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Abstract

While the extraction of metals is essential for sustainable energy technologies, they
pose environmental challenges due to the toxic materials used in their production and the
hazardous waste they generate. The presence of waste containing metals and organic
compounds on Earth is increasing, and Europe holds large amounts of metals locked up in
industrial process residues, such as tailings, metallurgical sludges, slags, dust, and ashes. The
waste or secondary material may contain critical raw materials and base metals with application
in the energetic transition. These factors highlight the urgent need for effective recycling
practices to manage mine waste and recover valuable secondary raw materials, addressing both
environmental and economic challenges.

This thesis investigates the optimal conditions for effective bioleaching of pyrite mine
wastes and modern slags from the Achada do Gamo Sulfur factory in the Sao Domingos Mine
area, focusing particularly on Manganese and Zinc recovery to address sustainability concerns.
Using Response Surface Methodology (RSM), the study evaluates the impact and relationship
between pulp density, initial pH, and initial ferrous iron concentration evaluated through a Box-
Behnken design (BBD). Direct bioleaching experiments were conducted on altered and crushed
pyrite, pyrite ashes, and modern slags using a thermophilic microbial culture consisting of Sb.
thermosulfidooxidans, L. ferriphillum, and At. caldus (SLA), which utilized elemental sulfur
and ferrous iron as energy sources, driving the oxidation of ferrous to ferric iron and the
conversion of sulfur to sulfuric acid in the leaching medium.

Results showed that SLA culture is less effective bioleaching in pyrite wastes than slag,
although ORP measurements indicated microbial iron oxidation for all materials. This study
successfully optimized the recovery of metals from slag samples, indicating a maximum
efficiency of metal solubilization under the conditions of 2.32% (w/v) solid load, pH 1.90, and
ferrous iron supplementation of 60 mM. The maximum metal recovery achieved was 86.9%
Zn, 81.4% Mn, 65% Cu, and 66.4% Co.

For crushed pyrite, under the conditions of pH 1.66, 54 mM supplementation of iron
and 2% (w/v) pulp density was estimated to achieve moderate to high recovery of Mn (>53.8%)
and Zn (>8.0%). However, the values obtained were not within the 95% confidence interval
and the null hypothesis could not be rejected, indicating the proposed model does not apply to
the practical application; consequently, an optimized condition was not defined. The
application of the same conditions obtained in the model for crushed pyrite was applied to
pyrite ash material, which did not result in satisfactory results. Hence, to better recover metals
from pyrite ashes and crushed pyrite, further optimization is needed.



1. Introduction
1.1. Background and Relevance

The presence of waste containing metals and organic compounds on Earth is increasing,
potentially damaging the environment and human health irreversibly or causing impacts that
last for generations. For instance, the negative impacts on human health include cancer, organ
disorders, immunodeficiency, neurological and psychological disorders (Naseri et al., 2023).

Waste is carried across countries, and its long-term pollution of land and aquatic
ecosystems is considered one of the main threats to biodiversity loss and the integrity of the
environment. Furthermore, it is estimated that 90% of all biodiversity loss is caused by land
use and the consumption of related resources (UNEP, 2024).

The production of metals forms undesirable products, including solids, liquids, and gases.
These products may be released directly during the extraction and processing of mineral
resources or indirectly during the use of raw materials and utilities, such as in the production
of reagents, explosives, and electricity (Norgate, Jahanshahi & Rankin, 2007).

Often, the chemical and physical processing of ores to extract metals requires significant
amounts of energy. Decades of excessive mining caused a global decline in high-grade ores.
With their depletion, there is a decrease in the supply of commercially valuable metals using
traditional strategies such as hydro- and pyrometallurgy. As the grade lowers, more energy,
water, and chemicals are needed, more waste is produced, and more greenhouse gas emissions
are released to access and extract target metals (Norgate, Jahanshahi & Rankin, 2007).

Community concerns and regulatory aspects require metal processing companies and other
businesses from the raw materials value chain to reduce their environmental impacts.
However, achieving this goal is often difficult due to the large number of feed, by-product,
waste, and energy streams associated with most metal production (Norgate, Jahanshahi &
Rankin, 2007).

Europe holds large amounts of metals locked up in industrial process residues, such as
tailings, metallurgical sludges, slags, dust, and ashes. (Spooren et al, 2020). These materials
are called secondary resources or secondary raw materials, as they can be identified as materials
and products that can be used as raw materials by simple reuse or via recycling and recovery
(European Commission, 2020). The waste or secondary material contains critical raw materials
and base metals such as Zn, Pb, and Cu at grades that are becoming competitive with the
decreasing grades of primary ores.

Strategic minerals such as Co, Mn, and Cu, and other valuable metals known for their
properties and applications in the energetic transition, can be found in those waste streams.
Nowadays, the European Union (EU) relies heavily on imports to meet the necessity of
domestic raw materials. Co is concentrated only in a few countries, including politically
insecure suppliers (Alves et al., 2018). Around 55% of cobalt is mined in the Democratic
Republic of the Congo (DRC), viewed as politically unstable, thereby reducing the certainty of
access to supply (Alves et al., 2018). Concurrently, it is estimated that DRC will remain the
most relevant source of cobalt in the future (Alves et al., 2018). Furthermore, the EU is fully
dependent on imports of battery-grade manganese (European Union, 2025). Therefore, the urge
to recover these metallic elements from solid waste and wastewater has become more critical
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not only to prevent their negative impact on human health and the environment but also to
secure nations’ economic activities (Naseri et al., 2023).

Waste reprocessing can be an alternative to the reduction of imports as well as a way of
promoting cleaner production, an initiative to minimize waste generation and pollution while
increasing the product efficiency (Tranvik et al., 2017). There are several options to recover
metals from residues; the traditional methods include pyrometallurgy and hydrometallurgy.
However, they were commonly designed for high-grade ores, decreasing the efficiency for
waste and also for processing low-grade ores (Komnitsas, 2019). Pyrometallurgical methods
consist of ore or metallic waste treatment at high temperatures, aiming to convert them to raw
materials or intermediate compounds for additional refining (Singh & Schwan, 2019).
However, pyrometallurgical processes present high energy consumption and release of
hazardous gases, such as dioxin and furans. Hydrometallurgy promotes the treatment with
aqueous solutions, such as strong acids and alkalis, to recover metals (Singh & Schwan, 2019).
The drawback of these processes is the use of hazardous chemicals and the formation of
unwanted byproducts, as well as high water consumption (Naseri et al., 2023).

An alternative to those methods is called biomining, which is a biotechnological application
that promotes interest in metal recovery from ores or wastes with the aid of microorganisms.
These microorganisms can remove the metal ions from solid wastes and transfer them into a
solution (Naseri et al., 2023). A wide range of microorganisms can be employed, namely
autotrophic and heterotrophic bacteria, archaea, and fungi. Furthermore, they are capable of
biofilm formation and production of extracellular polymers (Vera et al., 2022).

Biomining is subdivided into two processes: bioleaching, a conversion of an insoluble
valuable metal into a soluble form by means of microorganisms (Schippers et al., 2013), in
which the target metal is solubilized from the mineral matrix (e.g. Zn from sphalerite); and
biooxidation, in which the target metal trapped as microscopic particles within the mineral (e.g.
As from arsenopyrite) loses electrons (is oxidized) and hence is brought into solution by means
of microorganisms. The term biooxidation is commonly employed when the solubilized metals
are not the target to be recovered (Vera et al., 2013).

Among the advantages of bioleaching, it is possible to highlight that it is a less energy-
intensive, more environmentally friendly process and has lower cost with moderate to high
efficiency when compared to the pyro- and hydrometallurgical processes (Vera et al., 2022).
With this in mind, if bioleaching is proven to be economically feasible and scalable, it turns
out as a preferred method to recover valuable metals from waste and low-grade ores (Naseri et
al., 2023). Yet, cost-effective mass production of biolixiviants with heterotrophic
microorganisms can be a challenge (Spooren et al, 2020).

1.2. Sdo Domingos, Portugal

Iberian Pyrite Belt (IPB) extends 250 km in a WNWESE direction, from the Marateca
area on the Portuguese Atlantic coast, southeast of Lisbon (Alentejo region), to the Seville area
in Spain (Andalusia region) (Tornos, 2006). IPB represents one of the most relevant
metallogenic provinces for Volcanogenic Massive Sulfide (VMS) deposits worldwide,
including world-class deposits as well as medium-sized deposits such as the Sio Domingos



Mine (XTRACT Project, 2025). The area faces cool to mild, rainy winters and dry and warm
summers because of its warm Mediterranean climate.

About 5 kilometers from the Spanish border, in the northern region of the IPB, is the Sao
Domingos (37°40'10"N, 7°29'52""W) deposit (GeoHack Toolforge, n.d.), an abandoned copper
mine (Figure 1.2).
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Figure 1.1. The geographic location of the Iberian Pyrite Belt with a highlight to the Sao Domingos mine district. Adapted
from: Alvarez-Valero et al., 2008.

IPB is a complex geologic sequence, which includes volcanic and sedimentary rocks from
the Devonian period, and forms the basis of the volcanic-sedimentary complex (VSC) in the
region (Albardeiro, 2023). The middle series, known as VSC, is primarily composed of felsic
volcanic and subvolcanic rocks, and hosts the extensive sulfide deposits of the IPB. Near the
top of the VSC is the Sao Domingos pyrite orebody. The outcropping area was formed by a
unique vertical mass of cupriferous pyrite associated with zinc and lead sulfides, elongated in
an E-W direction (XTRACT Project, 2025). Pyrite, sphalerite, chalcopyrite, galena,
arsenopyrite, and sulfosalts compose the majority of the mineral assemblage found in this
single sub-vertical body of massive sulfides (Alvarez-Valero et al., 2008).

1.3. Ore processing in the Sao Domingos Mine

Sao Domingos Mine has a long-time span history of mining exploitation. During the
Roman era, the superficial and oxidized part of the vertical massive sulfide lens was intensely
exploited (Matos et al., 2012). Intermittent mining of the metals such as Au, Ag, Cu, Sn, Pb,
and Fe in IPB occurred for over 5000 years, which has provided in total of 14.6 Mt Cu, 13.0
Mt Pb, 34.9 Mt Zn, 46100 t Ag, and 880 t Au (Leistel et al., 1997).

It was mined on a commercial scale from 1859 to 1966 for copper and sulfur production,
from pyrite (Johnson, 2006). IPB orebody was exploited to a depth of 120 m below the



topographic surface as an open pit mine and from this depth down to 420 m (XTRACT Project,
2025).

The first products were extracted by incineration processes, then the richest nodules
underwent a fusion process (XTRACT Project, 2025). The 2% cut-off Cu ore was separated
into four piles: fine material and poor material. Then, the richest and coarse grained material
was crushed into 5 cm pieces. Cu < 2% was accumulated in piles for easy circulation of air,
and the temperature was controlled (XTRACT Project, 2025). Then, the low-grade Cu products
underwent leaching in cementation tanks. Piles were leached with water to avoid spontaneous
combustion and the formation of sulfuric acid (Gaspar, 1998).

The ore was exported for sulfuric acid production; the leaching products had 14% of Cu
and were lidded to the tanks to decant particles and sent to cementation tanks. The iron used in
the process was about 20000 t a year. From the 4 Mt of copper mineralization extracted from
1870 to 1887, 334575 t were transported to the treatment facilities in Achada do Gamo, and
378320 t of washed product and 85046 t of copper concentrate were exported (XTRACT
Project, 2025).

The mentioned mine management had implications for the present-day dumps (XTRACT
Project, 2025). At the end of the 20" century, many mines closed, including Sdo Domingos.
Although mining activity has ceased, the large-scale exploitation occasioned the production of
enormous waste dumps, approximately 200 x 106 m* of massive sulfide-bearing waste rock
piles, dumps, tailings, and flooded pits (Pérez-Lopez et al., 2008). Waste mining material either
concentrated or dispersed in the area, is still enriched in hazardous elements such as Zn, Pb,
Sb, Cu, As, Hg, and Cd. These waste materials leached by rainwater and stream waters can
have highly acid-generating potential, resulting in acid mine drainage (AMD), due to sulfide
oxidation and Fe hydrolysis, which increases dissolution and mobility of elements (XTRACT,
2025). They constitute hot spots for water, soil, and plant contamination. Present-day mine
dumps cover large areas and were mapped accordingly to tailings composition, which is
estimated to be around 5 Mt of tailings and mineral spoil are stored at the abandoned mine
(Johnson, 2006).

When processing it from the Sao Domingos mining area, there were seven main groups of
solid wastes generated based on the processing type: Modern slag, roman slag, iron hat
material, metal volcanic rocks and shales, shales, finely crushed sulfide ore, and roasted sulfide
ore (Matos et al., 2011). Roman slags are connected to the exploitation of gossan and
supergene-enrichment zones according to Pérez-Lopez et al. (2008). While the 20" century
mine exploitation is responsible for modern slags, sulfide roasted ashes, brittle pyrite ore,
coarse blocks of pyrites, smelting ashes, and dumps (Pérez-Lopez et al. 2008), which are
considered processing waste (Alvarez-Valero, 2008).

1.4. Optimization of bioleaching

To make the bioleaching processes scalable and feasible, it is necessary to have in mind
that the percentage of metal bio-recovery is affected by different variables, including the
substrates and their respective concentrations, pulp density, initial ferrous iron concentration,
0O; and CO; concentrations, pH, temperature, inoculum density, the waste's particle size, solid-



to-liquid ratio, bioleaching duration, and shaking speed (Naseri et al., 2023). The interaction
between these variables significantly impacts the bioleaching rate, which, in turn, determines
the efficiency of metal dissolution and the overall recovery process (Lujan-Moreno et al.,
2018). Furthermore, the selection of the ideal conditions is also dependent on the
microorganisms employed in the bioleaching. For example, S. thermosulfidooxidans, At.
caldus and L. ferriphilum dominate at temperatures between 40 °C and 60 °C (Vera et al.,
2022).

Investigating all the factors involved in the process requires many experiments, which are
costly and time-consuming, and reaction time optimization is essential in bioleaching
(Rastegar, 2014). Therefore, one of the most crucial challenges in using the bioleaching process
to extract metals from solid wastes is the proper selection of experimental conditions (Lujan-
Moreno et al., 2018).

In order to identify the ideal conditions for bioleaching, two optimization methods are
mainly employed: one-factor-at-a-time (OFAT) and Design of Experiment (DoE). OFAT is the
conventional method, in which one factor is analyzed while the others are maintained constant
throughout the experiments (Naseri et al., 2023). In the literature, several factors were
investigated following the OFAT method to obtain the optimal parameters for pyrite waste
recovery from 2000 to 2024. The main varied parameters identified were temperature, pulp
density, and pH. Different factors were also monitored, such as dissolved oxygen, redox
potential, amount of elemental sulfur, nutrient concentration, and dissolved salts.

However, the OFAT approach does not consider possible interactions between the factors.
DoE, on the other hand, consists of a systematic method to define the relationships between
several input factors affecting a process and the output variables, known as responses (Naseri
et al., 2023). It can improve the process efficiency and sustainability, lowering production
costs, and improving the understanding of the input and output connection in the process (Xu,
2004).

Therefore, OFAT can be employed when a new system is being investigated and there is
no prior knowledge about the significant interactions between the factors, or even if there is
enough information to confirm that the interaction among the factors is negligible. (Naseri et
al., 2023). The use of OFAT designs allows researchers to discover faster if a factor has an
effect on the experiment outcome because the information is received continuously, as it is not
necessary to wait for the results of an entire experiment (Qu & Wu, 2005). DoE is more
appropriate when studying the optimization of a process to find the best combination of factor
levels to study the effects of multiple factors simultaneously, which is relevant to industry-
scale optimizations.

In order to optimize parameters in bioleaching, the design of experiments can be employed,
as it is capable of identifying the interaction between parameters, reducing the total number of
experiments, which results in less material consumption and fewer laboratory experiments.
DoE was previously used to evaluate the optimum response of heavy metals' recovery rates in
studies on solid waste bioleaching (Naseri et al., 2023).

To employ DoE, techniques such as Response Surface Methodology (RSM) are used.
According to Lujan-Moreno et al. (2018), RSM has drawn extensive attention, especially in
the design, optimization, and modeling of the bioleaching processes. It consists of a statistical
method to model the relationships between several explanatory variables and one or more



response variables. RSM includes optimization to adjust the settings of factorial variables, with
the goal of achieving the best possible outcome by minimizing, maximizing or setting a target
response.

There are several ways to design experiments in RSM, for example, Full Factorial Design
(FFD), Central Composite Design (CCD), and Box-Behnken Design (BBD). CCD is the most
used RSM that considers 5 levels of each factor’s surface and is a highly rotational method.
CCD (Ghelich et al., 2019), which is also called the Box—Wilson design, can be defined as an
experimental design to obtain as much information as possible about a process from a small
number of experiments. The benefits of CCD are an estimation of the nonlinearity of dependent
variables, maximum information with minimal experimental result data, and reduction of the
number of experiments to predict quadratic terms in the second-order model.

Box-Behnken Design is one type of RSM that always uses three levels per input variable
and fits the output (expected response) to a quadratic model (LaPanse et al., 2021). Box-
Behnken designs are used to generate higher-order response surfaces using fewer required runs
than a normal factorial technique (Rao & Kumar, 2012). As can be seen in Figure 1.1, the cube
includes a central point and the midpoints of its edges, represented by blue dots. Each of these
points corresponds to an experimental measurement.
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Figure 1.2. Box-Behnken Design cube. Adapted from Ferreira et al., 2017.

A full factorial design is composed of two or more factors with specific values and includes
experiments for all possible combinations of these values across all the factors. The Full
Factorial Design may not be viable for a large number of factors because of the complexity and
costs, and it is advised for initial screening; however, it shows limitations in providing an
understanding of higher-order interactions (Jankovic et al., 2021).

Each of them is more suitable for different scenarios. For instance, CCD is useful for
determining optimal conditions for several factors when the factors to be explored are beyond
the initial levels to refine responses. It consists of factorial and axial points extending beyond
factorial limits and center points. It generates response surface equations, optimal factor
settings for the response, and insight into curvature and regions of maximum and minimum.
CCD optimizes formulations by examining quadratic interactions through a points that may
exceed practical limits.



The BBD is useful when extreme factor levels, high or low, can be impractical. It
requires fewer experiments than CCD for the same number of factors. BBD consists of
combinations at the midpoint of factor ranges and center points. BBD avoids extreme factor
levels, making it practical but less efficient for studying higher-order interactions. Furthermore,
it generates a response surface equation and optimal factor settings; however, it provides less
insight into the extreme factor effects when compared to CCD. Both CCD and BBD excel in
optimization, but CCD is more detailed, while BBD is more time and cost-efficient (Narukulla
et al., 2024).

Several software tools can be used to implement DoE, enabling researchers to optimize
bioleaching processes and other experimental systems efficiently. Popular options include
Minitab, Design-Expert, IMP, MATLAB, R, and Python. Once the design is implemented, the
comparison of these models with real-time experimental data is critical to validate the
reliability and applicability of the findings. First, statistical metrics like the coefficient of
determination (R?), adjusted R?, and predicted R? are used to assess how well the model fits
the data. High R? values indicate that the model explains a significant portion of the variability
in the response, while the adjusted R? accounts for the number of predictors, ensuring the model
is not overfitting.

