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This study aims to optimize zinc recovery from sulfide mineral flotation in the province
of Oy, Peru, by integrating detailed mineralogical characterization with a rigorous
experimental design. Optical microscopy and TIMA electron microscopy identified
marmatitic sphalerites with 17.24% distribution and 99.51% free species, along with
gangue minerals such as epidote, garnet, and quartz. A three-factor experimental design
evaluated ZnSOs, NaCN dosage, and flotation pH to minimize zinc displacement during
Pb-Cu bulk flotation, achieving a minimum Zn displacement of 5.14% with a 1.24%
grade. Zn flotation tests optimized CuSOs and Xanthate Z-11 dosages, resulting in a zinc
recovery of 97.61% and a concentrate grade of 48.06%. This comprehensive approach
demonstrates significant improvements in zinc recovery and offers a replicable
methodology for other mining regions with complex mineralogies, contributing to more
sustainable and efficient mining practices.

1. INTRODUCTION

Mineral recovery in the mining industry is a global
challenge [1, 2], especially in the extraction of metals such as
zine, which is crucial for various industrial applications from
galvanization to alloy manufacturing. According to the United
States Geological Survey, global zinc production in 2021 was
approximately 13 million tons, with China, Peru and Australia
being the main producers [3, 4]. The growing demand for zinc,
driven by its use in corrosion protection and the automotive
industry, has intensified the need to optimize recovery
processes to ensure a continuous and efficient supply [5-7].
This demand is expected to continue to increase due to the
growth of the electric vehicle industry, where zinc is an
essential component in batteries and other electronic devices
[7].

Zinc recovery methods have evolved significantly in recent
decades, but still face significant technical challenges [8-10].
Traditional flotation methods have been complemented by
advanced biohydrometallurgy and leaching techniques;
however, the efficiency of these methods can be affected by
variability in the mineralogy of the deposits and the specific
conditions of each mine [11, 12]. Although zinc recovery by
flotation has been widely studied, previous research has not
comprehensively addressed the complex interactions between
different minerals present in geometallurgically complex
deposits such as those in the Oyo6n Province. Studies such as
those by Jia et al. [7] have highlighted the influence of sulfide
species in inhibiting selective zinc flotation, but have not
offered solutions that address mineralogical variability. This

1665

study builds on this background and seeks to close these gaps
by implementing advanced mineralogical characterization
techniques and a robust experimental design that optimizes
zinc recovery under specific local conditions.

For example, a study conducted by Chandra and Gerson
[13] highlighted how zinc activation in the presence of pyrite
and other sulfide minerals can inhibit selective zinc flotation
due to complex galvanic interactions that are not always
predictable and require precise control of the chemical
environment.

Peru is the second largest producer of zinc in the world, with
an annual production exceeding 1.4 million tons, contributing
significantly to the country's economy [14-16]. Zinc mining in
Peru is a vital industry, with regions such as Ancash, Pasco
and Lima playing crucial roles in the extraction of this metal
[17]. However, the industry faces significant challenges
related to the efficiency of recovery processes and
environmental sustainability. The sulfide mineral deposits in
these regions present a geological complexity that makes
effective zinc recovery difficult, underlining the need for
advanced research to improve processing techniques [17]. In
particular, the presence of gangue minerals such as pyrite,
which compete with sphalerite (main zinc mineral) for
flotation reagents, represents a significant challenge for
concentrator plants.

In the province of Oyodn, located in the Lima region, the
extraction of sulfide minerals is a key economic activity. The
deposits in Oy6n contain valuable species such as sphalerite,
marmatite, galena, and traces of gold and electrum. However,
zinc recovery in these deposits faces obstacles due to
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mineralogical complexity and the presence of gangue species
that interfere with the flotation process. Previous studies have
shown that variability in mineralogical composition and
suboptimal operating conditions can lead to suboptimal zinc
recovery, negatively affecting the profitability and
sustainability of mining operations [18]. Furthermore, the
mountainous geography and extreme climatic conditions of
the region can influence the effectiveness of processing
techniques, making it essential to develop strategies adapted
to these local conditions.

Despite advances in flotation techniques and mineralogical
characterization, significant knowledge gaps remain that limit
the efficiency of zinc recovery. One of the main challenges is
the selective activation of sphalerite in the presence of pyrite
and other sulfide minerals. Galvanic interaction between these
minerals can inhibit selective zinc flotation, a problem that has
been documented but not fully resolved [13]. Variability in
mineralogical composition, particularly the presence of
marmatite, a high-iron variant of sphalerite, can further
complicate the flotation process due to their different surface
properties and chemical reactivity.

Furthermore, accurate dosing of reagents such as ZnSO. and
NaCN remains an area with room for improvement, as
incorrect dosing can result in significant zinc losses and
increased operating costs [19]. Optimization of these reagents
is critical to maximizing zinc recovery and minimizing
economic losses. Other studies have shown that flotation pulp
pH is a critical factor affecting zinc recovery. However, the
interaction of multiple operational variables and their
combined impact on process efficiency has not been fully
explored. This study addresses these knowledge gaps through
a comprehensive approach that combines advanced
mineralogical characterization techniques and rigorous
experimental design to optimize flotation conditions [8].

