important for the productive chain of many sectors 
of the industry. The isolated microorganisms were partially 
identified as from the Bacillus genus, according to the applied 
techniques. The monitoring analyses carried out during the 
bioleaching process demonstrate that microorganisms 5 and 
7 stood out in their resistance to metals in the LED, as well 
as in the production of metabolites that were responsible for 
the solubilization of metals, in alkaline medium, through the 
process of cyanogenesis. The SEM images of the residual 
metals from samples 5 and 7 showed reductions and changes 

in the particles’ shapes, as well as significant cracks in the 
waste, which indicates the production of microbial metabolites 
that promoted the solubilization of the metal. In this sense, 
the isolated microorganisms of the post-consumer lamp LEDs 
submitted to the bioleaching process showed biotechnological 
potential for application in the solubilization of critical and 
valuable metals in LED WEEE. This study is innovative in 
the isolation of microorganisms from this WEEE for the 
application in the bioleaching process, seeking a sustainable 
approach for the solubilization of high added value metals. 
Thus, it allows the later recovery of these metals, in order 
to insert them in the productive chain, using a tool that is 
more sustainable when compared to hydroleaching methods, 
which use synthetic acid and alkaline solutions that generate 
and significant impacts to the environment.
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