Additionally, analysis of variance (ANOVA) is performed to test the statistical
significance of the model and individual factors. A significant p-value in ANOVA confirms
that the model or factors have a relevant impact on the response variable. Further, response
surface plots, contour plots, and residual plots are valuable for visualizing how closely
experimental data align with the predicted response surface.

After the model is done, it needs to be validated by conducting confirmatory
experiments at the optimal settings. If the results obtained match the predicted values, the
model is reliable and can be tested for other waste streams. On the other hand, if discrepancies
are found between predicted and observed data, the model needs to be further refined by
incorporating other factors, increasing the number of replicates, and more. When the statistical
validation is crossed with the experimental data, it is possible to provide the optimal
bioleaching conditions with resource efficiency and scalability.

1.4.1. Minitab Statistical Software

Minitab is a well-known statistical software developed in 1972. It provides a structured
and efficient approach to statistical analysis and is used by statistical experts, practitioners,
engineers, and students worldwide in research and industry (Alin, 2010). It allows graphs,
calculations, charts, basic statistics, experiment design, multivariate analysis, hypothesis
testing, regression analysis, and more.

Minitab has a user-friendly display for data analysis, improvement of quality
improvement, and process optimization of processes. For processing optimization, Minitab is
commonly associated with the Six Sigma method, a strategy used in quality management and
improvement to identify flaws and reduce errors and discrepancies in production processes
(Ilin & Bohlen, 2023), which allows data-driven decision-making.



In DoE, Minitab allows assessing the effects of several variables on a system response
and provides a list of experiments that should be performed to identify the optimal conditions
for increasing performance. Furthermore, it also facilitates data visualization through graphs
and provides statistical tests such as t-tests and ANOVA.

2. Theory and Background Knowledge
2.1. Oxidation Mechanism

Bacteria involved in biomining oxidize the ferrous ions and inorganic sulfur compounds
(ISCs) in ores to produce ferric ions and protons (Vera et al., 2022). Because pyrite's valence
bands are derived from the metal atoms' orbitals, it can only undergo chemical oxidation in
aqueous solution when it comes into contact with dissolved oxygen (Equation 1) or ferric iron
(Equation 2). The formation of ferric iron in the presence of dissolved oxygen is seen in
Equation 3.

FeS,+3.50,+ H,0 —» Fe’* +2502~ +2H* (Eq. 1)
FeS, + 14Fe’* + 8H,0 — 15Fe’* + 2502~ + 16H*  (Eq.2)
2Fe’* +0.50, + 2H* - 2Fe’t + H,0 (Eq.3)

To oxidize the pyrite, both ferric ions and oxidized sulfur species should be replenished.
In nature, different bacteria can oxidize elemental sulfur and ferrous iron, such as Sulfobacillus
thermosulfidooxidans (iron and sulfur oxidizer), Acidithiobacillus caldus (sulfur oxidizer), and
Leptospirillum ferriphilum (iron oxidizer).

In the bioleaching process, microorganisms can remove metal ions in two mechanisms,
indirect or direct bioleaching. In the indirect, bacteria have no physical contact with the solid
waste surface, which is dissolved indirectly through the production of metabolites. In the direct
method, bacteria are in contact with the particles. Thus, metals become soluble due to
electrochemical reactions (Naseri et al., 2022).

Equation 1 illustrates the direct method, in which bacteria use dissolved oxygen as an
electron acceptor and use enzymes to oxidize sulfur or iron. In the indirect method, pyrite
undergoes chemical degradation after the bacteria convert soluble ferrous iron to ferric iron, as
indicated by Equation 3.

Therefore, both mechanisms are important for pyrite oxidation, taking place at the same
time in the log phase. Furthermore, the direct mechanism is most dominant in the lag phase in
which the bacteria are adapting (Yu et al., 2001). When studying A. ferrooxidans, Rodriguez
et al. (2003) concluded that pyrite oxidation is initiated by direct mechanisms (Equation 1) and
when the cells release metabolites and ferric ions to the solution, the indirect mechanisms
dominate (Equation 3).

Moreover, the pathway to oxidize pyrite consists of the thiosulfate mechanism (Figure
2.1). In the thiosulfate mechanism, the microbial process taking place involves the oxidation
of iron sulfides to form thiosulfate (S203%). Ferric ions attack metal sulfides and are reduced
to ferrous ions. In this process, the acidophilic iron-oxidizing bacteria (indicated in blue) attach
to the surface of the iron sulfide mineral or waste particles and initiate the oxidation process
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by transferring electrons from the iron sulfide to their electron transport chain. During the
electron transfer, intermediate sulfur compounds are formed, such as sulfur (S) and
polysulfides (Sx*). The intermediate sulfur compounds are further oxidized by the bacteria to
form thiosulfate (S,03%), which involves the incorporation of oxygen (O:) as the terminal
electron acceptor.

(8 )

Figure 2.1. Schematic of the thiosulfate mechanism pathway in bioleaching of pyrite. The microorganisms represented in blue
are iron (II) oxidizing bacteria, while the pink ones consist of sulfur compound oxidizing bacteria. Adapted and modified from:
Schippers & Sand, 1999.

As a result, metal cations and sulfur compounds are released and solubilized in water.
Further, the iron (II) is oxidized again to iron (III) ions by bacteria such as Sulfobacillus
thermosulfidooxidans and Leptospirillum ferriphilum in acidic solutions (Vera et al., 2022).

2.2. Microorganisms

Studies often employ mixed microbial cultures in bioleaching, as the synergistic
interactions among different species can enhance metal solubilization efficiency (Vera, 2022).
These microbial communities adapt dynamically to changes in the leaching environment,
maintaining process effectiveness over time. Mixed cultures for bioleaching typically include
chemoautotrophic microorganisms which derive energy from inorganic compounds and
directly contribute to metal solubilization, with no need of supplementation of organic
substrates to support community growth (Jones & Santini, 2023).

Among the bacteria employed in bioleaching, Acidithiobacillus caldus is well known for
the ability to oxidize elemental sulfur and a variety of reduced inorganic sulfur compounds
(RISCs). It uses energy and electrons derived from sulfur oxidation for carbon dioxide fixation
and other anabolic processes (Hallberg, 1994). As a result, it became an important player and
one of the most common autotrophic bacteria in mixed cultures and single cultures to recover
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metals from a variety of waste streams (Naseri et al, 2023). 4. caldus i1s a Gram-negative,
acidophilic, and sulfur-oxidizing species (Hallberg, 1994).

Another relevant microorganism is Sulfobacillus thermosulfidooxidans, a Gram-positive,
non-motile, rod-shaped, endospore-forming, and moderately thermophilic acidophile. It can be
employed to oxidize ferrous iron, RISCs such as tetrathionate, thiosulfate, and elemental sulfur,
as well as sulfide. Besides the oxidizing properties, bacteria like S. thermosulfidooxidans are
found to be highly tolerant to metal concentrations (Li et al., 2020).

Leptospirillum 1s a mesophilic, vibrioid-shaped, iron-oxidizing and Gram-negative
bacterium with properties that allow it to thrive in leaching habitats and, compared with
Acidithiobacilli, it can resist 10 times higher ferric ion concentrations (Sand et al., 1992).
Leptospirilli attaches to metal sulfides fast and firmly which is crucial for biofilm formation in
mixed cultures (Sand et al., 1992). They are pre-colonizers that help other microorganisms
attach to substrata (Li et al., 2020). L. ferriphilum is an iron-oxidizing bacterium, therefore,
when oxidizing pyrite as a pure culture, it causes the accumulation of sulfur in the medium and
surface of the mineral (Vardanyan & Akopyan, 2003). To improve their performance, it is
advisable to associate with sulfur-oxidizing bacteria such as S. thermosulfidooxidans and A.
caldus. Sulfobacillus and Leptospirillum occur frequently in leaching systems, and the
bioleaching performance using a mixed culture is reported to be better than that of a pure
culture of S. thermosulfidooxidans (Li et al., 2020). Different studies suggest that consortia
containing the three species are efficient for bioleaching too (Hong et al., 2019).

3. Task and Objective

The objective of this thesis is to identify the optimal conditions for effective bioleaching of
crushed and altered pyrite from heap dumps in part affected by leaching processes, modern
slags from Achada do Gamo Sulfur factory, and pyrite ashes - native sulfur and black layers
from Sao Domingos Mine.

Using pyrite wastes and modern slag, the study evaluates the impact and relationship
between pulp density, initial pH, initial ferrous iron concentration, and initial inoculum
evaluated through BBD. This approach will establish near-optimal conditions in a cost-
effective way, which will be validated in the laboratory with bioleaching experiments by
employing a consortium of microorganisms composed of Leptospirillum ferriphilum,
Sulfobacillus thermosulfidooxidans, and Acidithiobacillus caldus.

Therefore, this thesis aims to investigate the most favorable bioleaching conditions to
assess and maximize the efficiency for the recovery of valuable metals in sustainable resource
recovery solutions.

4. Materials and methods
4.1. Experimental design and optimization by Response Surface Methodology

In order to employ the experiment design and RSM in this study, Minitab Statistical
Software 22 was used. 7 steps were employed for optimization (Naseri et al., 2023) of pyrite
waste and modern slag bioleaching as shown in Figure 4.1: (1) goal definition, (2) selection of
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factors that have relevant effects on the system through screening literature work, (3) choice of
type of Response Surface Methodology, in this case, Box-Behnken Design, (4) running
experiments and collecting results, (5) fit the model to the experimental data, (6) model
confirmation using Analysis of Variance (ANOVA) and plotting graphs, (7) determination of
optimal conditions.

GOAL
Maximize th EXPERIMENTAL FITTING
ax1ml?: y 1 DESIGN Mathematical model
recovery of meta . fited o the
rom pyrite waste Box-Behnken Design experimental results
L]
Q - ﬁa r’
DEFINE: SELECTION EXPERIMENTS MODEL
OF FACTORS . . CONFIRMATION
Bioleaching
« pH with mixed Determination of
« Ferrous iron culture at 42°C optimal
concentration conditions and
« Pulp density statistical analysis

Figure 4.1. Successive steps involved in optimizing the bioleaching process using Response Surface Methodology.

4.1.1. Box-Behnken Design

A three-factor three-level Box-Behnken design with 9 center points and 3 replicates
was used to identify the best conditions for mine waste bioleaching. The experiment aimed to
determine the relationship between pulp density, initial ferrous iron concentration, and pH with
respect to metal recovery. Each factor was tested in three levels: low, medium, and high values
represented as -1, 0, and 1, respectively, which correspond to real values as listed in Table 4.1
and Table 4.2. The real values were chosen based on preliminary tests using the same materials,
and the factor values were codified according to equation 4. The coded data were then analyzed
using Minitab Software to simplify calculations and allow uniform comparison among the
factors. The three variables (pH, initial ferrous iron concentration, and pulp density) were
labeled as X1, X, and X3, respectively.

. Xi—X0
Xl = T (Eq 4)

Where x; is the coded value of an independent variable, X; is the real value of an
independent variable, Xy is the real value of an independent variable at the central point, and
AX; is the step change value.

Instead of testing all possible combinations, Minitab picks a smart subset of the
combinations. BBD starts with a two-level factorial design by choosing important factor
combinations, then a third level is added and arranges the tests using an incomplete block
design so that not all combinations are tested, but enough to obtain an accurate quadratic model.
This makes BBD efficient, having fewer experiments while still capturing complex effects.
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The selected experimental points are on a cube at an equal distance from the central point. BBD

has a high ability to approximate second-order response surfaces.

Table 4.1. Box—Behnken design with three variables and three levels for crushed pyrite (SD-BIO-3) bioleaching
optimization.

Sample Code pH [Fe (I)] (mM) Pulp density (% w/v)
X1 Code X1 X2 (%) Code X2 X3 (%) Code X3

CP1 1.5 -1 10 -1 3 0

CP2 2.5 1 10 -1 3 0

CP3 1.5 -1 60 1 3 0

CP4 2.5 1 60 1 3 0

CP5 1.5 -1 35 0 2 -1

CP6 2.5 1 35 0 2 -1

CP7 1.5 -1 35 0 4 1

CP8 2.5 1 35 0 4 1

CP9 2 0 10 -1 2 -1
CP10 2 0 60 1 2 -1
CP11 2 0 10 -1 4 1
CPI12 2 0 60 1 4 1
CP13 2 0 35 0 3 0
CP14 2 0 35 0 3 0
CPI15 2 0 35 0 3 0
CPl16 1.5 -1 10 -1 3 0
CP17 2.5 1 10 -1 3 0
CP18 1.5 -1 60 1 3 0
CP19 2.5 1 60 1 3 0
CP20 1.5 -1 35 0 2 -1
CP21 2.5 1 35 0 2 -1
CP22 1.5 -1 35 0 4 1
CP23 2.5 1 35 0 4 1
CP24 2 0 10 -1 2 -1
CP25 2 0 60 1 2 -1
CP26 2 0 10 -1 4 1
CP27 2 0 60 1 4 1
CP28 2 0 35 0 3 0
CP29 2 0 35 0 3 0
CP30 2 0 35 0 3 0
CP31 1.5 -1 10 -1 3 0
CP32 2.5 1 10 -1 3 0
CP33 1.5 -1 60 1 3 0
CP34 2.5 1 60 1 3 0
CP35 1.5 -1 35 0 2 -1
CP36 2.5 1 35 0 2 -1
CP37 1.5 -1 35 0 4 1
CP38 2.5 1 35 0 4 1
CP39 2 0 10 -1 2 -1
CP40 2 0 60 1 2 -1
CP41 2 0 10 -1 4 1
CP42 2 0 60 1 4 1
CP43 2 0 35 0 3 0
CP44 2 0 35 0 3 0
CP45 2 0 35 0 3 0




14

Table 4.2. Box—Behnken design with three variables and three levels for slag (SD-BIO-1) bioleaching
optimization.

Sample Code pH [Fe (I)] (mM) Pulp density (Yow/v)
X1 Code X1 X2 (%) Code X2 X3 (%) Code X3

SL1 1 -1 10 -1 3 0

SL2 2 1 10 -1 3 0

SL3 1 -1 60 1 3 0

SL4 2 1 60 1 3 0

SL5 1 -1 35 0 2 -1

SL6 2 1 35 0 2 -1

SL7 1 -1 35 0 4 1

SL8 2 1 35 0 4 1

SL9 1.5 0 10 -1 2 -1
SL10 1.5 0 60 1 2 -1
SL11 1.5 0 10 -1 4 1
SL12 1.5 0 60 1 4 1
SL13 1.5 0 35 0 3 0
SL14 1.5 0 35 0 3 0
SL15 1.5 0 35 0 3 0
SL16 1 -1 10 -1 3 0
SL17 2 1 10 -1 3 0
SL18 1 -1 60 1 3 0
SL19 2 1 60 1 3 0
SL20 1 -1 35 0 2 -1
SL.21 2 1 35 0 2 -1
SL.22 1 -1 35 0 4 1
SL23 2 1 35 0 4 1
SL.24 1.5 0 10 -1 2 -1
SL25 1.5 0 60 1 2 -1
SL.26 1.5 0 10 -1 4 1
SL27 1.5 0 60 1 4 1
SL.28 1.5 0 35 0 3 0
SL.29 1.5 0 35 0 3 0
SL30 1.5 0 35 0 3 0
SL31 1 -1 10 -1 3 0
SL32 2 1 10 -1 3 0
SL33 1 -1 60 1 3 0
SL34 2 1 60 1 3 0
SL35 1 -1 35 0 2 -1
SL36 2 1 35 0 2 -1
SL37 1 -1 35 0 4 1
SL38 2 1 35 0 4 1
SL39 1.5 0 10 -1 2 -1
SL40 1.5 0 60 1 2 -1
SL41 1.5 0 10 -1 4 1
SL42 1.5 0 60 1 4 1
SL43 1.5 0 35 0 3 0
SL44 1.5 0 35 0 3 0
SL45 1.5 0 35 0 3 0

The experimental designs for RSM of crushed pyrite (SD-BIO-3) and slag (SD-BIO-1)
are shown in Tables 4.1 and 4.2, respectively. The response for the generated model is set as
Bioleaching (%) after 9 days.
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4.2. Materials Required
4.2.1. Salt solutions for media

For all cultivation experiments, the basal salt medium HBS was used at pH 1.0, 1.5, 2.0
or 2.5, and its composition is detailed in Table 4.3. To prepare the medium, a solution of 50-
fold concentrate was made by adding the components as described by Nancucheo et al. (2016)
(Table 4.4). Another necessary component is the trace element solution; the composition is
presented in Table 4.5. Furthermore, a 1 M solution of Fe?* with a pH of 2.0 was prepared using
Iron (I) sulfate heptahydrate (FeSO4.7H>O) and deionized water. The pH levels of all solutions
were adjusted and maintained using H>SO4 using a Knick 766 pH-Meter.

Table 4.3. Composition of basal salts medium (HBS).

Component Volume [mL]
50x Basal Salts Solution 20
1000x Trace Elements Solution 1
Double-distilled water 979

Table 4.4. Composition of 50x Basal Salt Solution medium (Nancucheo et al., 2016).

Component Concentration [g/L]
NaxS0O4.10HO 7.5
(NH4)2S04 22.5
KCl 2.5
MgS04.7H20 25
KH2PO4 2.5
Ca(NO3)2.4H.0 0.7

Table 4.5. Composition of 1000x Trace Elements Solution.

Component Concentration [g/L]
ZnS04.7H>0 10
CuS04.5H20 1
MnS04.4H,0 1
CoS04.7H,0 1
Cr(S0O4)3.15H,0 0.5
H3;BO;3 0.6
NaxMo04.2H>0 0.5
NiSO4.6H>O 1
NaxSeOs.10H0 1
Na;WO04.2H20 0.1

NaVO; 0.1
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4.2.2. Inoculum Preparation

For the direct-bioleaching experiments, a mixed culture of iron- and sulfur-oxidizing
acidophiles and thermophiles was used, consisting of Sb. thermosulfidooxidans, L.
ferriphillum, and At. caldus (SLA), which are summarized in Table 4.6. The culture initial
inoculum was obtained from the Microbiology and Biohydrometallurgy research group of
Freiberg University of Mining and Technology culture collection.

Table 4.6. Bacteria mixed culture used for bioleaching experiments.

Bacteria Name T [°C]
Sulfobacillus thermosulfidooxidans DSM 92931
Leptospirillum ferriphillum DSM 14647 SLA 42

Acidithiobacillus caldus DSM 8584

The cultures used were pre-adapted to a 3% (w/v) of crushed pyrite, pyrite ash, or slag
in HBS medium with S and Fe (Table 4.7). These adapted cultures served as the inoculum for
the bioleaching experiments of this study. The pre-adapted cultures were incubated at 42 °C at
a stirring rate of 120 rpm for 7 days before their first use.