Regarding this topic, there is little research that has
comprehensively addressed the optimization of zinc recovery
in sulfide minerals, which makes it a particularly relevant and
interesting field of study. Although there are some previous
studies that have explored various methodologies and
techniques to improve zinc recovery, there are still important
gaps in knowledge and areas with considerable potential for
improvement.

According to the study by Wu et al. [20] aimed to optimize
zinc recovery in the flotation of sulfide minerals by removing
surface oxidation products, which reduce mineral
hydrophobicity and hinder selective collector adsorption. To
achieve this, mechanical (sonication and quartz attrition) and
chemical (pH adjustment and use of complexing agents)
methods were applied on various sulfide minerals. The
effectiveness of these treatments was evaluated by correlating
the amount of oxidation products removed with flotation
results. "Cleaning" methods proved to be effective and
selective, improving mineral hydrophobicity and collector
adsorption, resulting in increased flotation efficiency.
However, this study does not address zinc recovery
optimization under complex geometallurgical conditions such
as those at Oyon, Peru. This investigation will integrate
advanced mineralogical characterization with a robust
experimental design to optimize flotation conditions and
maximize zinc recovery, addressing the mineralogical
variability and specific conditions of the Oydn deposits.

On the other hand, there is the research carried out by Clarke
et al. [21], the objective of this research was to optimize zinc
recovery from sulfide ores by removing toxic heavy metals
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using potassium permanganate (KMnOa). Using Aspen Plus
software and the Taguchi method, a new configuration was
evaluated where KMnOy is produced from cobalt purification
sludge with MnO,, and H,SO, is obtained from sulfur
compounds released during ore leaching. The Taguchi
experimental design determined optimal conditions, which
were used for simulation and sensitivity analysis of the
process. These conditions included a H>SO4 concentration of
70 g/L, temperature of 90°C, stirring speed of 200 rpm,
reaction time of 1.5 hours, particle size of 500 pm, solid-liquid
ratio of 1:2, 40% additive by weight and oxygen pressure of
1.5 MPa. The results showed that the conversion of sulfide
gases to H,SOs, KMnO, recovery, and toxic heavy metal
removal reached 98%, 91%, and 99% respectively. However,
their research does not address specific optimization for zinc
recovery under the complex geometallurgical conditions of
Oy, Peru, which will be the focus of this research.

Likewise, there is a study carried out by Dominy et al. [22],
where the objective of this investigation was to optimize zinc
recovery in sulfide minerals by applying advanced oxidation
processes (AOP) based on metal sulfides, known for their
catalytic performance and stability. Aspen Plus software and
the Taguchi method were used to evaluate a new configuration
that uses potassium permanganate (KMnQOg) obtained from
cobalt purification sludge and sulfuric acid (H.SO.) generated
from sulfur gases released in leaching. Optimal operating
conditions were established using the Taguchi experimental
design and simulations and sensitivity analyses were
performed. The results showed that under optimized
conditions (70 g/L H2SO., 90°C, 200 rpm, 1.5 hours, 500 pm
particle size, 1:2 solid-liquid ratio, 40% additive by weight,
and 1.5 MPa oxygen pressure), the conversion of sulfide gases
to H2S04, KMnO4 recovery, and toxic heavy metal removal
were 98%, 91%, and 99% respectively. However, this research
does not address the specific integration of metal sulfide-based
AOPs for zinc recovery in complex geometallurgical contexts,
which will be the main focus of my research, seeking to
improve the efficiency and sustainability of zinc recovery in
Oy, Peru.

The main objective of this study is to optimize zinc recovery
from sulfide mineral deposits in the province of Oyon by
implementing an experimental design that evaluates reagent
dosage and pH of the flotation pulp. Using advanced optical
and electron  microscopy techniques, a detailed
characterization of the mineral species present will be
performed, allowing for the design of more efficient and
sustainable processing strategies. This approach not only
considers the individual properties of the minerals, but also
their complex interactions and how this affect flotation
efficiency.

Compared to previous research, this study not only focuses
on the optimization of individual variables, but also considers
the complex interactions between different operational factors.
In addition, advanced statistical analysis techniques will be
implemented to identify optimal flotation conditions, thereby
improving zinc recovery and concentrate quality. This
comprehensive approach not only optimizes the metallurgical
process, but also contributes to the socio-economic
development of the mining communities involved, promoting
sustainable and efficient practices.

The relevance of this study lies in its potential to
significantly improve the efficiency and sustainability of zinc
recovery in the province of Oydén. By addressing existing
knowledge gaps and applying a comprehensive optimization



approach, this research will not only benefit the local mining
industry, but will also offer a replicable model for other
regions with similar deposits. The results of this study will
contribute to the development of more efficient and
sustainable mining practices, supporting the Peruvian
economy and protecting the environment.

This study differs from previous work by integrating a
detailed analysis of the geometallurgical characterization with
a robust experimental design that considers the interactions
between multiple operational variables. Research such as that
of Chen et al. [18], they have highlighted the importance of
mineralogical characterization, but have not fully addressed
how these characteristics can be integrated into a flotation
optimization model. This study also considers long-term
sustainability, assessing not only zinc recovery but also the
environmental impact and economic viability of the proposed
practices.