Moreover, the elemental sulfur added to the culture media was tyndallized to prevent
microorganism contamination. The process involved elemental sulfur heating at 112 °C for 20
minutes, three times with a 24-hour interval in between each heating session.

Table 4.7. Composition of pre-adapted culture media at pH 2.0.

Component Concentration or volume
Waste from Sao Domingos Mine 3% (W/v)
HBS-Media Ix
Elemental Sulfur 1% (W/v)
Iron (II) — Ferrous Sulfate 20 mM
Inoculum 10% (v/v)

4.2.3. Mineralogical and chemical characterization of mine waste samples

The material was collected in three different locations at the Sio Domingos Mine region
(Figure 4.2), where SD-BIO-1 is the source of slag, from Achada do Gamo Sulfur Factory
(Figure 4.3A), SD-BIO-2 (pyrite ash) was collected from an area of native sulfur and black
layers (Figure 4.3B), while SD-BIO-3 (crushed pyrite) was collected from an area partially
affected by leaching processes (Figure 4.3C). All samples were collected, characterized, and
provided by the Laboratorio Nacional de Energia e Geologia (LNEG), Portugal.
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Figure 4.2. Location of the 3 samples from Sdo Domingos mine provided by the Laboratério Nacional de Energia e Geologia
(LNEG).

A

Figure 4.3. (A) Appearance of sampling area in Achada do Gamo Sulfur Factory for slag (SD-BIO-1). (B) Appearance of
sampling area with native sulfur and black layers for pyrite ashes (SD-BIO-2). (C) Appearance of sampling area for crushed

pyrite SD-BIO-3 heap dumps.

Prior to the bioleaching experiments, the characterization done by LNEG was done via
X-ray diffraction (XRD) analysis of the bulk sample and preliminary chemical quantification
by portable X-ray fluorescence (XRF) analysis of the bulk sample (Table 4.8).

Table 4.8. Phase identification of SD-BIO-1, SD-BIO-2, and SD-BIO-3.

Sample Mineral Data

Reference  Bank N° Phase Identification ++

SD-BIO-1 262 Amorphous

SD-BIO-2 259 Agrs? (vtg) + Ang + Bdn + Gp + Jrs (vtg) + Qz  Gp ‘ggi’ Qz
Alu (vtg) + Ang + Ann (vtg) + Coq (vtg) + Kln

SD-BIO-3 257 (vig) + Py + Oz + S Qz Py,S Ang

* Notes: Agjrs — Argenojarosite (AgFe*3(SO4)2(OH)s); Alu — Alunite (KAl(SO4)2(OH)s); Ang — Anglesite
(PbSO4); Ann — Annite (KFe?*3(AlSi3010)(OH)2); Bdn — Beudanite (PbFes(AsO4)(SO4)(OH)s); Coq — Coquimbite
(AlFes(SO4)(H20)12: 6H20); Gp — Gypsum (CaSOa4-2H20); Pyrite (FeS:); Qz — Quartz (SiO2); S — Sulfur (Ss).
Abbreviations: +++: phase well represented; ++: well represented; +: poorly represented; vtg: vestigial content;
?: dubious identification.
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Table 4.9. Elemental composition table of SD-BIO-1 TAL QUAL (slag), SD-BIO-2 TAL QUAL (pyrite ashes)

and SD-BIO-3 TAL QUAL (crushed pyrite).

SD-BIO-1 TAL QUAL

SD-BIO-2 TAL QUAL SD-BIO-3 TAL QUAL

Element (slag) [ppm] (pyrite ashes) [ppm]  (crushed pyrite) [ppm]
Al 6758 3043 20124
Ca 23692 67797 1786
Fe 498305 130221 168740
K 2476 11292 16334

Mg - 6326 -
Mn 635 1163 108
P 620 - -
Ti - 3431 2511
Si 91077 58958 191110
Ag - 103 -
As 312 50167 748
Ba - 624 225
Bi - 7503 254
Cd 28 - -
Co 390 - 64
Cu 4389 1884 3989
Ga - - 33
Hg - 700 260
La - - 27
Mo 16 11 21
Nb - - 29
Nd - - 103
Pb 2633 238009 40050
Rb - 305 115
S 18068 160275 194647
Sb 129 18660 1253
Sc 41 309 35
Se - 539 269
Sn 233 20462 849
Sr 40 219 189
Th 25 &3 15
U 21 - -
Zn 17004 2991 1981
Zr 147 620 436

The elemental composition of the slag sample (SD-BIO-1) is presented in Table 4.9.
The material is characterized by particle size < 250 um and a high iron (Fe) content (498305
ppm). Silicon (Si) and calcium (Ca) were also present in substantial amounts at 91077 ppm and
23692 ppm, respectively. Notably, the slag contained significant concentrations of heavy
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metals such as copper (Cu, 4389 ppm), zinc (Zn, 17004 ppm), and lead (Pb, 2633 ppm), as well
as sulfur (S, 18068 ppm), suggesting the presence of residual sulfide phases.

The pyritic ash sample (SD-BIO-2) was generated through the roasting of pyrite ores,
although specific roasting parameters (e.g., temperature and equipment) were not available, the
particle size was smaller than 250 um. The chemical composition of this material is shown in
Table 4.9. The ashes show relevant concentrations of iron (Fe, 130221 ppm), sulfur (S, 160275
ppm), and calcium (Ca, 67797 ppm), consistent with the thermal decomposition of sulfide
minerals. The material also contains high levels of lead (Pb, 238009 ppm), arsenic (As, 50167
ppm), and tin (Sn, 20462 ppm), indicating the potential environmental risk and economic
interest for metal recovery. Other notable elements include aluminum (Al, 3043 ppm), silicon
(Si1, 58958 ppm), and antimony (Sb, 18660 ppm).

The crushed pyrite sample (SD-BIO-3 TAL QUAL) had undergone partial leaching and
exhibited a particle size of less than 250 um. The elemental composition of this material is
presented in Table 4.9. The sample is characterized by high concentrations of iron (Fe, 168740
ppm), sulfur (S, 194647 ppm), and silicon (Si, 191110 ppm), which are typical of pyritic
materials. Moreover, the sample contains elevated levels of lead (Pb, 40050 ppm), copper (Cu,
3989 ppm), and arsenic (As, 748 ppm), highlighting both potential environmental risks and the
possibility of resource recovery.

Other elements of interest include aluminum (Al 20124 ppm), antimony (Sb, 1253
ppm), and zinc (Zn, 1981 ppm). These results show compositional similarities to pyrite ashes,
reflecting their shared origin from the weathering or processing of pyritic ores.

4.3. Bioleaching Experiments
4.3.1. Bioleaching of crushed pyrite

This study was conducted at the laboratory scale, and the experiments were carried out
based on the design provided by Minitab software for BBD. For this purpose, the inoculum
was set as 10% (v/v) and elemental sulfur at 1% (w/v). Several batches of 100 mL total volume
with different factor combinations were performed for until 9 days. The pH of the samples was
studied within the range of 1.5-2.5, pulp density from 2-4% (w/v), and Fe** concentration from
10-60 mM. H>SO4 was used to adjust the pH of the medium. Samples were withdrawn at
regular intervals to monitor the cell growth, pH, ORP, Fe**, and Fe*" concentration. After the
analysis of the experimental data, the conditions that showed the best recovery were confirmed
in 100 mL experiments. Throughout the experiments, the incubation temperatures were
maintained at 42 °C for the SLA culture to ensure optimal growth and bioleaching activity.

4.3.2. Bioleaching of slag

The slag bioleaching tests followed the same experimental setup and design
methodology as for crushed pyrite. The tested pH range was slightly lower (1.0-2.0), while
pulp density and Fe*" concentration remained the same (2-4% and 10-60 mM, respectively).
Optimal conditions identified by the design were also confirmed in 100 mL batches under 42 °C
incubation with SLA culture.



20

4.3.3. Bioleaching of pyrite ashes

Given the chemical similarity between pyrite ashes and crushed pyrite, experiments for
this material were conducted only under the optimized conditions previously determined for
crushed pyrite using response surface methodology (RSM).

4.4. Analytical Methods
4.4.1. Sampling and Sample Preparation

During the incubation of the experiments, 1 mL from each of the shaking flasks was
collected on days 0, 2, 4, 7, and 9 at an interval of approximately two days, and added to
microcentrifuge tubes of 1.5 mL. From this, 45 pL. was taken to evaluate cell growth and
viability under a microscope. The remaining was centrifuged for 2 minutes at a maximum speed
of 15000 rpm using an Eppendorf 5424 Centrifuge. After centrifugation, 500 pL of the
supernatant was pipetted to a new tube with 5 uLL concentrated HNO3 (63%) to stabilize the
metals in their dissolved ionic form and stored for ICP-OES analysis. The remaining volume
was used for pH and ORP measurements.

4.4.2. Cell viability

Cell counting was done under a Zeiss ICS KF2 microscope equipped with a 40x 0.65
Ph2 CP-Achromat o/0.17 objective lens and a 10x ocular lens, providing phase contrast
imaging. 45 uL was placed in a slide measuring 76 x 26 mm (Knittel Glasbearbeitungs GmbH),
and the slide cover 18x18 mm (DWK Life Sciences GmbH) was placed on top of it. The plate
was rinsed with ethanol and dried with a tissue each time after use, and the cover was disposed
of.

4.4.3. Ferrozine Assay

The methodology for ferrozine assay was followed according to Braunschweig et al
(2012) to quantify the ferrous iron and total iron. The ferrozine reagent solution was composed
of deionized water, 11.9 g/LL HEPES (Carl Roth GmbH, Pufferan®, 238.31 g/mol), 1 g/L
ferrozine (Ferrospectral, Merck KGaA), and it was adjusted with 2M KOH solution to pH 4.7.

Before the ferrozine assay with the bioleaching samples, a calibration curve (Figure
4.4) was made using dilutions from 0.1 to 1 mM of an Iron (II) Sulfate Heptahydrate (Carl Roth
GmbH+Co., Karlsruhe) stock solution. The iron solutions were prepared and 12 puL pipetted to
a 96-well plate (Greiner Bio-One). After that, 228 pL of ferrozine solution was added, and the

samples were analyzed using a SpectraMax M2 Molecular spectrophotometer device running
on SoftMax Pro 6.2.1 with a wavelength of 562 nm and shaken for 5 seconds.

For the bioleaching samples, dilutions 1:100 were prepared to ensure the concentration
was within the calibration curve range, in case ferrous iron concentration was higher than 1 M.
After dilution, 12 pL of the diluted sample was taken and mixed with 228 pL ferrozine solution
in one well for each sample with the purpose of measuring the absorbance to calculate the
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concentration of iron (II). The next step was adding ascorbic acid to the diluted samples
remaining and incubating for 20 minutes at room temperature.
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Figure 4.4. Calibration curve for ferric, ferrous, and total iron quantification.

The samples were vortexed using a mixer (Vortex-Genie™ 2, Scientific Industries)
every 5 minutes and added extra ascorbic acid such that a small amount of ascorbic acid
remained undissolved at the end of 20 minutes. 12 pL of the ascorbic acid-treated samples were
combined with 228 pL of ferrozine solution in new wells, this time to quantify total iron. The
plate with all the samples was taken to the spectrophotometer, with a wavelength of 562 nm,
and shaken for 5 seconds.

The obtained absorbance results were multiplied by 100 and used to calculate iron (II)
and total iron concentration using the regression equation presented in equation 5. To determine
the ferric iron content, the concentration of iron (II) was subtracted from the total iron
concentration as shown in equation 6.

y = 0.8969x — 0.0048 (Eq.5)

Where y is the concentration of Iron (II) and x is the absorbance value recorded at 562 nm.

[Total Fe] — [Fe?*] = [Fe®*] (Eq.6)

4.4.4. ORP and pH measurements

For the pH measurement, a Mettler Toledo electrode Inlab® Semi-Micro (pH range 0
to 12, temperature range 0 — 100 °C) was used, and for the ORP, a Mettler Toledo electrode
Inlab® Redox-Micro was used (Ag electrode) (Temperature range 0 — 100 °C, 3 mol/L KCI).
Before each measurement, the pH meter was calibrated using standard buffer solutions. Since
ORP electrodes cannot be calibrated, their potential was verified daily using a standardized
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468 mV solution, and any deviation from this value was recorded and used to correct the
measured Eh values.

4.4.5. ICP-OES

Samples were periodically collected to monitor metal release from the pyritic material
and slag using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES,
SPECTRO ARCOS FHX3X). To ensure accurate quantification within the detection limits of
the instrument, measurements were performed at various dilutions (1:50, 1:100, 1:500) in
deionized water with 3% HNO:s as the diluent. For crushed pyrite and pyrite ashes experiments,
the final dilution was set at 1:50, while for slag samples 1:100.

Bioleaching efficiency for each target metal was calculated by comparing the amount
released into solution with the total metal content in the original mine waste (Eq. 7).

Cl
Bioleaching Ef ficiency of Metals % = cw ) x 100% (Eq.7)
1000

Where C; is the concentration of metal in the leach liquor (mg/g) measured by ICP-
OES, C\ is the concentration of metal in the mine waste (ppm) (Table 4.11). Recoveries for all
tests were calculated using this equation.

The experimental results were fitted with a second-order polynomial equation by
multiple regression analysis. To predict the optimal point, the full quadratic equation model
was expressed according to equation 8:

3 3 3 3
y=PB+ Zﬁixi + Zﬁiixiz + Z Z Bijxix; (Eq.8)
i=1 i=1

i=1 j=i+1

Where y is the predicted response by the model, and fo, fi, fii, and p; are constant
regression coefficients of the model; x;, x°, and xixj represent the linear, quadratic, and
interactive terms of the coded independent variables, respectively.

By solving the obtained polynomial equation, the optimal values of each three factors
were determined. Furthermore, the coefficient of determination (R*) was used to evaluate the
accuracy and quality of the full quadratic equation. Analysis of variance (ANOVA) and
Response Surface Regression were used to analyze the experimental data.

Moreover, contour plots were constructed to visualize the optimum conditions for pyrite
waste bioleaching and the interactive effects of significant variables on the response. The
significant a-level of 5% was used for the analysis.

5. Results
5.1. Direct bioleaching of crushed pyrite (SD-BIO-3) under different combinations of pH,
Fe (II) and pulp density
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The leaching experiments of crushed pyrite with SLA bacterial culture were conducted
at 42 °C, with ferrous iron supplementation at 10 mM, 35 mM, or 60 mM, pH 1.5, 2.0, or 2.5,
and pulp density of 2%, 3% or 4% (w/v). In all flasks, cells were observed from day 2 onwards,
including an abiotic control. After 9 days, it was observed a color change and turbidity increase
in experiments when compared to the abiotic control, occasioned by microorganism growth
and biological activity.

5.1.1. pH and ORP Changes During Crushed Pyrite Optimization Experiments

In Figure 5.1, the average values of pH and ORP for each experiment are shown. Initial
(day 0) pH average values after inoculation ranged between 1.60 and 1.64 for experiments with
HBS medium set at pH 1.5 (Figure 5.1A, 5.1B, 5.1C, 5.1D).
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Figure 5.1. pH and ORP over time for the bioleaching of crushed pyrite carried out using starting media of pH 1.5, at 42 °C,
and SLA culture. (A) Average of CP1, CP16, CP31 with Fe (II) 10 mM and 3% (w/v) solid load. (B) Average of CP3, CP18,
CP33 with Fe (II) 60 mM and 3% (w/v) solid load. (C) Average of CP5, CP20, CP35 with Fe (II) 35 mM and 2% (w/v) solid
load. (D) Average of CP7, CP22, CP37 with Fe (II) 35 mM and 4% (w/v) solid load.

On day 4 it was observed a small increase in the pH and after 9 days, the pH slightly
decreased again, varying from 1.40-1.65. Initial ORP values ranged from approximately 378-
417 mV before incubation. By the end of the experiment, redox potential average values had
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gradually increased to a range between 407 and 424 mV, indicating a very slight increase in
microbial activity.
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Figure 5.2. Monitoring of pH and ORP over incubation time for the bioleaching of crushed pyrite carried out using starting
media HBS pH 2.0, at 42 °C, and SLA culture, and addition of 1% (w/v) sulfur. (A) Average of CP9, CP24, CP39 with Fe (II)
10 mM and 2with and solid load. (B) Average of CP10, CP25, CP40 with Fe (II) 60 mM and 2% and solid load. (C) Average
of CP11, CP26, CP41 with Fe (II) 10 mM and 4% (w/v) solid load. (D) Average of CP12, CP27, CP42 with Fe (II) 60 mM
and 4% (w/v) solid load. (E) Control - Average of CP13, CP14, CP15, CP28, CP29, CP30, CP43, CP44, CP45 with Fe 35 mM
and 3% (w/v) solid load.
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Figure 5.3. Monitoring of pH and ORP over incubation time for the bioleaching of crushed pyrite carried out using starting
media HBS pH 2.5, at 42 °C and SLA culture, and addition of 1% (w/v) sulfur. (A) Average of CP2, CP17, CP32 with Fe (II)
10 mM and 3% (w/v) solid load. (B) Average of CP4, CP19, CP34 with Fe (II) 60 mM and 3% (w/v) solid load. (C) Average
of CP6, CP21, CP36, Fe 35 mM and 2% (w/v) solid load. (D) Average of CP8, CP23, CP38 with Fe (II) 35 mM and 4% (w/v)
solid load.

For the experiments using medium HBS media adjusted to pH 2.0, the initial pH values
varied from 1.81 and 2.09, decreasing to values between 1.63 and 1.76. Moreover, ORP values
increased from a range of 366-404 mV on the initial day to a range of 400-423 mV on the last
day, as shown in Figure 5.2 (A, B, C, D). At pH 2.0, the abiotic control with iron at 35 mM
(5.2E), a decrease in pH was shown from pH 1.96 on the first day and 1.76 in the last one.
However, the ORP average value remained nearly the same during the time interval, varying
from 376 to 379 mV on the last sampling day.

For the experiments using medium HBS media adjusted to pH 2.5, the initial pH varied
from 1.83 to 2.18. On day 9, conditions at 10 mM Fe (II) + 3% (w/v) solid load (CP2-17-32)
(Figure 5.3A) and 35 mM + 2% (w/v) (CP6-21-36) (Figure 5.3C) had a small increase in pH
to 1.89 and 1.97, respectively. Contrasting, CP8-23-38 (35 mM Fe (II) + 4% (w/v)) (Figure
5.3D) and CP4-19-34 (60 mM + 3% (w/v)) (Figure 5.3B) had a decrease to 1.62 and 1.86 over
time, respectively. Moreover, ORP values increased from a range of 386-414 mV on the initial
day to 407-429 mV on the last day, as shown in Figure 5.3 (A, B, C, D).
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5.1.2. Total Iron, Ferrous Iron, and Ferric Iron Concentration Determination for
Crushed Pyrite

iron, and Fe’" across biotic and abiotic conditions.
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Figure 5.4. Monitoring of Fe?* and Fe3* over incubation time for the bioleaching of crushed pyrite carried out using starting at
42 °C, SLA culture, and the addition of 1% (w/v) sulfur. (A) pH 1.5, Fe (II) 10 mM and 3% (w/v) (CP1-16-31). (B) pH 2.5,
Fe (II) 10 mM and 3% (w/v) (CP2-17-32). (C) pH 1.5, Fe (II) 35 mM and 2% (w/v) (CP5-20-35). (D) pH 2.0, Fe (II) 10 mM
and 2% (w/v) (CP9-24-39). (E) pH 2.0, Fe 60 mM and 2% (w/v) (CP10-25-40).

It was observed a decrease in concentration of Fe** in solution by the end of 9 days for
majority of tested conditions (shown in Annex Al), except for an increase of Fe** in solution
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between start and end dates for the conditions: pH 1.5, Fe (II) 10mM, 3% (w/v) (CP1-16-31)
(Figure 5.4A); pH 1.5, Fe (I) 35 mM, 2% (w/v) (CP5-20-35) (Figure 5.4C); pH 2.0, Fe (II) 10
mM, 2% (w/v) (CP9-24-39) (Figure 5.4D) and pH 2.0, Fe (II) 60 mM, 2% (w/v) (CP10-25-40)
(Figure 5.4E). For Fe** concentrations, the majority of the bioleaching experiments showed an
increase after 9 days. However, abiotic control and conditions pH 2.5, with Fe (IT) 10 mM and
3% (w/v) (CP2-17-32) (Figure 5.4B), pH 2.0, Fe (II) 10mM and 2% (w/v) (CP9-24-39) (Figure
5.4D), and pH 2.0, Fe (II) 60 mM and 2% (w/v) (CP10-25-40) (Figure 5.4E) had the amount
in solution reduced.

Although 60 mM of ferrous iron was added to CP10-25-40 (Figure 5.4E), only 19 mM
was detected on day 0 using the ferrozine assay. However, by the second measurement on day
2, the ferrous concentration had increased to 58 mM, aligning more closely with the expected
value. Similarly, an unexpectedly high ferric iron concentration of 44 mM was measured on
day 0, which subsequently dropped to 3.8 mM on day 2. These fluctuations suggest a likely
measurement error during the first analysis, possibly due to sample handling, interference, or
timing inconsistencies in the assay procedure.

5.1.3. ICP-OES Analysis for Crushed Pyrite Samples

As observed in Figure 5.5, Mn (Figure 5.5A) and Zn (Figure 5.5B) had significant
recovery; there was variation in the recovery of metals across all experiments. Other metals
measured can be seen in Annex A2. The highest Mn bioleaching efficiency (~ 100%) was
observed in (CP10-25-40). However, when compared last and first day of experiments, both
days showed nearly same values.

[ 1 Mn Bioleaching [%] d0

- Mn Bioleaching [%] d9
100 ~  im 100 [ ] znBioleaching [%] dO

Mn bioleaching [%]

- Zn Bioleaching [%] d9
904 90 4
804 80 4
70 ' | _ 704
&
60 - K o 60 -
£
=
50 1 8 50
o
°
40 - S 40
(=
N
30 A 30
20 A 20 |
104 10 -
0- 04
S oy D S oy D
AN S N U . U S A IR N AN I S A AR b A
CIRORIG I S~ SRR H S S S B B RIS S R 2 S N T I I
N AN DS NP O P A AN A A A
FFEFEFEFEeFEFgFege FEFEFFETesFeEFgegFeE

Figure 5.5. (A) Mn bioleaching efficiency on day 0 and day 9. (B) Zn bioleaching efficiency on day 0 and day 9.

For Zn, CP5-20-35 and CP6-21-36 showed the highest bioleaching percentage, 20.8%
and 22% respectively. Even so, compared to the abiotic control CP13-28-43, 21.5% the results
were too similar.
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5.1.4. Response Surface Methodology For Crushed Pyrite Samples

After seeing which metals were being leached, the Response Surface Regression (RSR)
models for those are presented, focusing on factors that significantly affect metal recovery and
the overall reliability of the models. For the other analyzed elements, see Annex A3. The
presence of Mn in the liquor is significantly influenced by ferrous iron concentration, with a
strong positive effect (Coef = +21.36, p < 0.05), pulp density, with a strong negative effect
(Coef = -17.76, p < 0.05) and Pulp density? has a positive quadratic effect with p < 0.05),
suggesting a U-shaped response and an ideal range of pulp density.

For Mn recovery, pH, pH? and the interaction of pH with ferrous iron did not show an
effect, with a p-value of pH (p = 0.595), suggesting it does not influence Mn recovery much
within this range, as can be seen in the Pareto Chart (Figure 5.6). In Annex A3 is present the
entire data extracted from the regression.

The model explains a moderate portion of the variance in Mn recovery with a R? =
61.34%, and Predicted R* = 31.3% indicates a lower reliability when predicting unseen data.
Moreover, some data points show large residuals, which could indicate outliers or model
limitations.

Based on the calculated values of the regression coefficients, a polynomial regression
model equation that fitted 61.34% of the variation in the data was proposed as follows:

Mn Bioleaching (%) = 226 + 57 pH - 0.44 [Fe II] (mM) - 141.2 Pulp density (%) - 20.3 pH X pH +0.00953 [Fe
1] (mM)X[Fe II] (mM) + 17.07 Pulp density (%) X Pulp density (%) - 0.021 pH X [Fe II] (mM) + 6.6

pH X Pulp density (%) + 0223 [Fe II] (mM) X Pulp density (%) (Eq. 9)

(response is Mn (%), o = 0.05)
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Figure 5.6. Pareto Chart of the standardized effects of pH, ferrous iron initial concentration, and pulp density on the bioleaching
of crushed pyrite for Mn recovery.

For Zn bioleaching efficiency, linear pH, Fe(Il), and all interaction terms are non-
significant (p > 0.05). On the other hand, pulp density (%) has a negative effect (Coef =-3.75,
p = 0.000), Fe (II)* and Pulp density? have significant quadratic effects (p = 0.007 and p =
0.010, respectively), suggesting a nonlinear influence on Zn bioleaching. Zn recovery is mostly
affected by pulp density, with a clear negative linear and nonlinear (quadratic) relationship
(Figure 5.7).
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The obtained model explains less than half of the variability (R* = 47.84%); moreover,
the predicted R? = 21.3% indicates low predictive power. The polynomial regression model
equation that fitted 47.84% of the variation in the data was proposed as follows:

Zn Bioleaching (%) = -42.5+29.9pH + 0.619 [Fe II] (mM) + 19.6 Pulp density (%) - 6.06 pH X pH— 0.00637
[Fe Il] (mM) X [Fe Il] (mM) - 3.81 Pulp density (%) X Pulp density (%) - 0.120 pH X [Fe II] (mM) -
0.55 pH X Pulp density (%) + 0.0171 [Fe II] (mM) X Pulp density (%) (Eq. 10)
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Figure 5.7. Pareto Chart of the standardized effects of pH, ferrous iron initial concentration, and pulp density on the bioleaching
of crushed pyrite for Zn recovery.

In order to optimize the bioleaching of interest metals, a response optimization model
was done, with the main goal being to reach 100% of Mn and the maximum possible from the
other metals (Al, Zn, Sb, and Cu), while minimizing the recovery of Arsenic. The full model
can be seen in Annex A4. The model uses desirability functions to balance all these goals
simultaneously.

Table 5.1. Predicted Responses at optimal settings for crushed pyrite.

Response: Goal Predicted value (%) 95% CI* 95% PI**
Recovery (%)
Al Maximize 3.572 (3.336,3.808)  (3.031,4.113)
As Minimize 6.69 (2.74,10.63) (-2.36, 15.73)
Cu Maximize 3.454 (2.113,4.795)  (0.379, 6.529)
Mn Target: 100% 99.84 (79.76, 119.91)  (53.81, 145.86)
Sb Maximize 2.483 (2.242,2.724)  (1.930, 3.036)
Zn Maximize 18.56 (13.98, 23.13) (8.07, 29.05)

*CI (confidence interval), **PI (prediction interval)

The model found the best trade-off between all these responses at the following input
settings of pH at 1.66162, ferrous iron addition of 53.9394 mM, and pulp density of 2% (w/v).
A composite desirability of 0.67 (on a scale of 0 to 1) indicates a reasonably good trade-off
across all six responses. In multi-response optimization, anything above 0.6 is typically
considered acceptable, depending on the strictness of industrial constraints.
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Operating at low pH (1.66), moderately high Fe (II) (~54 mM), and very low pulp
density (2% w/v) yields the best compromise. These conditions likely enhance metal solubility
and reduce co-precipitation. Mn recovery is nearly at target (99.84%), Zn and Cu are
significantly improved under these conditions. As is reduced, though still non-negligible
(6.69%). Some responses, especially As and Mn, show wide prediction intervals, indicating
that while the mean prediction is favorable, real-world variability may lead to lower or higher
values. This might call for additional validation experiments or tightened control in actual

operations.
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Figure 5.8. Contour plots for (A) Mn bioleaching efficiency with respect to ferrous iron and pH (pulp density fixed at its middle
value). (B) Mn bioleaching efficiency with respect to ferrous iron and pulp density (pH fixed at its middle value). (C) Mn
bioleaching efficiency with respect to pulp density and pH (ferrous iron concentration fixed at its middle value). (D) Zn
bioleaching efficiency with respect to ferrous iron and pH (pulp density fixed at its middle value). (E) Zn bioleaching efficiency
with respect to ferrous iron and pulp density (pH fixed at its middle value). (F) Mn bioleaching efficiency with respect to pulp
density and pH (ferrous iron concentration fixed at its middle value).
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Contour plots (Figure 5.8) show the behavior of Mn and Zn when varying the two out
of the three factors, with one of the parameters held at the middle value. It is possible to observe
that when the concentration of ferrous iron increases and pH is in the range of 1.5 to 2.25, it is
obtained a higher bioleaching percentage of Mn (Figure 5.8A) is obtained.

When comparing Fe (II) and pulp density, the lower the pulp density and the higher the
iron, the better the Mn recovery (5.8B). Furthermore, pH versus pulp density showed that the
lower pulp density better recovery, in the range of pH 1.5 to 2.0 (Figure 5.8C). For Zn, best
recoveries ranged from pH 1.75 to 2.25, while ferrous iron was 30 mM to 40 mM (Figure
5.8D). At the same ferrous iron range, pulp density around 2.5% showed the best Zn
bioleaching (Figure 5.8E). When holding Fe (II) at 35 mM, the best recovery was present in
the same pulp density range (2.5%) and pH 2.0. Contour plots for the other analyzed elements,
as well as 3D surface response curves, are present in Annex A5, showing the combination of
parameters and their respective impacts on metal bioleaching under the conditions tested.

5.1.4.1. Confirmatory experiments
5.1.4.1.1. Crushed Pyrite

To confirm the prediction done by the model, and therefore the applicability of the
proposed second-order model for further optimization of mine waste bioleaching, confirmation
at the predicted optimum level of the factors was carried out along with abiotic control. After
9 days, a color change and turbidity increase were observed in experiments when compared to
abiotic control, occasioned by microorganism growth and biological activity (Figure 5.9).

Figure 5.9. Crushed pyrite bioleaching on day 9 Ve;sus abiofic control on day 9 pHﬂf6g:t2°C, pulp density 2% (w/v), Fe (IT)
54 mM, SLA culture and addition of 1% (w/v) sulfur.

In Figure 5.10A, the pH and ORP are shown over 9 days, where it was observed an
increase in ORP, indicating microbial activity, and a decrease in pH. While in Figure 5.10B,
the Fe (II) decreased over time, with an increase on day 2, while Fe (III) increased over time,
reaching around 30 mM, which was not observed in the control, where no ferric iron was
formed. This indicates that the microbial action led to the ferrous to ferric iron conversions for
further metal mobilization.

The 95% confidence interval for Cu and As concentration after 9 days of incubation
under the optimized conditions was obtained, on the other hand the 95% confidence interval
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for the Al, Zn, Sb and Mn concentration was not obtained as it was expected between 53.81—
145.86% for Mn, when the real value was 22.6%, expected a range of 3.031-4.113% and
obtained 13.29% Al, expected 8.07-29.05% and obtained 1.85% Zn, expected 1.93—-3.04% and
obtained 16.4% Sb as can be seen in Figure 5.11.

A B

600 . y . r 40 200 r T 50

L3s —e— Fe Il [mM]
500 - . —mFellmM]| | o

3.0

25 30

pH

2.0

Fe Il [mM]
Fe Ill [mM]

20

100

m ORP[mv]| [05
*— pH

0 T T T T 0.0
0 2 4 6 8 10

Time [d]

Time [d]

Figure 5.10. Monitoring of Fe*" and Fe** over incubation time for the bioleaching of crushed pyrite carried out using starting
media HBS pH 1.66, 42 °C, pulp density 2% (w/v), Fe (II) 54 mM, and SLA culture and addition of 1% (w/v) sulfur. Dashed
lines represent abiotic control, and solid lines represent biotic experiments. (A) ORP and pH over 9 days for bioleaching
confirmatory experiments. (B) Ferrous versus ferric iron over 9 days for bioleaching confirmatory experiments.
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Figure 5.11. Bioleaching efficiency (%) of Al, As, Co, Cu, Mn, Pb, Sb, and Zn at day 0 and day 9. Light grey bars correspond
to the abiotic control at day 0 (CP-C d0), and light red bars represent the biotic test at day 0 (CP d0). Dark grey bars indicate
the abiotic control after 9 days (CP-C d9), while red bars represent the bioleaching efficiency in the biotic experiment after 9
days (CP d9).

Since the value predicted by the model is not within this interval, this cannot be taken
as the confirmation of the suitability of the regression model for predictive purposes, especially

considering the interest metals Zn and Mn, which showed great overprediction in the model.
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5.1.4.1.2. Pyrite ashes

As the composition of pyrite ashes is very similar to crushed pyrite (Table 4.10), the
same optimized condition was tested together with an abiotic control, and after 9 days, no color
difference was observed between the control and experiment (Figure 5.12).

Figure 5.12. Pyrite ashes confirmatory experiments at pH 1.66, 42 °C, pulp density 2% (w/v), Fe (IT) 54 mM, and SLA culture
and addition of 1% (w/v) sulfur.
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Figure 5.13. Monitoring of Fe*" and Fe*" over incubation time for the bioleaching of pyrite ashes carried out using starting
media HBS pH 1.66, 42 °C, pulp density 2% (w/v), Fe (II) 54 mM, and SLA culture and addition of 1% (w/v) sulfur. Dashed
lines represent control, and solid lines the experiment. (A) ORP and pH over 9 days for bioleaching confirmatory experiments.
(B) Ferrous versus ferric iron over 9 days for bioleaching confirmatory experiments.

Figure 5.13A shows that ORP slightly increases over time (from 355 mV to 384 mV).
pH decreases from 1.77 to 1.71, but with no difference between the abiotic control and
bioleaching experiment. When it comes to ferrous and ferric iron variation over time, the
behavior of Fe (II) was almost identical in the control and bioleaching experiments, with a peak

of ferrous iron on day 2 (Figure 5.13B). Differently, it was possible to see that on day 2, more
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ferric iron was available in solution in the bioleaching than in the control. However, no other
significant difference was observed between bioleaching and control experiments after 9 days.

When looking at the elements leached during the experiments, overall the metal
recovery was extremely low, which shows that the model for crushed pyrite does not fit pyrite
ashes even with similar compositions. Moreover, it is possible to observe that Mn and Sb had
the highest leaching values; however, not higher than chemical control results (Figure 5.14).
Therefore, probably Mn and Sb went into solution due to the pH, not necessarily the microbial
activity.
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Figure 5.14. Bioleaching efficiency (%) of Al, As, Co, Cu, Mn, Pb, Sb, and Zn at day 0 and day 9. Light grey bars correspond
to the abiotic control at day 0 (PA-C d0), and light red bars represent the biotic test at day 0 (PA d0). Dark grey bars indicate
the abiotic control after 9 days (PA-C d9), while red bars represent the bioleaching efficiency in the biotic experiment after 9
days (PA d9).

5.2. Direct Bioleaching of Slag (SD-BIO-1) under different combinations of pH, Fe (II),
and pulp density

The leaching experiments of slag with SLA bacterial culture were conducted at 42 °C,
with ferrous iron supplementation at 10 mM, 35 mM, or 60 mM, pH 1.0, 1.5, or 2.0, and pulp
density of 2%, 3% or 4% (w/v). The choice for a lower pH in slag than in crushed pyrite
experiments was based on previous experiments done at the Microbiology and
Biohydrometallurgy research group, which detected a substantial increase in the pH over time,
making it not suitable for microbial growth and activity.

With this adjustment, in all flasks, cells were observed from day 2 onwards, including
chemical control. Color and turbidity varied across 9 days, with the bioleaching experiment
becoming more orange than the abiotic control.

5.2.1. pH and ORP Changes During Slag Bioleaching Experiments

Moreover, pH and redox potential showed an increase overtime for all experiments. In
Figure 5.15, the average values of pH and ORP for each experiment are shown. Initial (day 0)
pH average values after inoculation ranged between 0.80 and 0.97 for experiments with HBS
medium set at pH 1.0 (Figure 5.15A, 5.15B, 5.15C, 5.15D). From day 2 onwards, pH was
already around 1.5, and on the last day, it ranged from 1.48 to 1.60.
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Figure 5.15. pH and ORP over time for the bioleaching of crushed pyrite carried out using starting media of pH 1.0, at 42 °C,
and SLA culture. (A) Average of SL1, SL16, SL31 at pH 1.0 with Fe 10 mM and 3% (w/v) solid load. (B) Average of SL3,
SL18, SL33 at pH 1.0, Fe 60 mM and 3% (w/v) solid load. (C) Average of SL5, SL20, SL35 at pH 1.0, Fe 35 mM and 2%
(w/v) solid load. (D) Average of SL7, SL.22, SL.37 at pH 1.0, Fe 35 mM and 4% (w/v) solid load.

Initial ORP values ranged from approximately 335-346 mV before incubation. By the
end of the experiment, redox potential average values had gradually increased to a range
between 435 and 551 mV. For the experiments using medium HBS media adjusted to pH 1.5,
the initial pH values varied from 1.03 and 1.27, increasing to values between 1.86 and 2.02.
Moreover, ORP values increased from a range of 347-363 mV on the initial day to a range of
422-491 mV on the last day, as shown in Figure 5.16 (A, B, C, D).

At pH 1.5, an increase in pH from 1.1 on day 0 to 2.17 on day 9 was observed on the
abiotic control (iron at 35 mM, Figure 5.16). The ORP value stayed less than 400 mV during
the time interval, varying from 333 to 392 mV on the last sampling day. This indicates that the
microbial activity was low in the abiotic control. This is because of the chemical nature of the
slag that increases the pH due to the release of alkaline substances like Ca, which increases the
hydroxyl ions in the solution.