Unlike previous research, which has explored zinc sulfide
mineral flotation more generally, this study is distinguished by
its comprehensive focus on optimization under complex
geometallurgical conditions, particularly in deposits in the
Oyén Province. The integration of advanced optical
microscopy and TIMA electron microscopy, combined with a
multifactorial experimental design, represents a novel
contribution to the field. Furthermore, the use of predictive
modeling and statistical optimization allows for greater
precision in the control of operational variables, significantly
improving the efficiency and sustainability of zinc recovery.

2. MATERIALS AND METHODS

Optimizing zinc recovery in the flotation process of sulfide
minerals in the Oyoén Province, Peru, is crucial due to the
geological complexity and economic importance of these
deposits. Detailed mineral characterization and optimization
of flotation conditions are critical to maximize zinc recovery
and improve process efficiency. To achieve this, advanced
mineralogical characterization techniques and rigorous
experimental designs will be implemented to accurately
replicate the study. The procedures and rationale for each stage
of the study are described in detail below.

2.1 Mechanical preparation of the head ore

2.1.1 Sampling and size reduction

The first step in optimizing the flotation process is proper
preparation of the head ore. The collected ore was reduced to
a particle size of 100% -10 mesh using a “5>6” laboratory jaw
crusher and a 21.5 cm cone crusher. This size reduction
process is essential because it allows the mineral particles to
be released from the gangue, thus improving efficiency in
subsequent processing stages. Size reduction facilitates the
exposure of valuable minerals, allowing their effective
separation. The Bond equation for specific comminution
energy is used to estimate the energy required for size
reduction:

E = 10W; ! !
S Fao

Pgg
where, E is the specific energy (kWh/ton), I; is the Bond work
index (kWh/ton), Ps is the particle size in the product (um)
and Fy is the particle size in the feed (um) [5].

(1)

1667

The crushed ore was then quartered to obtain a
representative sample, which is crucial to avoid bias and
ensure that the analyses are accurate and reproducible [18].

2.1.2 Optical and electron microscopy

For a detailed mineralogical characterization, a
representative sample of 1000 g of ore was taken from the head,
which was reduced in size in a laboratory ball mill with 14 kg
of grinding charge and 500 ml of Hz0, reaching a particle size
of 70.53% -200 mesh in 10 minutes of grinding. Additional
size reduction is necessary to ensure that the particles are
sufficiently liberated for accurate characterization. The ground
sample was dried in an oven at 120°C for 2 hours. A subsample
of approximately 20 g was mixed with epoxy resin to prepare
a briquette, which after being properly polished, was observed
by polarizing light optical microscopy. This method allows the
identification of the mineral species present and their textures,
but does not provide complete information on the composition
of the gangues. For this reason, a ground mineral sample was
sent to an electron microscopy laboratory to determine the
composition of the gangues with greater precision [23]. The
combination of these techniques provides a comprehensive
mineralogical characterization, essential for designing
efficient flotation processes [8].

2.1.3 Chemical analysis

To determine the ore grades of the minerals of interest, a
representative sample of the head ore was sent to a laboratory.
The grades of Pb, Cu and Zn were determined by the wet
method, while those of Au and Ag were analyzed by the dry
method. Chemical analysis is essential to know the elemental
composition of the mineral, which guides the selection and
adjustment of reagents in the flotation process. This analysis
provides the necessary data to evaluate the economic viability
of the deposit and design appropriate processing strategies [2,
22].

The chemical analysis was carried out using inductively
coupled plasma optical emission spectrometry (ICP-OES) for
Pb, Cu, and Zn grades, while fire assay was used for Au and
Ag content. The equipment used for the ICP analysis was a
PerkinElmer Optima 8000, and the results were validated with
certified reference materials to ensure accuracy. The detection
limits for each element were set at 0.01% for Pb, Cu, and Zn,
and 0.1 g/t for Au and Ag.

2.2 Standard bulk flotation of Pb-Cu

2.2.1 Exploratory flotation test

An exploratory flotation test was performed to separate Pb
and Cu minerals, depressing Zn minerals in a first stage. 1000
g of ore ground to a P80 of 200 p was used in a laboratory
Denver flotation cell. The tests were carried out at a pulp pH
of 8.5, using Zn and Fe depressants (ZnSO4 and NaCN), Pb-
Cu collector (AR-3418) and frother (MIBC). Flotation is a
separation technique based on differences in mineral surface
properties. Adjusting the pH and using specific depressants
allows the valuable minerals to be separated from the gangue
efficiently [2].

Zinc sulfate (ZnSO4) and sodium cyanide (NaCN) were
selected as depressants for zinc and iron sulfides based on their
proven effectiveness in minimizing zinc flotation in bulk Pb-
Cu concentrate [19]. Similarly, the collector AR-3418 was
chosen due to its selectivity for galena and chalcopyrite over
sphalerite, as demonstrated in previous pilot studies. These



initial tests help to understand the behavior of the ore under
different conditions, which is crucial to adjust the operating
parameters and maximize the recovery of Pb and Cu while
depressing Zn.