For the experiments using medium HBS media adjusted to pH 2.0, the initial pH after
inoculation varied from 0.81 to 0.99, which all increased to a range of 1.73-1.81 over time,
respectively. All experiments at pH 2 showed the peak of pH on day 2. Moreover, ORP values
increased from a range of 377-401 mV on the initial day to 454-519 mV on the last day, as
shown in Figure 5.17 (A, B, C, D).
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Figure 5.16. Monitoring of pH and ORP over incubation time for the bioleaching of slag was carried out using starting media
HBS pH 1.5 at 42 °C and SLA culture, and addition of 1% (w/v) sulfur. (A) Average of SL9, SL24, SL39 at Fe (II) 10 mM
and 2% (w/v) pulp density. (B) Average of SL10, SL25, SL40 at Fe (II) 60 mM and 2% (w/v). (C) Average of SL11, SL26,
SL41 at Fe (II) 10 mM and 4% (w/v). (D) Average of SL12, SL27, SL42 at Fe (II) 60 mM and 4% (w/v). (D) Control —
Average of SL13, SL14, SL15, SL28, SL29, SL30, SL43, SL44 and SL45 at Fe (II) 35 mM and 3% (w/v).
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Figure 5.17. Monitoring of pH and ORP over incubation time for the bioleaching of slag was carried out using starting media
HBS pH 2.0, at 42 °C, and SLA culture, and addition of 1% (w/v) sulfur. (A) Average of SL2, SL17, SL32 at Fe (II) 10 mM
and 3% (w/v) pulp density. (B) Average of SL4, SL19, SL34 at Fe (II) 60 mM and 3% (w/v). (C) Average of SL6, SL21, SL36
at Fe (II) 35 mM and 2% (w/v). (D) Average SL8, SL23, SL38 at Fe (II) 35 mM and 4% (w/v).

5.2.1. Total Iron, Ferrous Iron, and Ferric Iron Concentration Determination for Slag

The bioleaching experiments revealed that all experiments, including chemical control,
by the last day had an increase in Fe** when compared to day 0 (shown in Annex A6). While
most experiments showed a decrease of Fe** content in the leachate liquor (SL1-16-31, SL7-
22-37, SL11-26-41, SL12-27-42) and Control - SL13-14-15-28-29-30-43-44-45 showed an
increase, which can be seen in Figure 5.18. The amount of ferrous iron added to each flask was
significantly more than measured in the first sampling. This suggests the release of more
ferrous iron from the material, which could be released on the first day due to the extremely
low pH.
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Figure 5.18. Monitoring of Fe?* and Fe*" over incubation time for the bioleaching of slag, at 42 °C, SLA culture and addition
of 1% (w/v) sulfur. (A) Average of SL1, SL16, SL31 at pH 1.0, Fe (II) 10 mM and 3% (w/v). (B) Average of SL7, SL22, SL37
at pH 1.0, Fe (II) 35 mM and 4% (w/v). (C) Average of SL11, SL26, SL4, at pH 1.5, Fe (II) 10 mM and 4% (w/v). (D) Average
of SL12, SL.27, SL42, at pH 1.5, Fe (II) 60 mM and 4% (w/v). (E) Control - Average SL13, SL14, SL15, SL28, SL29, SL30,
SL43, SL44, SL45 at pH 1.5, Fe (IT) 35 mM and 3% (w/v).
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5.2.2. ICP-OES Analysis for Slag Samples

The metal recovery from slag material was calculated by Equation 7. Co, Cu, Mn, and
Zn showed relevant recovery across different experiments (Figure 5.19); for the other metals
measured, see Annex A7. The bioleaching on the last day was much higher than on day 0. Co
bioleaching close to 60% in almost all conditions tested, and SL6-21-36 had 61%, the highest
Co presence in liquor leach. Cu bioleaching varied from 40 to 60% on day 9. Both Mn and Zn
showed higher bioleaching on day 0 when compared to Co and Cu. The final percentage of Mn
and Zn in the liquor leach reached 85.8% in SL10-25-40 and 82.4% SL6-21-36, respectively.
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Figure 5.19. Efficiency of metals bioleaching on day 0 and day 9 of the experiment. (A) Co. (B) Cu. (C) Mn. (D) Zn.

5.2.3. Response Surface Methodology for Slag Samples

After seeing which metals were being leached, the Response Surface Regression (RSR)
models for those are presented, focusing on factors that significantly affect metal recovery and
the overall reliability of the models. For the other analyzed elements, check Annex A8. The
behavior of Al is dominated by the quadratic terms, such as pH?, Fe (I1)?, and pulp density?; all
these terms are highly significant with a p <0.05 (Figure 5.20A). It is also affected by the linear
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term of pulp density. Bioleaching efficiency of As is very sensitive to pH, and it is also
influenced by pulp density (Figure 5.20B). When it comes to the quadratic terms, pH? and Fe
(I1)? are significant as well. The presence of Co in the liquor is significantly influenced by the
square of Fe (II) concentration, pulp density, and pH (Figure 5.20C). For Cu, the square of Fe
(II), and pH, and pulp density were the most influential factors (5.20D). Mn was influenced by
Fe (IT) and the square of Fe (II), pH and the square of pH, pulp density and the square of pulp
density (Figure 5.20E). Zn was mostly affected by the square of Fe (II) and of pH (Figure
5.20F).
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Figure 5.20. Pareto chart of the standardized effects. (A) Response is Al bioleaching efficiency after 9 days. (B) Response is
As bioleaching efficiency after 9 days. (C) Response is Co bioleaching efficiency after 9 days. (D) Response is Cu bioleaching
efficiency after 9 days. (E) Response is Mn bioleaching efficiency 9 days. (F) Response is Zn bioleaching efficiency after 9
days.
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The model explains a good portion of the variance in Al (R? = 64.2% and predicted R?
= 37.1%), As (R* = 71.2%), and Mn (R* = 71.0% and predicted R* = 48.9%) recovery and
indicates good reliability when predicting unseen data. Zn (R* = 45.5% and predicted R?
1.69%), Co (R? = 41.2% and predicted R* = 0%), and Cu (R? = 49.3% and predicted R? =
11.7%) models are poor or weak in terms of fit and predictability. Moreover, some data points
show large residuals, which could indicate outliers or model limitations.

Based on the regression coefficients, polynomial regression model equations that fitted
the variation in the data for Al (Equation 11), As (Equation 12), Co (Equation 13), Cu (Equation
14), Mn (Equation 15), Zn (Equation 16) were proposed.

Al Bioleaching (%) = 806 - 500.4 pH - 3.22 Fe [1I] - 124.4 Pulp Density + 146.0 pH X pH + 0.03902 Fe [II] X
Fe [1I] + 13.29 Pulp Density X Pulp Density + 0.090 pH X Fe [II] + 18.1 pH X Pulp Density + 0.137

Fe [1I] X Pulp Density (Eq. 11)

As Bioleaching (%) = 161.2 - 107.9 pH - 0.324 Fe [1I] - 29.5 Pulp Density + 15.21 pH X pH + 0.00548 Fe [II]
X Fe [1I] + 1.95 Pulp Density X Pulp Density + 0.109 pH X Fe [1I] + 11.51 pH X Pulp Density - 0.0905

Fe [1I] X Pulp Density (Eq. 12)

Co Bioleaching (%) = 156.1 - 63.2 pH - 0.775 Fe [Il] - 24.9 Pulp Density + 17.87 pH X pH + 0.01032 Fe [1I]
X Fe [II] + 1.73 Pulp Density X Pulp Density - 0.007 pH X Fe [II]+ 5.72 pH X Pulp Density + 0.0358

Fe [1I] X Pulp Density (Eq. 13)

Cu Bioleaching (%) =222.6 - 156.4 pH - 0.838 Fe [1I] - 29.0 Pulp Density + 45.0 pH X pH + 0.00999 Fe [II]
X Fe [II] + 1.50 Pulp Density X Pulp Density - 0.032 pH X Fe [1I] + 8.44 pH X Pulp Density + 0.059

Fe [1I] X Pulp Density (Eq. 14)

Mn Bioleaching (%) = 144.3 - 45.4 pH - 0.171 Fe [Il] - 29.7 Pulp Density + 16.66 pH X pH + 0.00866 Fe [II]
X Fe [1I] + 4.16 Pulp Density X Pulp Density - 0.031 pH X Fe [II] + 0.41 pH X Pulp Density - 0.0456

Fe [1I] X Pulp Density (Eq. 15)

Zn Bioleaching (%) = 176.5 - 75.3 pH - 0.855 Fe [1I] - 28.0 Pulp Density + 26.3 pH X pH + 0.01218 Fe [1I] X
Fe [1I] + 3.33 Pulp Density X Pulp Density - 0.129 pH X Fe [II] + 1.54 pH X Pulp Density + 0.0950

Fe [1I] X Pulp Density (Eq. 16)
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Figure 5.21. Interaction plot for As bioleaching efficiency.
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No significant interactions were found between terms for Al, Co, Cu, Mn, and Zn. For
As recovery, some interaction is present between pulp density and pH (p=0.010) (Figure 5.21).
The interactions plot for all elements can be found in Annex A9.

In order to optimize the bioleaching of interest metals, a response optimization model
was created, with the goal of reaching 100% of Al, Co, Cu, Mn, Zn, while minimizing the
recovery of Arsenic. The full model can be seen in Annex A10. The resulting model indicated
that operating at low pH (1.89), moderately high Fe (IT) (60 mM), and low pulp density (2.32%
w/v), the optimized bioleaching goals are likely to be met. These conditions are predicted to
enhance metal solubility and reduce co-precipitation. Co, Mn, and Zn recoveries are close to
the target under this model, with Co fit in 72.08%, Zn in 79.38% and Mn in 84.48%, while As
is reduced to 4% (Table 5.2).

Table 5.2. Predicted Responses at optimal settings for slag.

Response:

Recovery (%) Goal Predicted value (%) 95% CI* 95% PI**
Al Target: 100% 221.2 (200.7,241.7)  (175.1,267.3)
As Minimize 4.00 (-3.33,11.32) (-12.48,20.47)
Co Target: 100% 72.08 (63.89, 80.28)  (53.66, 90.51)
Cu Target: 100% 56.12 (47.22,65.02) (36.10, 76.13)
Mn Target: 100% 84.48 (79.03,89.93) (72.23,96.74)
Zn Target: 100% 79.38 (71.00, 87.77)  (60.52, 98.25)

*CI (confidence interval), **PI (prediction interval)

Although Co and Cu show high concentration in the leachate solution, the model must
be considered carefully due to the R? values. The contour plots showed that Co is better
recovered at high or low concentrations of iron (60 mM or 10 mM), at pH 2.0, when pulp
density is held at the middle value (Figure 5.22A). When iron is in the middle value, best
recovery is obtained at pH 2.0 and lowest pulp density (Figure 5.22B). Similarly, when pH is
in the middle value, Co recovery is the highest at low pulp density and very high or low ferrous
iron (Figure 5.22C). For Cu recovery, at pH 1.0 or 2.0 and the highest iron, more than 60% is
recovered, at pulp density 3% (w/v) (Figure 5.22D).
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Figure 5.22. Surface contour plots for (A) Co recovery in leachate when pulp density is at the middle value. (B) Co recovery
in leachate when Fe (II) is at the middle value. (C) Co recovery in leachate when pH is at the middle value. (D) Cu recovery
in leachate when pulp density is at the middle value. (E) Cu recovery in leachate when Fe (II) is at the middle value. (F) Cu
recovery in leachate when pH is at the middle value.

When ferrous iron is held at 35 mM, it confirms that lower pulp density and low or high
ferrous iron will improve the recovery of copper (Figure 5.22E). When pH is at the middle
value, the lowest pulp density performs the best with 10 mM or 60 mM ferrous iron (Figure
5.22F).

Considering the models with good or moderate fit, the contour plots show the behavior
of each element when two out of three conditions vary. For all contour plots and 3D surface
response curves, see Annex All. The highest recovery of Al was achieved when the iron
concentration was the highest or lowest tested, same for pH (Figure 5.23A). If Fe (1) is held at
35 mM, the best recovery is achieved when pH is 1.0 and pulp density is 2.0 (Figure 5.23B),
and when the pH is held at 1.5, the best recovery is obtained at minimum or maximum iron
concentration and lowest pulp density (Figure 5.23C). As the Al recovery in the experiments
exceeded 100%, the model also showed a range from 170 to 230%.

The areas which it is possible to obtain the least As recovery (0%) are in pulp density
set as the middle value, highest pH and Fe (II) from 20-50 mM, also in the region of pH 2.0,
from pulp density 2-3.5% and Fe (II) at 35 mM) (Figure 5.23E) and, when pH is held at 1.5,
lowest recovery is found in higher pulp density 3.5-4.0 and higher iron concentration (30-60
mM) (Figure 5.23F).

For Zn recovery, high pH and high iron promote recovery of around 80% according to
the model, when pulp density is 3% (Figure 5.23J). When iron is held at 35 mM, pH 2.0, and
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low pulp density remains the most suitable option, recovering up to 75% (Figure 5.23K). When
pH is 1.5, low (10 mM) or high (60 mM) values promote recovery of 75% or more if pulp
density is 2 % (w/v) (Figure 5.23L). Mn recovery was the best in higher iron concentration and
using HBS media at pH 2.0, when the hold value for pulp density is 3% (w/v) (Figure 5.23G).
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Figure 5.23. Contour plots for (A) Mn recovery with respect to ferrous iron and pH (pulp density fixed at its middle value).
(B) Mn recovery with respect to ferrous iron and pulp density (pH fixed at its middle value). (C) Mn bioleaching recovery
with respect to pulp density and pH (ferrous iron concentration fixed at its middle value). (D) Zn recovery with respect to
ferrous iron and pH (pulp density fixed at its middle value). (E) Zn recovery with respect to ferrous iron and pulp density (pH
fixed at its middle value). (F) Mn recovery with respect to pulp density % and pH (ferrous iron concentration fixed at its middle
value).

Also, when ferrous iron is 35 mM, the best pH remains at 2.0, and pulp density 2%
(w/v) (Figure 5.23H). When pH is held at 1.5, the best option is still high iron and low pulp
density (Figure 5.231).

5.2.3.1. Confirmatory Experiments of Slag

To confirm the prediction done by the model, and therefore the applicability of the
proposed second-order model for further optimization of slag bioleaching, confirmation runs
at the predicted optimum level of the factors were carried out along with abiotic controls. Color
and turbidity varied over 9 days, with the bioleaching experiment becoming more orange than
the abiotic control (Figure 5.24).

In Figure 5.25A, the pH and ORP are shown over 9 days, where it was observed an
increase in ORP and pH is observed overall. Abiotic control had a pH increase higher than that
of the experiment. Moreover, the increase in ORP was very low for the abiotic control. Both
observations indicate that microbial action was negligible in the abiotic control, though a few
cells were observed. In Figure 5.25B, the Fe (II) increased over time, reaching around 225 mM
on the last day, and Fe (III) decreased over time, reaching 0 mM, in both the experiment and
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the control. This is caused by the release of ferrous iron from the slag and, the use of ferric

iron produced for the bioleaching process.

Figure 5.24. Slag bioleaching experiment on the 9th day versus abiotic control on the 9th day at pH 1.89, 42 °C, pulp density

2.32% (w/v), Fe (II) 60 mM, SLA culture and addition of 1% (w/v) sulfur.
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the abiotic control after 9 days (SL-C d9), while red bars represent the bioleaching efficiency in the biotic experiment after 9
days (SL d9).
After confirmatory experiments, it was possible to see that Zn (86.9%), Mn (81.4%),

Cu (65.0%), and Co (66.4%) are within the 95% confidence interval (Figure 5.26). For As,
83.0% was present in the leach liquor, when the maximum expected was 11.3%. Similarly, Al
was underestimated, 258% in the confirmatory experiment versus a range between 200.7% and
241.7% expected. Although the values predicted for the model for Al and As are not within
this interval, the model can be taken as confirmation of the suitability of the regression model
for predictive purposes for the other metals, especially the interest metals Zn and Mn.

6. Discussion
6.1. Direct bioleaching of crushed pyrite (SD-BIO-3) and pyrite ashes (SD-BI1O-2) under
different combinations of pH, Fe (II), and pulp density

Bioleaching of waste materials differs considerably from conventional approaches used
at a commercial scale for metal sulfide ores. Notably, mine waste is often pre-oxidized and
may lack sufficient reduced sulfur to support microbial sulfur oxidation and sulfuric acid
production (Kinnunen & Hedrich, 2023). Consequently, it was necessary to supplement the
bioleaching flasks with elemental sulfur to stimulate microbial activity.

Iron supplementation also played a critical role, serving as a key energy source for the
SLA consortium. This supplementation proved crucial in the proposed experiments. None of
the biotic conditions supplemented with only 10 mM ferrous iron exhibited measurable iron
oxidation. In contrast, experiments with higher ferrous iron concentrations showed
significantly improved metal solubilization, highlighting the importance of iron availability in
driving microbial metabolism.

According to Li et al. (2020), the addition of iron in the bioleaching system at the
beginning affects the bioleaching by S. thermosulfidooxidans and L. ferriphilum under
autotrophic or rare organic nutrition conditions. It is noted that when there is no iron, the
bioleaching reaches a plateau after a certain time; however, in the presence of iron, the
bioleaching or at least the oxidization of RISCs continues.

Although earlier preliminary tests emphasized pH as a critical factor (Mokarian et al.,
2022), within the tested range (pH 1.5 to 2.5), pH did not significantly influence metal recovery.
The range tested was deliberately constrained and considered the growth restrictions of the
microorganism consortia.

Microbial activity compatible with bioleaching and iron oxidation activity was
confirmed in several experiments (CP3-18-33, CP4-19-34, CP6-21-36, CP7-22-37, CP8-23-
38, and CP12-27-42) by observing cell growth, increasing redox potential, decreasing pH, and
a shift from ferrous to ferric iron over a 9-day period. In contrast, the abiotic control exhibited
little to no iron oxidation within the same timeframe. This behavior can be attributed to the
absence of Fe?" in the leaching media which restricted the microbial consortium of any energy
source for their growth thereby indirectly affecting metal recovery (Panda, 2017). Hence, the
observed redox trends support the conclusion that the SLA consortium effectively catalyzes
the oxidation of Fe (II) to Fe (III), which subsequently acts as an oxidant in the bioleaching of
crushed pyrite. When it comes to Fe (III), some values might be underrepresented, as it was
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calculated by an indirect method, and errors might happen when total iron is being measured
by adding ascorbic acid and measuring by spectrometry.

For both crushed pyrite and pyrite ashes optimization and confirmatory experiments, a
gradual decrease in the pH was observed over the days. For example, at an initial pH of 2.0,
the medium decreased to values between 1.63 and 1.76. This gives an indication of active sulfur
oxidation by Acidithiobacillus caldus and Sulfobacillus thermosulfidooxidans, which
contributed to lowering the pH of the system (Panda et al., 2017). The stepwise reaction of
sulfur oxidation by the aforementioned microorganisms present in the bioleaching media is
shown in Egs. 17 and 18.