2.3 Standard Zn flotation

2.3.1 Zn mineral flotation

After the bulk Pb-Cu flotation stage, Zn mineral flotation
was performed. Lime was added to adjust the pulp pH to 11,
thus avoiding pyrite flotation. CuSO4 was used as an activator
and Xanthate Z-11 as a collector, together with MIBC as a
frother. The test parameters were based on standard
procedures used in the processing of sulfide minerals in the
small-scale miners of the Oyon district. Adjusting the pH and
adding specific activators and collectors is essential for
selective zinc flotation. High pH suppresses pyrite flotation,
while CuSOs activates sphalerite, and Xanthate Z-11 improves
the hydrophobicity of zinc particles, facilitating their
separation [10].

2.4 Evaluation of zinc displacement in bulk Pb-Cu
flotation

2.4.1 Factorial experimental design

To monitor the displacement of Zn minerals during bulk Pb-
Cu flotation, a 3-factor, 2-level, 2-replicate factorial
experiment was designed using Minitab 19 statistical software.
The factors evaluated were pulp alkalinity (pH), ZnSO4 and
NaCN dosage. 1000 g of ground sample at a P80 of 150 p and
a Denver flotation cell with 35% pulp solids were used.
Factorial experimental designs allow the evaluation of the
effect of multiple variables and their interactions on the
flotation process, optimizing operating conditions to minimize
zinc displacement in the Pb-Cu concentrate. The use of
statistical software facilitates efficient and accurate analysis of
the data obtained, providing a solid basis for decision making.

2.5 Experimental designs for zinc flotation

2.5.1 Zn flotation tests

Based on the best results of the Bulk Pb-Cu flotation, Zn
flotation tests were developed to evaluate the contribution of
the reagents Z-11 and MIBC. Factorial experimental designs
of 2 factors, 2 levels and 2 replicas were used, developed in
the Minitab 19 software. The evaluation of different reagents
and their combinations through factorial designs allows to
identify the optimal conditions for zinc flotation, improving
the recovery and quality of the concentrate [3]. This approach
ensures efficient optimization of process parameters,

maximizing separation efficiency and reducing operating costs.

2.6 Zn recovery optimization

2.6.1 Optimization of flotation parameters

To optimize the flotation parameters, the response optimizer
of the Minitab 19 statistical software was used. This process
adjusts the operating conditions to maximize the recovery and
quality of zinc in the concentrate. Optimization using
statistical software identifies the best operating conditions,
which allows maximizing the efficiency of the flotation
process, reducing costs and improving the quality of the final
product. This tool facilitates decisions based on quantitative
data, increasing the reproducibility and reliability of the study.
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3. RESULTS
3.1 Optical microscopy of the head mineral

Modal analysis of a representative sample of head ore was
carried out at a granulometry of 75% - 200 mesh, using a
polarizing light optical microscope, identifying copper species
such as chalcopyrite with a distribution of 5.37%, and 97.27%
release, Zn species such as sphalerite with a volume of 17.24%,
and 99.51% free species, Pb species such as galena with a
distribution of 7.41% and 97.73% free species, in addition
traces of gold and electrum were observed, species considered
to be of economic value, and are represented in Table 1.

Table 1. Species identified with optical microscopy

Minerals  Percentage Volume (%) Release Rate (%)
Chalcopyrite 5.37 97.27
Bornite 0.48 78.26
Pyrite 15.32 98.08
Pyrrhotite 1.24 84.75
Sphalerite 17.24 99.51
Galena 7.41 97.73
Gold Trazas 0.00
Electrum Trazas 0.00
Hematite 0.58 82.14
Goethite 0.41 31.58
Gangas 51.95 98.67
Total 100.00
Volumetric distribution of free species
— 51.95
0.41
0.58
2 0%
= 0.
g 7.41
L 17.24
E 1.2
15.32
0.48
5.37
0.00 20.00 40.00 60.00 80.00 100.00

Percentage volume (%)

BGGs mgt mhin mel mAu mgn mef mpo Mpy Wbn mcp

Figure 1. Volumetric distribution of mineralogical species

Table 1 and Figure 1 show the volumetric distribution of the
mineral species, which showed that gangues were found
occupying a volume of 51.95%, a value that corresponds to
just over half of the volume of the sample. In addition, iron
sulfides such as pyrite and pyrrhotite could be observed with
distributions of 15.32% and 1.24%, respectively.

The results from optical microscopy and TIMA electron
microscopy show a strong consistency in identifying the main
mineral species present in the ore, particularly with regards to
sphalerite, chalcopyrite, and pyrite. Optical microscopy
revealed a sphalerite distribution of 17.24% with 99.51% free
species, which was closely matched by the TIMA analysis,
where sphalerite/marmatite was recorded at 15.21% with
99.69% free species. Similarly, chalcopyrite was detected in
both methods with a distribution of 5.37% (optical microscopy)
and 4.98% (TIMA), reinforcing the reliability of these findings.
However, the TIMA analysis provided additional insights into
gangue mineral composition, identifying quartz (9.56%),
muscovite (0.18%), and epidote (0.28%), which were either



not detected or less clearly differentiated by optical
microscopy. This complementary relationship between both
techniques enhances the overall understanding of the
mineralogical ~composition, confirming that TIMA
microscopy can offer a more detailed characterization of
gangue minerals and their textural relationships, while optical
microscopy provides essential information on the liberation
and interlocking of economic minerals.