S°+ 0, + H,0 > H,SO0, (Eq.17)
H,S0; + 0.5 0, > H,S0, (Eq.18)

Even though sulfuric acid is produced in the process of bioleaching, for acid-insoluble
minerals such as pyrite, the protons do not initiate breakdown. The bioleaching should proceed
via the thiosulfate pathway which thiosulfate is generated via ferric iron oxidation and follows
with cleaving Fe-Sz bond. The thiosulfate is oxidized abiotically with ferric iron, via thiosulfate
quinone oxidoreductase (TQO) and/or thiosulfate dehydrogenase (TSD) in sulfur-oxidizing
microbes, species may then be oxidized to sulfate via biotic or abiotic reactions (Johns &
Santini, 2023).

It is reported by Chen et al. (2012) that the sulfur oxidation system of 4. caldus is
divided into three subsystems, namely the Sox, the non-Sox sulfur, and the SOR. The sulfur
oxidizing (Sox) enzyme system is responsible for the oxidation of sulfide, elemental sulfur,
thiosulfate, and sulfite to sulfate, followed by electron transfer to cytochrome c¢. While SOR 1is
able to catalyze the disproportionation of elemental sulfur, producing sulfite, thiosulfate, and
sulfide. The non-Sox follows the S4I pathway of thiosulfate oxidation via the form of
tetrathionate intermediates, in which thiosulfate is oxidized to tetrathionate by TQO; then,
tetrathionate is hydrolyzed by tetrathionate hydrolase (TetH), yielding thiosulfate and other
products.

Prior to ICP-OES analysis, a screening test was conducted to determine the optimal
dilution and to identify the elements of interest. Only elements detected in both the screening
and the bulk sample were included in the final analysis. Among the analyzed elements, Mn and
Zn showed the highest solubilization rates.

Manganese exhibited consistent leaching across the different biotic conditions,
consistent with its known mobility in acidic environments. Nearly 100% Mn recovery was
achieved in CP-10-25-40, while other experiments, such as CP3-8-33, CP4-9-34, CP5-10-25,
and CP12-27-42 showed more than 60% leaching after 9 days. Zinc leaching was most
pronounced in CP5-20-35 and CP6-21-36, with recoveries of 20.8% and 22%, respectively.
However, these values were very close to the abiotic control CP13-28-43 (21.5%), suggesting
that Zn solubilization in these cases may not be strongly associated with biological activity.

Although Mn recovery approached 100% during the RSM optimization experiments,
confirmatory experiments yielded significantly different results. This discrepancy may be
attributed to Mn precipitation during confirmatory tests or contamination in the earlier samples
used for RSM, leading to an overestimation.
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The applied Box-Behnken design focusing on pH, initial Fe (II) concentration, and pulp
density optimization showed that while experimental error could contribute, the model appears
to suffer from systematic under- and over-predictions, indicating its limited ability to capture
non-linear system behavior. Notably, the model severely underestimated Al leaching, likely
due to interaction effects not captured in the design. A similar issue was observed with Sb:
while the model predicted 1.93-3.04% leaching, the actual measured value was 16.4%. These
mismatches point to limitations in the model’s capacity to account for complex behaviors and
interactions in bioleaching systems. Unlike the other quantified elements, for Cu and As, the
model predictions fell within the 95% confidence intervals, though concentration in the leach
liquor was low for these elements (Annex A2).

Moreover, the statistical model indicated that the three experimental variables acted
independently, with no significant synergistic or antagonistic interactions observed. As can be
seen by the p-values given by the two-way interaction in the analysis of variance and respective
interaction plots (Annex A3).

6.2. Direct Bioleaching of Slag (SD-BIO-1) under different combinations of pH, Fe (II)
and pulp density

Slag waste exhibited significantly higher iron content compared to crushed pyrite and
pyrite ashes, as can be seen in Table 4.9, which likely contributed positively to redox reactions
that drive metal solubilization. Notably, even on the first day of the experiment, some flasks
contained more ferrous iron than was initially added, suggesting that the slag itself released
iron upon contact with the acidic medium in the shaking flasks.

Ferric iron is a chemical oxidant that breaks the bonds holding sulfide minerals
together. Additionally, Fe** plays an important role in oxidizing released sulfide. Therefore,
the regeneration of Fe®" is critical to the bioleaching process. At low pH, ferrous iron is
relatively stable, and abiotic oxidation is very slow. Thus, microorganisms are vital to the iron
oxidation process in acidic environments.

Biological activity was evident in all tested conditions. Indicators such as changes in
color, an increase of ferric iron concentrations, and a rise in oxidation-reduction potential
(ORP) confirmed microbial oxidation. Cell growth and the progressive conversion of Fe (II) to
Fe (IIT) over 9 days further supported the activity of the SLA consortium. In contrast, the abiotic
control displayed little to no iron oxidation within the same timeframe, affirming the biological
nature of the process. These results confirm that the SLA consortium effectively drives
microbial iron oxidation, with ferric iron subsequently acting as a powerful oxidant in the slag
bioleaching process.

In these experiments, the buffering capacity of the slag led to a gradual pH increase, a
behavior also observed in preliminary tests. To counteract this, sterile sulfuric acid was added
before inoculation to lower the initial pH. The volume of acid added was proportional to the
solid load and determined through previous acid consumption tests. Maintaining a low pH was
crucial, as bioleaching reactions and associated microbial activity are acid-dependent.
However, a thick residue layer — likely composed of silica — formed during the process
(Figure 6.1).
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Figure 6.1. Residue formed at the bottom of the shaking flask.

Research on amorphous FeO-SiO2 slags reveals the formation of a passive layer of
amorphous silica upon reacting with acid and precipitating during acidic leaching, which can
prevent further reaction (Perederiy & Papangelakis, 2017). Therefore, this residue may hinder
large-scale applications by forming a hard layer at the bottom of reactors and flasks at low pH,
potentially reducing surface area and inhibiting microbial contact.

During Eh monitoring, shown in section 5.2.1, a gradual increase in the redox potential
over the days was verified, reaching up to 551 mV. Compared to crushed pyrite and pyrite
ashes bioleaching, ORP values were significantly higher in slag systems by the end of the
experiment, indicating more favorable conditions for redox-driven metal release. This
indicated the efficacy of the iron-oxidizing bacteria S. thermosulfidooxidans and L. ferriphilum
that utilized the Fe?" iron source for their growth and metabolism. The primary role of these
microorganisms is to regenerate the necessary Fe*" iron (Eq. 19) and maintain higher redox
potential and promote faster biological dissolution of metals (Panda et al., 2017).

1 Bacteri
Fe** + 20, +2H* TR 2Fe* + H,0 (Eq.19)

At pH 1.5, the abiotic control (Figure 5.17E) exhibited a gradual increase in pH
throughout the experiments. This pH increase is attributable to the dissolution of alkaline
phases in the slag, particularly those rich in Ca (23692 ppm) and K (2476 ppm), which can
release hydroxyl ions into the leachate. In addition, the high Si (91077 ppm) content, as
presented in Table 4.9, suggests the presence of silicate minerals, which can undergo slow
weathering under acidic conditions, further contributing to pH neutralization. The release of
these alkaline constituents is a common phenomenon in metallurgical slags, as Ca- and K-
bearing phases react with the acidic solution to buffer the pH during bioleaching.

This chemical buffering is also supported by broader slag dissolution kinetics literature,
where Ca is typically the most reactive alkaline species under acid attack and controls early pH
neutralization behavior (De Windt et al., 2011). Preliminary results from Yang et al (2022)
indicate that the Ca-bearing components and sulfate formation are the main cause of
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neutralization in the leaching process. While Ca- and Mg- components contribute to the short-
term neutralization, Si- and Al- components release alkaline materials in longer periods of time
due to the low dissolution rate.

A Box-Behnken statistical model was employed to evaluate the effects of pH, Fe (II)
concentration, and pulp density on metal bioleaching. The model demonstrated good predictive
power for aluminum (Al), arsenic (As), and manganese (Mn). Importantly, interaction effects
were found to be significant for As leaching, suggesting complex dependencies. Initially, the
high concentration of lead (Pb) in the slag raised concerns in terms of toxicity. However, Pb
was not detected in the leachates, likely due to its low solubility within the tested pH range. As
a result, it was excluded from the optimization model. For cobalt (Co), copper (Cu), and zinc
(Zn), the respective models showed limited predictive capability with low predicted R? values.

To verify the reliability of predictions, adjusted R? and predicted R, alongside the R? are
presented in Annex A7. As explained by Naseri et al. (2023), the adjusted R? compares the
explanatory power of regression models that contain different numbers of factors, and it
increases if the new term improves the model more than would be expected by chance. The
new data shows a regression model's ability of response, predicted R2. It is also used for
preventing model over-fitting.

To optimize the process, a multi-objective response optimization model was constructed
with the goal of maximizing the recovery of Al, Co, Cu, Mn, and Zn, while minimizing As
release. Minimization of As was done with the intention of reducing the need for complex
downstream processing and detoxification of wastewater. If the presence of As in the solution
is very high, it can result in the reduction of the purity of the other valuable products and also
impact the operational costs.

According to the model (Annex A9), optimal bioleaching conditions were achieved at low
pH (1.89), moderately high Fe (II) concentration (60 mM), and low pulp density (2.32% w/v).
These conditions likely enhanced metal solubility and reduced co-precipitation.

Under these optimized parameters, predicted recovery rates for the target metals were
set in at least 70% for the target metals. The confirmatory experiments supported the model’s
predictions for most target metals and validated the optimization model. The recovery results
fell within the 95% confidence interval for Zn, Mn, Co, and Cu, while As and Al deviated
significantly from the predictions (Annex A9). These discrepancies suggest that the model
underestimated Al and As leaching, likely due to unmodeled interactions or non-linear effects.
The Al bioleaching efficiency in the leach liquor solution surpassed 100% (Figure 5.18E),
which can be explained by an error in the characterization of the material, due to experimental
variability such as sampling error, evaporation effects, or matrix interference during analysis.

Confirmatory experiments showed higher concentrations of all target metals in solution
under biotic conditions when compared to the abiotic conditions, even as early as day one.
Furthermore, metal recovery percentages increased over the 9-day period across all biotic
setups. Therefore, the consensus model was achieved and supported the utility of RSM for
process optimization in slag bioleaching systems.

Other studies on the optimization of slag bioleaching systems have applied RSM
successfully. Mirazimi & Rashchi (2011), optimized the recovery of vanadium from roasted
Linz-Donawitz converter slag following CCD and achieved a maximum bioleaching of 90.58%
of vanadium. Moreover, Ahmadi et al. (2017) improved the recovery yields of Fe and Cu from
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converter slag by 26% and 33%, respectively using RSM, when compared to the abiotic
leaching.

These findings demonstrate that the application of RSM provides a robust framework for
optimizing bioleaching conditions in complex metallurgical residues such slags. While minor
deviations between predicted and experimental values for Al and As indicate that further
refinement of the model may be warranted, the overall approach effectively captured the
system behavior and provided actionable operational parameters.

7. Conclusion

The goal of this thesis was to investigate the effectiveness of using Response Surface
Methodology through Box-Behnken design to optimize the extraction of valuable metals from
different mine wastes from Sao Domingos mine. The direct leaching of pyrite wastes and
modern slag demonstrated that microbial activity was efficiently producing sulfuric acid,
highlighted by the reduction of pH and increase of ORP in the different conditions tested.
Moreover, ferrozine tests confirmed the experiments in which iron oxidation was taking place.
The addition of iron was critical to obtain the desired bioleaching, as it enhances microbial
activity.

The bioleaching processes investigated in this study successfully optimized the
recovery of metals from slag samples from Sdo Domingos mine. A clear understanding of the
affecting parameters on the optimization of this process was obtained. The results of the present
study indicate that the maximum efficiency of metal solubilization was estimated under the
conditions of 2.32% (w/v) solid load, pH 1.90, and ferrous iron supplementation of 60 mM by
employing Box-Behnken Design. It was achieved 86.9% Zn, 81.4% Mn, 65% Cu and 66.4%
Co, which are within the 95% confidence interval. Consequently, the null hypothesis was
rejected, confirming that optimizing solid load, pH, and ferrous iron supplementation
significantly enhances the efficiency of metal solubilization from slag.

For crushed pyrite, under the conditions of pH 1.66, 54 mM supplementation of iron
and low pulp density (2% w/v) was estimated to achieve moderate to high recovery of Mn
(>53.8%) and Zn (>8.0%). However, the values obtained were not within the 95% confidence
interval and the null hypothesis could not be rejected, indicating the proposed model does not
apply to the practical application; consequently, an optimized condition was not defined. More
replicates of the confirmatory experiments for crushed pyrite should be done in order to
confirm statistically that the model does not fit before discarding the model. Moreover, further
optimization of crushed pyrite should be performed. It can be done by returning to the phase
of screening of variables to determine again which parameters show high interactive effects on
the responses.

The application of the optimized conditions obtained in the model for crushed pyrite
was applied to pyrite ashes material, which did not result in satisfactory results. Hence, to better
recover metals from pyrite ashes, a design of experiment focused on the material should be
done, considering that metal removal using the bioleaching process can be affected by several
environmental variables such as initial pH, pulp density, bacteria growth temperature, ferrous
iron supplementation, and more.
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RSM offers a powerful and efficient way to explore complex interactions among
multiple variables, identify key factors, and optimize process parameters to maximize desired
outcomes. The value of RSM in bioleaching research lies in its ability to systematically
investigate and optimize various factors that influence bioleaching efficiency and selectivity.

This approach enables the identification of optimal operating conditions to efficiently
explore interactive effects of several parameters, leading to enhanced leaching yields, reduced
processing time, and improved resource utilization.

Regarding sustainability, RSM can contribute to developing environmentally friendly
and economically viable bioleaching processes. By optimizing process parameters through
RSM, researchers can reduce resource consumption, minimize waste generation, and maximize
metal recovery, thereby promoting the circular economy and minimizing the environmental
impact of mining and metal extraction. This study not only reinforces the applicability of RSM
in biohydrometallurgical process design but also contributes to the development of
environmentally responsible strategies for metal recovery from metal-containing residues.

8. Outlook and Recommendations

To enhance the optimization model for crushed pyrite bioleaching, it is recommended
to re-run the center point experiments to resolve potential curvature issues in the response
surface. Additionally, increasing the number of replicates in confirmatory experiments is
advised to improve data reliability and reduce experimental variability. Before producing the
response surface or contour plots again, the consensus model should be achieved, in order to
avoid misinterpretation in the behavior of the experiment when changing the parameters
(Igbani, 2020).

A notable anomaly was observed in aluminum recovery, where leaching exceeded the
theoretical content of Al in the starting material. This discrepancy suggests the possibility of
sample contamination or errors in the initial material characterization. Therefore, re-
characterization of the bulk material is necessary to determine whether contamination occurred
or if the discrepancy stems from incomplete or inaccurate compositional analysis.

Looking ahead, optimization strategies for bioleaching could benefit significantly from
the integration of machine learning (ML). ML, as a branch of artificial intelligence, is capable
of'identifying complex, nonlinear relationships between input parameters and output responses.
This capability allows for predictive modeling based on experimental data, enhancing decision-
making in future process design (Mokarian et al., 2022). One particularly promising ML
technique is Random Forest Regression (RFR), which has shown strong performance in
capturing nonlinear patterns and improving predictive accuracy. RFR can serve as a powerful
complement to traditional response surface methodology (RSM), offering robustness and
flexibility in optimization tasks.

Due to time constraints, a detailed economic and environmental assessment of the
proposed bioleaching strategies, particularly the optimized conditions for slag, was not
conducted. However, such analysis is essential. The optimized process involves substantial
consumption of ferrous iron, elemental sulfur, and sulfuric acid, which may influence both
economic feasibility and environmental sustainability (Mokarian et al., 2022).
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To evaluate the viability of implementing bioleaching at an industrial scale, a techno-
economic assessment (TEA) is strongly recommended. TEA is a structured approach used to
assess the economic performance of technologies through detailed modeling of production
costs, capital and operating expenditures, and potential revenues (e.g., from recovered metals).
Among the aspects that should be included, besides the use of reagents, is the limitation related
to the low pulp density that reduces throughput, increases processing time, and can lead to
higher operational costs due to the need for larger reactor volumes to handle the same mass of
material. For reference, the work of Reed et al. (2016), as cited by Deng et al. (2020),
exemplifies the application of TEA in evaluating bio-based technologies by incorporating all
relevant cost and revenue components to estimate annual profitability.

Considering the environmental impact, a Life Cycle Assessment (LCA) can be
conducted, and together with TEA, enabling assessment of the potential for applying
bioleaching to the practical recovery of mine wastes. LCA allows the determination and
comparison of the environmental impacts of processes or products. To assess and compare the
new recovery technology regarding its environmental impacts, a standardized LCA method is
used. It is based on the ISO 14040 series and allows the determination of the environmental
impact of a product or process. LCA starting at an early stage of a process may help to increase
its environmental friendliness (Falke & Hock, 2019).

For modern slag, the investigation of the residue layer composition could benefit the
bioleaching efficiency in possible scale-up tests. Following such analysis, considerations for
scale-up should be made, including re-optimization of process parameters to accommodate the
challenges and constraints of pilot and industrial-scale operations. Incorporating newer data
and operational conditions into future models will be critical for ensuring technical and
economic success in bioleaching applications.
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Bioleaching Efficiency of Metals (%) — day 9 for CP tests
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Response Surface Regression: Al (%) versus pH, [Fe II] (mM), Pulp density (%) for CP tests

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 2.7433 0.0799 34.32  0.000

pH -0.0179 0.0489 -0.37  0.717 1.00
[Fe II] (mM) -0.0204 0.0489 -0.42  0.679 1.00
Pulp density (%) 0.0025 0.0489 0.05 0.960 1.00
pH*pH 0.2533 0.0720 3.52 0.001 1.01
[Fe II] (mM)*[Fe 1I] (mM) 0.2367 0.0720 3.28 0.002 1.01
Pulp density (%)*Pulp density (%) 0.5892 0.0720 8.18 0.000 1.01
pH*[Fe II] (mM) -0.0217 0.0692 -0.31 0.756  1.00
pH*Pulp density (%) 0.0008 0.0692 0.01 0.990 1.00
[Fe II] (mM)*Pulp density (%) 0.0242 0.0692 0.35 0.729  1.00

Model Summary
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S R-sq R-sq(adj) R-sq(pred)
0.239782 70.05% 62.35%  48.36%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Model 9 4.70650 0.52294 9.10 0.000
3 0.01786 0.00595 0.10 0.957
1 0.00770 0.00770 0.13 0.717
[Fe IIT (mM) 1 0.01000 0.01000 0.17 0.679
Pulp density (%) 1 0.00015 0.00015 0.00 0.960
Square 3 4.67599 1.55866 27.11  0.000
1
1
1
3
1
1
1

Linear
pH

pH*pH 0.71089 0.71089 12.36  0.001
[Fe II] (mM)*[Fe II] (mM) 0.62043 0.62043 10.79  0.002
Pulp density (%)*Pulp density (%) 3.84499 3.84499 66.87  0.000
2-Way Interaction 0.01265 0.00422 0.07 0.974
pH*[Fe II] (mM) 0.00563 0.00563 0.10 0.756

pH*Pulp density (%) 0.00001 0.00001 0.00 0.990
[Fe II] (mM)*Pulp density (%) 0.00701 0.00701 0.12 0.729
Error 35 2.01234 0.05750
Lack-of-Fit 3 0.63327 0.21109 4.90 0.007
Pure Error 32 1.37907 0.04310
Total 44 6.71884

Regression Equation in Uncoded Units

Al (%) =12.65 -4.03 pH -0.0268 [Fe II] (mM) - 3.570 Pulp density (%) + 1.013 pH*pH
+0.000379 [Fe II] (mM)*[Fe II] (mM) + 0.5892 Pulp density (%)*Pulp density (%)
- 0.00173 pH*[Fe II] (mM) + 0.002 pH*Pulp density (%)
+0.00097 [Fe II] (mM)*Pulp density (%)

Fits and Diagnostics for Unusual Observations

Obs Al (%) Fit Resid Std Resid

4 2.6700 3.1733 -0.5033 -2.42 R

38 4.1000 3.5712 0.5288 2.55 R

R Large residual

Pareto Chart of the Standardized Effects

{response is Al (%), o = 0.05)

Term 2.030
T

Factor MName

o A oH

B [Fa 1] {mM)

C Pulp density (%)

AR

BE

BC o

AB

AC o

[al
L

3 & s & 1 8 9
Standardized Effect

Response Surface Regression: As (%) versus pH, [Fe II] (mM), Pulp density (%) for CP tests



Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 354 1.34 2.65 0.012

pH -3.9350.818 -4.81 0.000 1.00
[Fe II] (mM) 0.513 0.818 0.63 0.535 1.00
Pulp density (%) -0.950 0.818 -1.16  0.253 1.00
pH*pH 2.18 1.20 1.81 0.079 1.01
[Fe II] (mM)*[Fe II] (mM) 0.08 1.20 0.07 0.946 1.01
Pulp density (%)*Pulp density (%) -3.44 1.20 -2.85  0.007 1.01
pH*[Fe II] (mM) -1.00 1.16 -0.86  0.395 1.00
pH*Pulp density (%) 1.72  1.16 1.49 0.146  1.00

[Fe IIT (mM)*Pulp density (%) 0.18 1.16 0.16 0.877  1.00
Model Summary

S R-sq R-sq(adj) R-sq(pred)

4.00897 53.43% 41.45%  26.75%

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value

Model 9 64533 71.703 4.46 0.001
Linear 3 399.61 133.205 8.29 0.000
pH 1 371.62 371.621 23.12  0.000
[Fe II] (mM) 1 631 6.314 0.39 0.535
Pulp density (%) 1 21.68 21.679 1.35 0.253
Square 3 197.90 65.968 4.10 0.013
pH*pH 1 5270 527702 3.28 0.079
[Fe IIT (mM)*[Fe II] (mM) 1 0.07 0.075  0.00 0.946
Pulp density (%)*Pulp density (%) 1  130.92 130.921 8.15 0.007
2-Way Interaction 3 47.81 15938 0.99 0.408
pH*[Fe II] (mM) I 1192 11920 0.74 0.395
pH*Pulp density (%) 1 3550 35501 2.21 0.146
[Fe II] (mM)*Pulp density (%) I 0.39 0.392  0.02 0.877
Error 35 562.51 16.072
Lack-of-Fit 3 9150 30.501 2.07 0.123
Pure Error 32 471.01 14.719
Total 44 1207.84

Regression Equation in Uncoded Units

As (%) =41.3 -503 pH +0.149 [Fe II] (mM) + 12.54 Pulp density (%) + 8.72 pH*pH
+0.00013 [Fe II] (mM)*[Fe II] (mM) - 3.44 Pulp density (%)*Pulp density (%)
- 0.0797 pH*[Fe II] (mM) + 3.44 pH*Pulp density (%)
+0.0072 [Fe II] (mM)*Pulp density (%)

Fits and Diagnostics for Unusual Observations

Obs As (%) Fit Resid Std Resid

31 18.94 8.2310.71 3.09 R

35 0.00 8.89-8.89 -2.56 R

R Large residual
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Response Surface Regression: Cu (%) versus pH, [Fe II] (mM), Pulp density (%) for CP tests

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 1.117 0.454 2.46 0.019
pH -0.123 0.278 -0.44  0.662 1.00
[Fe II] (mM) -0.036 0.278  -0.13  0.898  1.00
Pulp density (%) 0.820 0.278  2.95 0.006 1.00
pH*pH 0.236 0.410 0.58 0.568 1.01
[Fe IIT (mM)*[Fe 1] (mM) 1.234 0.410 3.01 0.005 1.01
Pulp density (%)*Pulp density (%) 2.102 0.410  5.13 0.000 1.01
pH*[Fe II] (mM) -0.020 0.393  -0.05  0.960 1.00
pH*Pulp density (%) 0.103 0.393  0.26 0.794  1.00
[Fe IIT (mM)*Pulp density (%) -0.1350.393 -0.34  0.734 1.00
Model Summary
S R-sq R-sq(adj) R-sq(pred)
1.36310 54.74% 43.11%  20.47%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Model 9 78.661 8.7402 4.70 0.000
Linear 3 16529 5.5095 2.97 0.045
pH 1 0360 0.3601 0.19 0.662
[Fe II] (mM) 1 0.031 0.0308 0.02 0.898
Pulp density (%) 1 16.138 16.1376 8.69 0.006
Square 3 61.781 20.5938 11.08 0.000
pH*pH 1 0.616 0.6161 0.33 0.568
[Fe IIT (mM)*[Fe II] (mM) 1 16.872 16.8720 9.08 0.005
Pulp density (%)*Pulp density (%) 1 48.966 48.9656 26.35  0.000
2-Way Interaction 3 0352 0.1172 0.06 0.979
pH*[Fe II] (mM) 1 0.005 0.0048 0.00 0.960
pH*Pulp density (%) 1 0.128 0.1281 0.07 0.794
[Fe IIT (mM)*Pulp density (%) 1 0219 0.2187 0.12 0.734
Error 35 65.032 1.8581
Lack-of-Fit 3 24450 8.1501 6.43 0.002
Pure Error 32 40.581 1.2682
Total 44 143.693

Regression Equation in Uncoded Units



Cu (%) =24.87 -4.58pH -0.1203 [Fe II] (mM) - 12.02 Pulp density (%) -+ 0.94 pH*pH
+0.001975 [Fe II] (mM)*[Fe II] (mM) + 2.102 Pulp density (%)*Pulp density (%)
- 0.0016 pH*[Fe II] (mM) + 0.207 pH*Pulp density (%)
- 0.0054 [Fe II] (mM)*Pulp density (%)

Fits and Diagnostics for Unusual Observations

Obs Cu (%) Fit Resid Std Resid

4 0.000 2.408 -2.408 -2.04 R

9 0970 3.534-2.564 -2.17 R

11 2720 5.444 -2.724 -2.31 R

R Large residual

Pareto Chart of the Standardized Effects
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Response Surface Regression: Mn (%) versus pH, [Fe II] (mM), Pulp density (%) for CP tests

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 48.07 6.80 7.07 0.000

pH -2.24 4.16 -0.54  0.595 1.00
[Fe II] (mM) 21.36 4.16 5.13 0.000 1.00
Pulp density (%) -17.76 4.16 -426  0.000 1.00
pH*pH -5.07 6.13 -0.83 0414 1.01
[Fe II] (mM)*[Fe II] (mM) 595 6.13 0.97 0.338 1.01
Pulp density (%)*Pulp density (%) 17.07 6.13 2.78 0.009 1.01
pH*[Fe II] (mM) -0.27 5.89 -0.04 0964 1.00
pH*Pulp density (%) 3.30 5.89 0.56 0.578 1.00

[Fe II] (mM)*Pulp density (%) 5.58 5.89 0.95 0.350 1.00
Model Summary

S R-sq R-sq(adj) R-sq(pred)

20.4034 61.34% 51.40% 31.33%

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value

Model 9 23117.82568.6 6.17 0.000
Linear 3 18641.56213.8 14.93  0.000
pH 1 1202 1202 0.29 0.595
[Fe II] (mM) 1 10953.8 10953.8 26.31  0.000
Pulp density (%) 1 7567.5 7567.5 18.18 0.000
Square 3 39713 1323.8 3.18 0.036
pH*pH 1 2843 2843 0.68 0.414
[Fe II] (mM)*[Fe II] (mM) 1 3928 3928 0.94 0.338
Pulp density (%)*Pulp density (%) 1 3226.9 32269 7.75 0.009
2-Way Interaction 3 5050 1683 0.40 0.751



pH*[Fe II] (mM)
pH*Pulp density (%)
[Fe II] (mM)*Pulp density (%)

Error
Lack-of-Fit
Pure Error

Total

I 08
1 131.1
1 373.1

35 14570.5 416.3

3 1176.1 392.0

32 13394.4 418.6

44 37688.3

Regression Equation in Uncoded Units
Mn (%) =226 +57pH

- 0.44 [Fe II] (mM)

- 0.021 pH*[Fe II] (mM)
+ 0.223 [Fe II] (mM)*Pulp density (%)
Fits and Diagnostics for Unusual Observations

Obs Mn (%) Fit

Resid Std Resid

9 32.01
10 42.43
25 141.12
39 140.66
40 143.89

73.06 -41.05-2.32
104.63 -62.20 -3.52

104.63 36.49
73.06 67.60
104.63 39.26

R Large residual

Term
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BC
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AC

AB

2.06
3.83
2.22

R
R
R
R
R

0.8 0.00
131.1  0.31
373.1  0.90

0.94

- 141.2 Pulp density (%)
+0.00953 [Fe II] (mM)*[Fe II] (mM) + 17.07 Pulp density (%)*Pulp density (%)
+ 6.6 pH*Pulp density (%)

0.964
0.578
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0.434
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Response Surface Regression: Sb (%) versus pH, [Fe II] (mM), Pulp density (%) for CP tests

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 1.8500 0.0817 22.63  0.000

pH -0.4483 0.0501 -8.96  0.000 1.00
[Fe II] (mM) 0.1033 0.0501 2.06 0.046  1.00
Pulp density (%) -0.4200 0.0501 -8.39  0.000 1.00
pH*pH 0.1229 0.0737 1.67 0.104 1.01
[Fe IT] (mM)*[Fe II] (mM) -0.2371 0.0737 -3.22  0.003 1.01
Pulp density (%)*Pulp density (%) -0.0587 0.0737 -0.80  0.431 1.0l
pH*[Fe II] (mM) 0.0508 0.0708 0.72 0.478 1.00
pH*Pulp density (%) 0.0208 0.0708 0.29 0.770  1.00
[Fe II] (mM)*Pulp density (%) 0.0242 0.0708 0.34 0.735 1.00

Model Summary

S R-sq

R-sq(adj) R-sq(pred)




0.245247 82.93% 78.55%  74.33%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value

Model 9 10.2305 1.13672 18.90  0.000
Linear 3 93139 3.10464 51.62  0.000
pH 1 4.8241 4.82407 80.21  0.000
[Fe IIT (mM) 1 0.2563 0.25627 4.26 0.046
Pulp density (%) 1 42336 4.23360 70.39  0.000
Square 3 0.8733 0.29110 4.84 0.006
pH*pH 1 0.1674 0.16736 2.78 0.104
[Fe II] (mM)*[Fe II] (mM) 1 0.6226 0.62262 10.35  0.003
Pulp density (%)*Pulp density (%) 1  0.0382 0.03823 0.64 0.431
2-Way Interaction 3 0.0432 0.01441 0.24 0.868
pH*[Fe II] (mM) 1 0.0310 0.03101 0.52 0.478
pH*Pulp density (%) 1 0.0052 0.00521 0.09 0.770
[Fe II] (mM)*Pulp density (%) 1 0.0070 0.00701 0.12 0.735
Error 35 2.1051 0.06015
Lack-of-Fit 3 0.1618 0.05393 0.89 0.458
Pure Error 32 1.9433 0.06073
Total 44 12.3356

Regression Equation in Uncoded Units

Sb (%) = 6.37 -3.13 pH +0.0197 [Fe II] (mM) - 0.185 Pulp density (%) + 0.492 pH*pH

- 0.000379 [Fe II] (mM)*[Fe II] (mM) - 0.0587 Pulp density (%)*Pulp density (%)
+0.00407 pH*[Fe I1I] (mM) + 0.042 pH*Pulp density (%)
+0.00097 [Fe II] (mM)*Pulp density (%)

Fits and Diagnostics for Unusual Observations
Obs Sb (%) Fit Resid Std Resid

13 2350 1.8500.500 2.16 R
14 2350 1.8500.500 2.16 R
15 2350 1.8500.500 2.16 R
R Large residual

Pareto Chart of the Standardized Effects
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Response Surface Regression: Zn (%) versus pH, [Fe II] (mM), Pulp density (%) for CP tests

Coded Coefficients

Term

Coef SE Coef T-Value P-Value VIF




Constant 21.56 1.55 13.91 0.000
pH -0.102 0.949 -0.11 0915 1.00
[Fe II] (mM) -0.382 0.949 -0.40 0.689 1.00

Pulp density (%) -3.7510.949  -3.95  0.000 1.00
pH*pH 152 140  -1.08 0285 1.0l
[Fe II] (mM)*[Fe II] (mM) 398 140  -2.85 0.007 1.01
Pulp density (%)*Pulp density (%) -3.81 140  -2.73  0.010 1.0l
pH*[Fe IT] (mM) 150 134 -1.12 0271 1.00
pH*Pulp density (%) 027 134 020 0.839 1.00

[Fe II] (mM)*Pulp density (%) 043 1.34 0.32 0.752  1.00
Model Summary

S R-sq R-sq(adj) R-sq(pred)

4.65062 47.84% 34.43% 21.31%

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value

Model 9 69441 77.157 3.57 0.003
Linear 3 34141 113.803 5.26 0.004
pH 1 025 0.248 0.01 0.915
[Fe 1] (mM) 1 3.51 3,511 0.16 0.689
Pulp density (%) 1 337.65 337.650 15.61  0.000
Square 3 322.83 107.610 4.98 0.006
pH*pH 1 2545 25452 1.18 0.285
[Fe II] (mM)*[Fe II] (mM) 1 175.54 175.536 8.12 0.007
Pulp density (%)*Pulp density (%) 1 161.00 161.005 7.44 0.010
2-Way Interaction 3 30.17 10.056 0.46 0.709
pH*[Fe II] (mM) 1 27.06 27.060 1.25 0.271
pH*Pulp density (%) 1 0091 0.907 0.04 0.839
[Fe II] (mM)*Pulp density (%) 1 220 2202  0.10 0.752
Error 35 756.99 21.628
Lack-of-Fit 3 87.09 29.028 1.39 0.265
Pure Error 32 669.90 20.935
Total 44 1451.40

Regression Equation in Uncoded Units

Zn (%) =-42.5 +29.9 pH + 0.619 [Fe II] (mM) + 19.6 Pulp density (%) - 6.06 pH*pH
- 0.00637 [Fe II] (mM)*[Fe II] (mM) - 3.81 Pulp density (%)*Pulp density (%)
- 0.120 pH*[Fe II] (mM) - 0.55 pH*Pulp density (%)
+0.0171 [Fe II] (mM)*Pulp density (%)

Fits and Diagnostics for Unusual Observations

Obs Zn (%) Fit Resid Std Resid

13 3096 21.569.40 2.14 R
14 3096 2156940 2.14 R
15 3096 2156940 2.14 R

R Large residual
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Annex — A4

Response Optimization for CP: Al (%), Zn (%), Sb (%), Cu (%), As (%), Mn (%)

Parameters
Response Goal Lower Target Upper Weight Importance

Al (%) Maximum 2.53 4.10 1 1
Zn (%) Maximum 8.62  30.96 1 1
Sb (%) Maximum 0.84 2.89 1 1
Cu (%) Maximum 0.00 5.64 1 1
As (%) Minimum 0.00 18.94 1 1
Mn (%) Target 17.82 100.00 143.89 1 1

Solution
Pulp
density Al (%) Zn (%) Sb (%) Cu (%) As (%)
Solution pH [Fe II] (mM) (%)  Fit Fit Fit Fit Fit
1 1.66162 53.9394 2 3.57188 18.5577 2.48291 3.45371 6.68501
Mn (%) Composite
Solution Fit Desirability
1 99.8361 0.673766
Multiple Response Prediction

Variable Setting
pH 1.66162
[Fe II] (mM) 53.9394
Pulp density (%) 2

Response Fit SE Fit 95% CI 95% PI

Al (%) 3.572 0.116 (3.336,3.808) (3.031,4.113)
Zn (%) 18.56 2.25 (13.98, 23.13) (8.07,29.05)
Sb (%) 2.483 0.119 (2.242,2.724) (1.930, 3.036)
Cu (%) 3.454 0.661 (2.113,4.795) (0.379, 6.529)
As (%) 6.69 1.94 (2.74,10.63) (-2.36,15.73)

Mn (%) 99.849.89  (79.76, 119.91) (53.81, 145.86)
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Annex — A5

Contour plots and 3D surface response curves for CP

Contour Plot of Al (%) vs Pulp density (%), pH Contour Plot of Al (%) vs Pulp density (%), [Fe 1] (mM)
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Contour Plot of Al (%) vs [Fe Il] (mM), pH

Hold Value:
Pulp density
3% (w/v)

Hold Value:
Pulp density
3% (wiv)



Contour Plot of As (%) vs Pulp density (%), pH
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Contour Plot of As (%] vs Pulp density (%), [Fe II] (mM) Contour Plot of As (%) vs [Fe 1] (mM), pH
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Contour Plot of Sb (%) vs Pulp density (%), [Fe I1] (mM)
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Contour Plot of Sb (%) vs [Fe II] (mM), pH
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Avg (SL4, SL19, SL34) | pH 2.0 | Fe 60 mM | 3% w/v.
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ORP versus pH for SL tests
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Annex — A7

Bioleaching Efficiency of metals (%) — day 9 for SL tests
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Annex — A8

Response Surface Regression: Al% versus pH, Fe [ll], Pulp Density for SL tests

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 165.84 6.78 2445  0.000

pH -241 4.15 -0.58  0.566 1.00
Fe [II] 1.35 4.15 0.33 0.747  1.00
Pulp Density -12.61 4.15 -3.04 0.005 1.00
pH*pH 36.50 6.11 5.97 0.000 1.01
Fe [1I]*Fe [II] 2438 6.11 3.99 0.000 1.01
Pulp Density*Pulp Density 13.29 6.11 2.17 0.037 1.01
pH*Fe [I1] 1.12  5.87 0.19 0.850 1.00
pH*Pulp Density 9.07 5.87 1.54 0.131  1.00
Fe [1I]*Pulp Density 341 5.87 0.58 0.565 1.00
Model Summary

S R-sq R-sq(adj) R-sq(pred)