3.2 Interlocking of minerals

In the modal analysis, 5365 free particles and 98 entangled
particles were counted, 18 entangled particles of gn-ef-py were
observed, occupying a volume of 0.38%, and different types
of entanglement, as shown in Table 1 and in the pie chart in
Figure 1. Also, the main micrographs are represented in Figure
2 and Figure 3 as well as in Table 2.

Table 2. Distribution and release of entanglements

Interlocking Minerals Interlocking Type Number of Particles Distribution Percentage (%) Chances of Complete Release

Free particles 5365 97.94
1blV 5 0.09 Moderately easy
py-po lalll 9 0.21 Easy
4all 3 0.06 Very difficult
cp-bn 1blVvV 4 0.07 Moderately easy
lelll 8 0.18 Very difficult to impossible
1blV 3 0.04 Moderately easy
Au-GGs 4pll1 6 0.15 Moderately difficult
1alll 4 0.07 Easy
gn-py-ef 1blV 6 0.16 Moderately easy
4all 5 0.09 Very difficult
2all 3 0.06 Very difficult to impossible
1blV 3 0.06 Moderately easy
lelll 2 0.04 Very difficult to impossible
el-gt-GGs 4all 5 0.10 Very difficult
lelll 8 0.18 Very difficult to impossible
4blll 4 0.08 Moderately difficult
4all 6 0.13 Very difficult
gt-hm-GGs lelll 3 0.06 Very difficult to impossible
2bl 7 0.15 Very difficult
lelV 4 0.08 Very difficult to impossible
Total 5463 100.00

Entanglements of the species found

Mpy-po Wcp-bn WAu-GGs Won-py-ef mel-pt-GGs ™ pt-hm-GGs

Figure 2. Total distribution of interlaced species



Figure 3. Micrograph with presence of cp, gn, hm, gt and GGs (left), micrograph with presence of py, gn, ef and GGs (middle),
micrograph with presence of cp, ef and GGs (right)

Table 3. Species identified with TIMA electron microscopy

Mineral General Formula Composition
Sphalerite/marmatite Zno.gzs Feoars S 15.21
Galena PbS 6.02
Chalcopyrite CuFeS: 4.98
Bornite CusFeSs 0.76
Pyrite/pyrrhotite FeSz / Fe1xSx 14.83
Other sulfides - 0.58
Gold Au 0.01
Electrum - 0.02
Epidote (Caz)(Al2Fe®*)(Si207)(Si04)O(OH) 0.28
Garnet (Ca,Fe,Mg,Mn)3(Al,Fe,Mn,Cr,Ti,V)2(SiOa)3 0.31
Quartz SiO2 9.56
Muscovite KAI2(AlSi3010)(OH)2 0.18
Chlorite (Mg,Fe)sAl(SisAl)O10(OH)s 0.11
Biotite K(Mg,Fe)3(AlSizO10(OH,F)2) 0.08
Hematite Fe20s 0.45
Goethite FeO.H 0.26
Siderite FeCOs 0.02
Smithsonite ZnCOs 0.09
Cerussite PbCOs 0.12
Anglesite PbSO4 0.04
Rutile TiO2 0.12
Calcite CaCOs 0.26
Other - 45.71
Total 100.00
3.3 Interlocking of minerals in Table 4.

A representative sample of polymetallic mineral was
observed under the Tima electron microscope, in order to
identify and classify the species of economic value and waste,
by size, composition, and texture. Table 3 represents the total
number of species identified by the electron microscope.

3.3.1 Zinc mineral species and their mineralogical ties

Table 4. Species identified with electron microscopy — Zn

Zn Ore Com;();))smon Percentage Distribution (%0)
Sphalerite /
Marmatite 9.54 99.69
Smithsonite 0.03 0.31
Total 9.57 100.00

The largest contribution of Zn corresponded to marmatitic
sphalerites with a distribution value of 99.69% of the total Zn
species. In addition, oxidized Zn species such as Smithsonite
could be identified, with a distribution of 0.31%, as observed
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1. Degrees of liberation of marmatitic sphalerites
A liberation degree of 70.09% was determined for the
marmatitic sphalerites, in addition, 25.77% was observed
forming bonds and 4.41% was identified as occluded in
another mineral species. Table 5 describes the analysis of the
liberation degrees by size, and Figure 4 represents comparative
Sphalerite/marmatite release

bar graphs of the liberation degrees by size.
60
40
20
0

==130 >=35<53  ==20<35 <20

Ocluido

Figure 4. Representation of the percentage of liberation —
sphalerite/marmatite

Percentage in mass (%)

==75<130
1 Libre

S=53 <75
Medio



Table 5. Volumetric distribution according to its granulometry

. . Size [pm] Total
Release of Sphalerite/Marmatite S 130 >=75<130 >=53<75 >=35<53 S=20<35 <20 (%)
Free 71.16 70.78 71.55 72.69 67.78 65.59 70.09
Middle 19.10 23.49 24.69 25.55 30.37 3441 25.77
Occluded 9.74 5.72 3.77 1.76 1.85 0.01 414
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

2. Mineralogical assemblages of sphalerite

Sphalerite was observed forming groupings with pyrite,
calcite and quartz, with distribution values of 5.32%, 9.60%
and 4.28%, respectively. Other complex assemblages
representing 2.05% of the sample volume were also identified,
as shown in Table 6 and Figure 5.

Table 6. Zn mineral associations

Zn Mineral Composition Percentage
Associations (9) Distribution (%)
Sphalerite/marmatite 13.43 70.09
Sphalerite/marmatite:
Pyrite 1.02 5.32
Sphalente/marmatlte: 184 960
Calcite
Sphalerite/marmatite: 082 4.28
Quartz
Other associations 2.05 10.70
Total 19.16 100.00
Free Medium OCC\Udeb‘.
RAJUNE yaes
L] s
B A il an 3
)¢ ReoXyvh n
N A el \,

L}
"
.

Figure 5. Particles according to their release - Zn
3.4 Chemical analysis of the head ore

A representative sample of the sulfide ore batch was

assayed using volumetric methods to determine the grades of
Pb, Zn and Cu, while for Au and Ag, the dry method was used.
The results of the chemical analysis are described in Table 7.

Table 7. Zn mineral associations

Element Pb (%) Zn (%) Cu (%) Ag(0z/TC) Au (g/TM)
Worth 5.07 6.37 154 3.47 1.23

3.5 Standard flotation process

3.5.1 Standard bulk flotation of Pb-Cu

The beneficiation of polymetallic sulfide minerals in the
province of Oy6n is carried out through the flotation process
in stockpile plants, which is carried out in a first stage of bulk
flotation of Pb-Cu, depressing the Zn sulfides. The standard
conditions of the first stage of bulk flotation of Pb-Cu are
detailed in Table 8, and the metallurgical balance in Table 9
represents the results of the replication of the process at
laboratory level, demonstrating a displacement of 13.53% of
Zn, with a grade of 6.54% in the Pb-Cu bulk concentrate.

Table 8. Operating conditions of Pb-Cu flotation

Parameter Worth
Weight 1200 g
pH 8.5
Granulometry 200
ZnSO4 120 g/TM
NaCN 40 g/TM
Depressor conditioning 5 min
AR-3418 309/T™M
MIBC 15 g/TM
Collector conditioning 5 min
Floatation time 8 min

Table 9. Metallurgical balance of standard Pb-Cu flotation

. Weidh % . Law Metal Recovery (%) R
omponents eight . P Zn Cu A Au atio
P 9 \weight o6 o) ) (oygq @ty PP Zn Cu Ag Au Pb  Zn Cu Ag Au
Head 1200 100.00
Bulk Pb-Cu 15264 1272 3004 654 1194 2144 601 36211 8319 15188 27272 7645 7370 1353 6547 7040 5339 .
Medium Pb-Cu 30147 2512  3.67 156 257 1.1 043 9220 3919 6456 27.63 1080 1778 638 2783 713 754
Tailings 74589 6216 071  7.92 025 1.4 0.9 4413 49229 1554  87.02 5594 851 80.09 670  22.46  39.07
Head Calculated 518 614 232 3.87 1.43

3.5.2 Standard Zn flotation

The tailings from the bulk Pb-Cu flotation were fed to the
standard Zn flotation circuit, for which they were conditioned
with CuSO4 (5%) activating reagent at a pH of 11. The
operating conditions for the standard Zn flotation are
described in Table 10, and the results of the laboratory tests
demonstrated a recovery of 96.35% of Zn with a quality of
42.74%, as represented in the metallurgical balance in Table
11.
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3.6 Evaluation of zinc displacement in bulk Pb-Cu
flotation

Based on the mineralogy, bulk Pb-Cu flotation tests were
developed in order to evaluate the influence of the depressing
reagents ZnSO4 (5%) and NaCN (1%), in addition to the pH
of the pulp, keeping the other operating variables constant (see
Table 12), to minimize the displacement of Zn sulfides in the
bulk Pb-Cu concentrate. Table 12 shows an experimental
arrangement of 3 factors, two levels, and two replicas, whose



best test corresponds to the one of order N°7, reaching a
recovery of 95.71% of Pb, 94.34% of Cu, and 79.29% of Ag.
Likewise, a minimum displacement of zinc was achieved in
the bulk concentrate, with a recovery value of 5.14% of Zn in
the bulk, and a quality of 1.24%, for which 120 g/TM of
ZnS04, 60 g/TM of NaCN were dosed, at a pH of 9.

The minimum and maximum values of the variables are
described in Table 13. In addition, the factorial experimental
design of metallurgical tests.

Table 10. Operating conditions of Zn flotation

Parameter Worth
Weight 1000 g
pH 11
Granulometry 170 p
CuSOs4 120 g/TM
Conditioning of depressant 10 minutos
Z-11 60 g/TM
MIBC 209/TM
Conditioning of collectors 5 minutos
Floatation time 10 minutos

3.6.1 Analysis of variance for zinc displacement in bulk Pb-
Cu flotation

The ANOVA for the displacement of Zn in the bulk
concentrate showed that the flotation pH was a determining
factor in controlling the displacement, with a contribution

value of 72.59%, as well as ZnSO4 and double and triple
interactions being determining factors in controlling the
displacement of zinc in the Pb-Cu bulk. The ANOVA results
are shown in Figure 6, which represents the normal graph of
standardized effects, and the level of significance of the
variables studied, in controlling the displacement of Zn in the
Pb-Cu concentrate.