20.3508 64.19% 54.99%
Analysis of Variance

37.13%



Source DF Adj SS Adj MS F-Value P-Value

Model 9 25986.4 28874 6.97 0.000
Linear 3 39999 13333 3.22 0.034
pH 1 1392 1392 0.34 0.566
Fe [1I] 1 439 4309 0.11 0.747
Pulp Density 1 3816.8 3816.8 9.22 0.005
Square 3 20843.4 6947.8 16.78  0.000
pH*pH 1 14759.6 14759.6 35.64  0.000
Fe [1I]*Fe [II] 1 65864 6586.4 1590 0.000
Pulp Density*Pulp Density 1  1957.8 1957.8 4.73 0.037
2-Way Interaction 3 1143.0 381.0 0.92 0.441
pH*Fe [11] 1 151 15.1 0.04 0.850
pH*Pulp Density 1 988.1 988.1 2.39 0.131
Fe [1I]*Pulp Density 1 1399 1399 0.34 0.565
Error 35 14495.4414.2
Lack-of-Fit 3 2900.1 966.7 2.67 0.064
Pure Error 32 115953 362.4
Total 44 40481.8

Regression Equation in Uncoded Units

Al% =806 -5004pH -3.22Fe[ll] -124.4 Pulp Density  + 146.0 pH*pH
+0.03902 Fe [1I]*Fe [II] + 13.29 Pulp Density*Pulp Density + 0.090 pH*Fe [II]
+ 18.1 pH*Pulp Density + 0.137 Fe [II]*Pulp Density

Fits and Diagnostics for Unusual Observations

Obs Al% Fit Resid Std Resid

7 122.17 196.36 -74.19 -4.21 R

35 195.62 239.73 -44.11 -2.50 R

R Large residual

Pareto Chart of the Standardized Effecis
(response is Al%, o = 0.05)
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Response Surface Regression: As% versus pH, Fe [II], Pulp Density for SL tests

Coded Coefficients
Term Coef SE Coef T-Value P-Value VIF
Constant 6.04 2.42 2.49 0.018

pH -11.97 1.48 -8.07  0.000 1.00



Fe [11] 121 148  -0.82 0420 1.00

Pulp Density -3.65 148 -246  0.019 1.00
pH*pH 3.80 2.18 1.74 0.091 1.01
Fe [1I]*Fe [1I] 343 218 1.57 0.126 1.01
Pulp Density*Pulp Density 1.95 2.18 0.89 0.377 1.01
pH*Fe [1I] 136 2.10 0.65 0.521 1.00
pH*Pulp Density 576  2.10 2.74 0.010 1.00
Fe [1I]*Pulp Density -2.26 2.10 -1.08  0.289  1.00
Model Summary

S R-sq R-sq(adj) R-sq(pred)

7.26979 71.19% 63.78%  48.94%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Model 9 4570.34 507.82 9.61 0.000
3 3796.43 1265.48 23.94  0.000
1 3440.90 3440.90 65.11  0.000
1 3514 3514 0.66 0.420
Pulp Density 1 320.40 320.40 6.06 0.019
Square 3 29272 97.57 1.85 0.157
1
1
1
3
1
1
1

Linear
pH
Fe [II]

pH*pH 160.06 160.06 3.03 0.091
Fe [1I]*Fe [11] 130.10 130.10 2.46 0.126
Pulp Density*Pulp Density 4232 4232 0.80 0.377
2-Way Interaction 481.19 160.40 3.03 0.042

pH*Fe [I1] 2225 2225 042 0.521
pH*Pulp Density 397.56 397.56 7.52 0.010
Fe [I1]*Pulp Density 61.38 61.38 1.16 0.289
Error 35 1849.75 52.85
Lack-of-Fit 3 144.84 4828 091 0.449
Pure Error 32 1704.90 53.28
Total 44 6420.08

Regression Equation in Uncoded Units
As% =161.2 -1079pH -0.324Fe[ll] -29.5Pulp Density + 15.21 pH*pH
+0.00548 Fe [11]*Fe [I1] + 1.95 Pulp Density*Pulp Density + 0.109 pH*Fe [II]
+ 11.51 pH*Pulp Density - 0.0905 Fe [II]*Pulp Density
Fits and Diagnostics for Unusual Observations
Obs As% Fit Resid Std Resid
3 0.00 22.67-22.67 -3.60 R
7 0.00 14.36-14.36 -2.28 R
R
R

18 42.4422.67 19.77 3.14
42 1947429 15.18 2.41
R Large residual
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Response Surface Regression: Co% versus pH, Fe [II], Pulp Density for SL tests

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 57.06 2.71 21.05  0.000

pH 3.64 1.66 2.19 0.035 1.00
Fe [1I] 1.11 1.66 0.67 0.507 1.00
Pulp Density -4.65 1.66 -2.80  0.008 1.00
pH*pH 447 244 1.83 0.076  1.01
Fe [1I]*Fe [1I] 6.45 2.44 2.64 0.012 1.01
Pulp Density*Pulp Density 1.73 2.44 0.71 0.484 1.01
pH*Fe [1I] -0.09 2.35 -0.04 0969 1.00
pH*Pulp Density 2.86 2.35 1.22 0.231  1.00
Fe [1I]*Pulp Density 0.90 2.35 0.38 0.705  1.00

Model Summary
R-sq(adj) R-sq(pred)

S R-sq

8.13202 41.21% 26.10%

Analysis of Variance

0.00%

Source DF Adj SS Adj MS F-Value P-Value
Model 9 1622.60 180.289 2.73 0.016
Linear 3 868.00 289.333 4.38 0.010
pH 1 318.41 318.405 4.81 0.035
Fe [II] 1 29.66 29.659 045 0.507
Pulp Density 1 519.94 519.936 7.86 0.008
Square 3 646.59 215.530 3.26 0.033
pH*pH 1 221.01 221.005 3.34 0.076
Fe [II]*Fe [II] 1 460.85 460.852 6.97 0.012
Pulp Density*Pulp Density 1  33.07  33.066 0.50 0.484
2-Way Interaction 3 108.01 36.005 0.54 0.655
pH*Fe [1I] 1 0.10 0.098 0.00 0.969
pH*Pulp Density 1 9828 98.281 1.49 0.231
Fe [1I]*Pulp Density 1 9.64 9.636 0.15 0.705
Error 35 2314.54 66.130
Lack-of-Fit 3 430.64 143.548 2.44 0.083

Pure Error

32 1883.90 58.872
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Total 44 3937.14

Regression Equation in Uncoded Units

Co% =156.1 -632pH -0.775Fe[ll] -24.9 Pulp Density + 17.87 pH*pH
+0.01032 Fe [1I]*Fe [II] + 1.73 Pulp Density*Pulp Density - 0.007 pH*Fe [1I]
+ 5.72 pH*Pulp Density + 0.0358 Fe [II]*Pulp Density

Fits and Diagnostics for Unusual Observations

Obs Co% Fit Resid Std Resid

7 17.3352.09 -34.76 -4.94 R

R Large residual

Pareto Chart of the Standardized Effects

(respense is Co%, a = 0.03)

Term 2.030
T

Factor Name
| A pH
B Fe [il]
C Pulp Density

- A

0.0 05 10 15 2. 25 30

Standardized Effect

Response Surface Regression: Cu% versus pH, Fe [Il], Pulp Density for SL tests

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 41.27 2.94 14.02  0.000

pH 1.35 1.80 0.75 0.459 1.00
Fe [1I] -0.23 1.80 -0.13  0.899 1.00
Pulp Density -5.19 1.80 -2.88  0.007 1.00
pH*pH 11.24 2.65 4.24 0.000 1.01
Fe [1I]*Fe [II] 6.24 2.65 2.35 0.024 1.01
Pulp Density*Pulp Density 1.50 2.65 0.57 0.575 1.01
pH*Fe [II] -0.40 2.55 -0.16  0.877 1.00
pH*Pulp Density 422 2.55 1.66 0.107  1.00
Fe [1I]*Pulp Density 1.48 2.55 0.58 0.566  1.00
Model Summary

S R-sq R-sq(adj) R-sq(pred)

8.83129 49.33% 36.30% 11.68%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value

Model 9 2657.09295.23 3.79 0.002
Linear 3 692.09 230.70 2.96 0.046
pH 1 43.63 43.63 0.56 0.459
Fe [1I] 1 127 1.27 0.02 0.899
Pulp Density 1 647.19 647.19 8.30 0.007
Square 3 172293 57431 7.36 0.001
pH*pH 1 1400.05 1400.05 17.95  0.000
Fe [1I]*Fe [II] 1 431.54 431.54 5.53 0.024
Pulp Density*Pulp Density 1  25.03  25.03  0.32 0.575



2-Way Interaction 3 242.08 80.69 1.03 0.389
pH*Fe [1I] 1 190 1.90 0.02 0.877
1
1

pH*Pulp Density 21395 21395 2.74 0.107
Fe [II]*Pulp Density 26.23 2623 0.34 0.566
Error 35 2729.71 77.99
Lack-of-Fit 3 360.77 120.26 1.62 0.203
Pure Error 32 2368.93 74.03
Total 44 5386.80

Regression Equation in Uncoded Units

Cu% =222.6 -1564pH -0.838Fe[ll] -29.0Pulp Density +45.0 pH*pH
+0.00999 Fe [1I]*Fe [11] + 1.50 Pulp Density*Pulp Density - 0.032 pH*Fe [1I]
+ 8.44 pH*Pulp Density + 0.059 Fe [1I]*Pulp Density

Fits and Diagnostics for Unusual Observations

Obs Cu% Fit Resid Std Resid

7 556 43.25-37.69 -4.93 R

R Large residual

Pareto Chart of the Standardized Effects
0.05)

{response is Cu%, o = 0.0.
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Response Surface Regression: Mn% versus pH, Fe [Il], Pulp Density for SL tests

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 62.11 1.80 3445  0.000

pH 2.37 1.10 2.15 0.039  1.00
Fe [11] 6.29 1.10 5.70 0.000 1.00
Pulp Density -5.72 1.10 -5.18  0.000 1.00
pH*pH 4.16 1.62 2.56 0.015 1.01
Fe [1I]*Fe [I1] 541 1.62 3.33 0.002 1.01
Pulp Density*Pulp Density 4.16 1.62 2.56 0.015 1.01
pH*Fe [II] -0.39 1.56 -0.25 0.803  1.00
pH*Pulp Density 0.21 1.56 0.13 0.896  1.00
Fe [II]*Pulp Density -1.14 1.56 -0.73 0.470 1.00
Model Summary

S R-sq R-sq(adj) R-sq(pred)

5.40815 70.99% 63.52%  48.47%
Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Model 9 2504.46 278.273 9.51 0.000
Linear 3 1869.94 623.314 21.31  0.000
pH 1 134.90 134.900 4.61 0.039
Fe [II] 1 949.92 949916 32.48  0.000



Pulp Density 1 785.13 785.127 26.84  0.000
Square 3 616.54 205.512 7.03 0.001
pH*pH 1 192.12 192.115 6.57 0.015
Fe [1I]*Fe [11] 1 324.65 324.650 11.10  0.002
Pulp Density*Pulp Density 1  191.73 191.731 6.56 0.015
2-Way Interaction 3 1798 5993 0.20 0.892
pH*Fe [1I] 1 1.86 1.857  0.06 0.803
pH*Pulp Density 1 0.50 0.504 0.02 0.896
Fe [1I]*Pulp Density 1 1562 15.618 0.53 0.470
Error 35 1023.68 29.248
Lack-of-Fit 3 211.09 70.365 2.77 0.058
Pure Error 32 812.59 25.393
Total 44 3528.14

Regression Equation in Uncoded Units
Mn% = 1443 -454pH -0.171Fe[ll] -29.7 Pulp Density + 16.66 pH*pH
+0.00866 Fe [1I]*Fe [II] + 4.16 Pulp Density*Pulp Density - 0.031 pH*Fe [1I]
+ 0.41 pH*Pulp Density - 0.0456 Fe [1[]*Pulp Density
Fits and Diagnostics for Unusual Observations
Obs Mn% Fit Resid Std Resid
3 88.71 76.00 12.71 2.71 R
7 50.52 62.14-11.62 -2.48 R
R
R

12 81.62 71.11 10.51 2.24
35 58.97 73.99 -15.02 -3.21
R Large residual
Pareto Chart of the Sh’_indardized Effects
{response is Mnd%, & = 0.05)
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Response Surface Regression: Pb% versus pH, Fe [Il], Pulp Density for SL tests

Coded Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant -0.000 0.160 -0.00  1.000

pH -0.1367 0.0980 -1.39  0.172  1.00
Fe [I1] 0.1367 0.0980 1.39 0.172  1.00
Pulp Density -0.0000 0.0980 -0.00  1.000 1.00
pH*pH 0.137 0.144 0.95 0.350 1.01
Fe [1I]*Fe [II] 0.137 0.144  0.95 0.350 1.01
Pulp Density*Pulp Density -0.137 0.144  -0.95 0350 1.01
pH*Fe [1I] -0.273 0.139  -1.97 0.057 1.00
pH*Pulp Density -0.000 0.139 -0.00 1.000 1.00
Fe [1I]*Pulp Density -0.000 0.139 -0.00 1.000 1.00

Model Summary



S R-sq R-sq(adj) R-sq(pred)

0.480143 23.30% 3.57%  0.00%

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value

Model 9 24505 0.272280 1.18 0.337
Linear 3 0.8965 0.298844 1.30 0.291
pH 1 0.4483 0.448267 1.94 0.172
Fe [1I] 1 0.4483 0.448267 1.94 0.172
Pulp Density 1 0.0000 0.000000 0.00 1.000
Square 3 0.6575 0.219153 0.95 0.427
pH*pH 1 0.2069 0.206892 0.90 0.350
Fe [1I]*Fe [11] 1 0.2069 0.206892 0.90 0.350
Pulp Density*Pulp Density 1  0.2069 0.206892 0.90 0.350
2-Way Interaction 3 0.8965 0.298844 1.30 0.291
pH*Fe [1I] 1 0.8965 0.896533 3.89 0.057
pH*Pulp Density 1 0.0000 0.000000 0.00 1.000
Fe [1I]*Pulp Density 1 0.0000 0.000000 0.00 1.000
Error 35 8.0688 0.230537
Lack-of-Fit 3 0.8965 0.298844 1.33 0.281
Pure Error 32 7.1723 0.224133
Total 44 10.5193

Regression Equation in Uncoded Units

Pb% =-0.66 -1.15pH +0.0230 Fe[II] + 0.820 Pulp Density =+ 0.547 pH*pH
+0.000219 Fe [1I]*Fe [II] - 0.137 Pulp Density*Pulp Density - 0.0219 pH*Fe [II]
+ 0.000 pH*Pulp Density + 0.00000 Fe [1I]*Pulp Density

Fits and Diagnostics for Unusual Observations

Obs Pb% Fit Resid Std Resid

18 3.280 0.820 2.460 5.92 R

R Large residual

Pareto Chart of the Standardized Effects
{response is Pb%, o = 0.05)
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Response Surface Regression: Zn% versus pH, Fe [11], Pulp Density for SL tests

Coded Coefficients
Term Coef SE Coef T-Value P-Value VIF
Constant 64.04 2.77 23.08 0.000




pH 1.88 1.70 1.11 0.276  1.00

Fe [1I] 2.23 1.70 1.31 0.197 1.00
Pulp Density -2.36 1.70 -1.39  0.174  1.00
pH*pH 6.58 2.50 2.63 0.013  1.01
Fe [1I]*Fe [1I] 7.61 2.50 3.04 0.004 1.01
Pulp Density*Pulp Density 3.33 2.50 1.33 0.192 1.01
pH*Fe [1I] -1.62 2.40 -0.67  0.505 1.00
pH*Pulp Density 0.77 2.40 0.32 0.751  1.00
Fe [1I]*Pulp Density 2.38 2.40 0.99 0.330 1.00
Model Summary

S R-sq R-sq(adj) R-sq(pred)

8.32464 38.93% 23.23%  0.00%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value

Model 9 1546.47 171.830 2.48 0.026
Linear 3 33792 112.641 1.63 0.201
pH 1 84.79 84.788 1.22 0.276
Fe [II] 1 119.80 119.796 1.73 0.197
Pulp Density 1 133.34 133.340 1.92 0.174
Square 3 1102.33 367.443 5.30 0.004
pH*pH 1 479.23 479.227 6.92 0.013
Fe [1I]*Fe [11] 1 642.33 642.331 9.27 0.004
Pulp Density*Pulp Density 1  122.65 122.647 1.77 0.192
2-Way Interaction 3 106.21 35405 0.51 0.677
pH*Fe [1I] 1 3140 31.396 045 0.505
pH*Pulp Density 1 7.08 7.084 0.10 0.751
Fe [1I]*Pulp Density 1 67.74 67.735 0.98 0.330
Error 35 2425.49 69.300
Lack-of-Fit 3 379.03 126.343 1.98 0.137
Pure Error 32 2046.46 63.952
Total 44 3971.95

Regression Equation in Uncoded Units

Zn% =176.5 -753pH -0.855Fe[ll] -28.0 Pulp Density +26.3 pH*pH
+0.01218 Fe [1I]*Fe [II] + 3.33 Pulp Density*Pulp Density - 0.129 pH*Fe [II]
+ 1.54 pH*Pulp Density + 0.0950 Fe [1I]*Pulp Density

Fits and Diagnostics for Unusual Observations

Obs Zn% Fit Resid Std Resid

3 106.64 80.20 26.44 3.67

7 5224 68.94-16.70 -2.32

12 .99.24 77.24 22.00 3.05

35 60.28 75.19 -14.91 -2.07

R Large residual

R
R
R
R



Pareto Chart of the Standardized Effects

(response is Zn%, o = 0.05)

2030
T
Factor  Name
A pH
B Fa[il]
C Pulp Density
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Interaction plots for SL
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Interaction Plot for Mn%
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Response Optimization: Zn%, Mn%, Cu%, Co%, As%, Al%

Parameters

Response Goal Lower Target Upper Weight Importance

Zn% Target  52.240 100
Mn% Target  50.520 100
Cu% Target  5.560 100
Co% Target 17.327 100
As% Minimum 0
Al% Target ~ 90.000 100
Solution

106.64 1
110.00 1
110.00 1
110.00 1
4244 1
259.84 1

1

— = e

Zn% Mn% Cu% Co% As%
Solution pH Fe [II] Pulp Density Fit Fit Fit Fit Fit

1 1.89899 60 2.

Al%  Composite
Solution Fit Desirability
1 221.210 0.558295
Multiple Response Prediction
Variable  Setting
pH 1.89899
Fe [II] 60
Pulp Density 2.32323

32323 79.3831 84.4826 56.1185 72.0849 3.99622
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Response Fit SE

Fit 95% CI 95% PI

Zn% 79.38 4.13  (71.00, 87.77) (60.52, 98.25)
Mn% 84.48 2.68 (79.03, 89.93) (72.23, 96.74)
Cu% 56.12 4.38 (47.22, 65.02) (36.10, 76.13)
Co% 72.08 4.04 (63.89, 80.28) (53.66, 90.51)
As% 4.00 3.61 (-3.33,11.32) (-12.48, 20.47)
Al% 221.2 10.1 (200.7,241.7) (175.1,267.3)
Cptimal pH Fe ) Pulp Den
High L0 B0 40
L 1. B00) [E0.0Y (2333
Low 10 00 LD
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Contour Plot of Al% vs Pulp D
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Contaur Plot of Mn% vs Pulp Density, pH
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