Normal graph of standardized effects
(the answer is rec. Zn(%); a = 0.05)
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Figure 6. Standardized effects graph — Zn recovery in Pb-Cu
bulk flotation

Table 11. Metallurgical balance of standard Zn flotation

A % Law Metal Recovery (%)
mponents  Wei . Rati
Components  Weight ;1 (E’/E) (E/L‘) ((O:A:’) (OZA/.ng) (g/érliw) Pb zn Cu Ag Au Pb zZn Cu Ag Au a0
Head 1000  100.00
Bulk Pb-Cu 17143 1714 097 4274 1.03 2.45 271 16.63 732.69 17.66 42.00 46.46 37.07 8850 81.84 36.74 63.45 583
Medium Pb-Cu  224.89 2249 045 289 0.04 0.8 0.17 1012 6499 090 1799 382 2256 785 417 1574 522 '
Tailings 60368 6037 03 05 0.05 0.9 0.38  18.11 30.18 3.02 5433 2294 4037 365 1399 47,52 31.33
Head Calculated 0.44 827 0.21 1.14 0.73

Table 12. 3-factor, 2-level, 2-replicate factorial design for bulk Pb-Cu flotation

Order

Rec. Au(%)

Est ZnSOq NaCN pH Rec. Pb(%) Rec. Cu(%o) Rec. Zn(%) Rec. Ag(%o)

1 120 30 7 65.65 71.47 19.03 76.63 64.53
2 240 30 7 73.65 88.18 11.3 68.77 62.62
3 120 60 7 76.2 79.09 14.38 73.27 66.8

4 240 60 7 83.21 80.94 12.88 69.45 64.34
5 120 30 9 89.86 92.99 8.08 74.62 68.33
6 240 30 9 90.07 93.34 8.73 74.82 67.96
7 120 60 9 95.71 94.34 5.14 79.29 77.89
8 240 60 9 90.6 92.62 8.74 72.99 70.66
9 120 30 7 67.91 71.52 20.21 74.22 63.93
10 240 30 7 73.07 87.95 12.63 67.45 62.31
11 120 60 7 77.64 76.88 16.35 74.73 67.36
12 240 60 7 82.28 79.63 13.2 69.53 68.2

13 120 30 9 90.73 92.37 8.54 73.99 70.55
14 240 30 9 90.48 92.65 10.59 74.1 65.25
15 120 60 9 95.35 93.81 5.88 77.4 76.55
16 240 60 9 91.26 93.94 8.75 76.17 69.41

3.6.2 Experimental designs for zinc flotation

To evaluate the Zn flotation, the parameters of the bulk Pb-
Cu flotation test No. 7 were taken into account, in order to
prepare a representative sample to evaluate the recovery and
quality of Zn, for which, the reagent dosage variables CuSO4
(5%) and Z-11 (1%) were evaluated under the minimum and

maximum parameters, 150 to 300 for CuSO4 (5%) and 40 to
80 for Z-11 (1%). Table 13 details the 2-level, 2-factor, and 2-
replica factorial experimental design template, and their
respective response variables, showing that the best results
achieved a recovery of 97.61% of Zn with a quality of 48.06%,
dosing 300 g/TM of CuSO4 (5%), and 40 g/TM of Z-11 (1%).
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Table 13. 2-factor, 2-level, 2-replicate factorial design for

Zn flotation
Order Pt Rec. Zn Law Zn
Run  Central Blocks CuSOs; Z-11 (%) (%)
1 1 1 150 40 85.35 37.74
2 1 1 300 40 97.22 47.13
3 1 1 150 80 92.75 40.17
4 1 1 300 80 93.19 43.13
5 1 1 150 40 85.23 38.09
6 1 1 300 40 97.61 48.06
7 1 1 150 80 92.57 39.94
8 1 1 300 80 92.95 38.02

1. Analysis of variance for zinc recovery

The analysis of variance for Zn recovery showed that the
CuSOs4 dosage variable (5%) contributed 51.72%, and the
interaction of the reagents used contributed 45.18% to the
recovery variable. As a result of the analysis of the Zn recovery
data, the model that predicts this response variable is presented,
which presented a predictive correlation coefficient of 99.66%.

Rec. Zn(%) = 54.082 + 0.15894(CuSOy) + 0.4771(Z-
11) - 0.001953(CuSO4*Z-11)

The charts in Figure 7 and Figure 8 graphically represent
the standardized effects of the variables studied, with a
reliability of 95%, which shows that the variables studied and
their interactions are determining factors in determining the
response variable.

Pareto diagram of standardized effects
(the answer is rec. Zn(%); a = 0.05)
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Figure 7. Pareto chart of Zn recovery in Zn flotation
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Figure 8. Main effects plot of Zn recovery in Zn flotation

2. Analysis of variance for zinc grade in concentrate

The ANOVA for the quality in the concentrate showed that
the greatest contribution is made by the dosage of the reagent
CuSOys, with a value of 43.55%, as well as the interaction of
the variables with a value 0f 35.12%. As a result of the analysis
of variance, a mathematical model was presented, which
predicts the quality of zinc in the flotation process, with a
predictive correlation coefficient value of 54.54%. The

regression equation:

Ley Zn(%) = 16.94 + 0.1256(CuSOs) + 0.282(Z-11)
- 0.001527(CuSO,4*Z-11)

The charts in Figure 9 and Figure 10 graphically represent
the standardized effects of the variables studied, with a
reliability of 95%, which demonstrates the greater contribution
made by the dosage of copper sulphate, and the interaction of

the variables studied, on the response variable.

Pareto diagram of standardized effects (the answer is Law
Zn (%); a = 0.05)

Term

AB

Standardized effect

Figure 9. Pareto chart of Zn law in Zn flotation

Contour plot of Ley Zn (%) vs. Z-11; CuSO4

z1n

Cuso4

Figure 10. Contour plot of Zn law in Zn flotation

3. Zn recovery optimization

Using the statistical software Minitab 19, the independent
variables were optimized to maximize the quality of Zn in the
concentrate, as detailed in Table 14. The values of the

optimized variables are presented in Figure 11.
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Table 14. Adjustment of independent variables to maximize
Zn recovery and grade

Law Zn (%) Rec. Zn(%) Compound

Solution CuSO. Z-11 Adjustment Adjustment Desirability

1 300 40 47.595 97.4162 0.969378
Optima i CuSC?\d
D:0.9694 (300.0] [40.0]
Low
S
4
&
Yoy
//
/
Zn Law ( / 4 > \‘\_‘7
d = 0.95494 > 7
A ’
23 /

Figure 11. Optimization of Zn flotation

4. CONCLUSIONS

This research presents a novel approach by integrating
advanced mineralogical characterization techniques, such as
optical microscopy and TIMA, with a robust experimental
design to optimize zinc recovery in sulfide ores under complex
geometallurgical conditions. Unlike previous studies that
focused on general flotation methods, this study addresses
specific challenges related to mineralogical variability and
interlocking species in the Oyon deposits. The findings
demonstrate a significant improvement in zinc recovery
(97.61%) and concentrate quality (48.06%), providing a
replicable model for regions with similar geological
complexities. This advancement contributes to filling critical
gaps in knowledge about optimizing flotation processes for
zinc sulfide ores.

The use of optical microscopy allowed for the identification
of key mineral species and their textures, providing insights
into the liberation and interlocking of economically valuable
minerals. Complementarily, TIMA electron microscopy
offered a more detailed characterization of gangue minerals,
enhancing the understanding of their impact on the flotation
process. The combination of these techniques, along with a
comprehensive experimental design, was crucial in identifying
the optimal conditions for zinc recovery, including reagent
dosages and pH levels. This methodological approach enabled
a precise analysis of the mineralogical complexity of the Oyon
deposits, leading to more efficient processing strategies.

Optical microscopy and TIMA electron microscopy of
representative samples of polymetallic sulfide ore allowed the
identification of various mineral species. Marmatitic

1674

sphalerites represented a volumetric distribution of 17.24%
(optical microscopy) and 15.21% (electron microscopy), with
99.51% of free species observed optically. Copper species
such as chalcopyrite and bornite were also identified, with
distributions of 5.37% and 0.48%, respectively, as well as
galena (7.41%) and traces of gold and electrum. Electron
microscopy additionally identified oxides such as smithsonite
(0.09%) and gangues such as quartz (9.56%).

The most influential variable to minimize Zn displacement
in bulk Pb-Cu flotation was pulp pH, with a contribution value
of 72.59%. The flotation tests with the best conditions
achieved minimum Zn displacement values of 5.14% and
5.88%, using 60 g/MT of NaCN, 120 g/MT of ZnSO4 and a
pH of 9. The double interactions ZnSO4NaCN and ZnSO4pH
also showed significant contributions of 5.64% and 8.92%,
respectively.

In the Zn flotation stage, the best tests achieved recoveries
of 97.22% and 97.61%, with grades of 48.06%, using 300
g/MT of CuSO4 and 40 g/MT of Z-11. The analysis of variance
indicated that the variable CuSO4 was decisive for the Zn
recovery, with a contribution of 43.55%, while the interaction
CuSOy - Z-11 contributed with 35.12%. The predictive model
for Zn recovery showed a correlation coefficient of 99.66%.

Optimization of reagent consumption indicated that using
300 g/MT of CuSO4 and 40 g/MT of Z-11 resulted in a
recovery of 97.41% and a grade of 47.60% of Zn, validating
the values calculated by the variable optimizer of the Minitab-
19 software. The findings of this study have significant
implications for industrial flotation practices, particularly in
mining operations where zinc sulfide ores are prevalent. The
optimized flotation conditions identified in this research, such
as precise control of pH and reagent dosage, can be applied to
improve the recovery and quality of zinc concentrates in other
mining operations facing similar mineralogical challenges.
Additionally, the wuse of advanced mineralogical
characterization techniques could be adopted by industry to
enhance the efficiency of their flotation processes, reducing
operational costs and improving sustainability. These results
highlight the importance of adjusting operating conditions and
reagent doses to maximize the efficiency and quality of the Zn
concentrate.
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NOMENCLATURE

ZnSOs4
NaCN
CuSOs

P80

Xanthate Z-11

pH

Zinc Sulfate

Sodium Cyanide

Copper Sulfate

Particle size below which 80% of the
material is found

Xanthate used as collector in the flotation
process

A measure of acidity or alkalinity of a
solution





