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Abstract

While the extractionof metals isessential for sustainable energy technologies, they
pose environmental challenges due to the toxic materials used in their production and the
hazardous waste they generaféhe presence of waste containing metals and organic
compounds on Earth is increasiramd 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 matenmaycontaincritical raw materials and base metalth application
in the energetic transitionfhese factors highlight the urgent need for effective recycling
practices to managrinewaste and recover valuable secondary raw materials, addressing both
environmental and economic challenges.

This thesis investigatdbe optimal conditions for effective bioleachiofypyrite mine
wastesandmodernslagsfrom the Achada do Gamo Sulfur factory in tié@o Domingos Mine
area focusing particularly oManganese and Zinmecovery to address sustainability concerns.
Using Response Surface MethodoldB5M), the study evaluates the impact and relationship
between pulp density, initial plandinitial ferrous iron concentration evaluated throadgdox-
Behnken desig(BBD). Direct bioleaching experiments were conductedltered and crushed
pyrite, pyrite ashesnd modern slagssing a thermophilienicrobialculture consisting o§b.
thermosulfidooxidand.. ferriphillum, andAt. 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 SLAUItureis less effective bioleachinig pyrite wastes than slag
althoughORP measurements indicated microbial iron oxidatoyrall materials.This study
successfully optimized the recovery of metals from slag sampldEaing a maximum
efficiency of metal solubilization under the conditions of 2.32% (w/v) solid load, pH dn€0
ferrous iron supplementation of @M. The maximum metal recovery achieved 8&s9%

Zn, 81.4% Mn, 65% Cuand 66.4% Co

For crushed pyrite, under the conditions of pH 1.66, 54 mM supplementation of iron
and2% (w/v) pulp densiy was estimated to achieve moderate to high recovery of Mn (>53.8%)
and Zn (>8.0%). However, the values obtained were not within thec@sfidence interval
and the null hypothesis could not be rejected, indicating the proposed model does not apply to
the practical applicatignconsequently an optimized condition was not defined. The
application ofthe sameconditions obtained in the model for crushed pyrite was applied to
pyrite ashmaterial, which did notesultin satisfactory results. Hence, to better recover metals
from pyrite asheand crushed pyritdéurther 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 healtk cahedr, organ
disorders, immunodeficiency, neurological and psychological disorders (Naseri et al., 2023).

Waste is carried across countries, and its k@mgn 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 lassused 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, suohtlae 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-gnaaigtores.

With their depletion, there is a decrease in the supply of commercidlighla metals using
traditional strategies such as hydemd 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 metalggtepdahanshahi & 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 feepkooluct,
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 agBg®oren 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 he waste or secondary material contains critical raw materials
and base metals such zs, 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 thesiheads
domestic raw material€Co is concentratednly in a few countries, including politically
insecure supplierAlves 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 supplfAlves et al., 2018)Concurrently,it is estimated thaDRC will remain the
most relevansource of cobalt in the futuf@lves et al., 2018)Furthermore, the EU is fully
dependent on imports of battegyade manganegEuropean 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 (Naser.

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¥ranvik 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 hgghde ores, decreasing the efficiency for
waste and also for processingvigrade oresKomnitsas, 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 procgss 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 thesprocesses 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 wasteaasigit 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 polyraéVera et al., 2022).

Biomining is subdivided into two processes: bioleaching, a conversion of an insoluble
valuable metal into a soluble form by means of microorganiSukigpers et al., 2@}, 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) andénerbrought into solution by means
of microorganismsThe 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 pymnd hydrometallurgical processes (Vetaal., 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 agdaldevores (Naseri et

al.,, 2023). Yet, coseffective mass production obiolixiviants with heterotrophic
microorganisms can be a challen§pdgoren 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 represemis of the most relevant
metallogenic provinces for Volcanogenic Massive fiflal (VMS) deposits worldwide,
including worldclass deposits as well as medisired deposits such as the Sdo 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 (37A40NjLONjNjN, 7A29Nj52NjNjW) deposi't
mine (Figure 1.2).
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Figure 11. The geographic location of the Iberian Pyrite Belt with a highlight to the S&o Domingos mine district. Adapted
from: AlvarezValero et al.2008.

IPB is acomplex geologic sequence, which includes volcanic and sedimentary rocks from
the Devonian periodgndforms the basis of the volcarsedimentary complex (VSC) in the
region(Albardeiro, 2023). The middle series, knowrM&C, is primarily composed of felsic
volcanic and subvolcanic rocks, ahdststhe extensive sulfide deposi$ the IPB. Near the
top of the VSC is the Sdo Domingos pyrite orebdldye outcropping area was formed by a
unigue vertical mass of cupriferous pyrite associated with zinc and Idatesuklongated in
an EW direction (XTRACT Project, 2025). Pyrite, sphalerite, chalcopyrite, galena,
arsenopyrite, and dulsalts compose the majority of the mineral assemblage found in this
single subvertical body of massive sulfides (Alvar¥alero et al. 2008).

1.3. Ore processingn the SGoDomingos Mine

S&oDomingos Mine has a loAgme 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 AGWAEN, 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 Ii®0Obelow the



topographic surface as an open pit mine and from this depth down mo @2TRACT Project,
2025).

The first products were extracted by incineration processes, then the richest nodules
underwent a fusion process (XTRACT Project, 2025). The 2%ft@u ore was separated
into four piles: fine material and poor material. Then, the richest and coansedgnaaterial
was crushed into 5 cm piecd3u < 2% was accumulated in piles for easy circulation of air,
and the temperature was controlled (XTRACT Project, 2025, thelow-gradeCu products
underwent leaching in cementation tanks. Piles were leached with water to avoid spontaneous
combustion antheformation of sulfuric acigGaspar, 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 mirtermaledracted from
1870to 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 préagmumps (XTRACT
Project, 2025). At the end of the"20entury, many mines closed, including Sd0 Domingos.
Although mining activity has ceased, the |lasgale exploitation occasioned the production of
enormous waste dumps, °da massive sulficdedrieglwaste 200k0 1 1 (
piles, dumps, tailings, and flooded pits (Pétépez et al., 2008)Vaste mining material either
concentrated or dispersed in the area, is still enriched in hazardous elements such as Zn, Pb,
Sh, Cu, As, Hg, and Cd. These waste materials leached by rainwater and stream waters can
have highly aciegenerating potential, reling 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. Fiagemine
dumps cover large areamd 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 Sdo 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 ai@asted sulfide
ore (Matos et al.,, 2011). Roman slags are connected to the exploitation of gossan and
supergenenrichment zones according to Pétepez 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 (Pépez et al. 2008), which are
considered processing waste (Alvakéaero, 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 fmcovery is affected by different variables, including the
substrates and their respective concentrations, pulp density, initial§erom concentration,

Oz and CQ 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 gg®dLujarMoreno et al.,

2018). Furthermore, the selection of the ideal conditions is also dependent on the
microorganisms employed in the bioleaching. For examplethermosulfidooxidangAt.
caldusandL. ferriphilum dominate at temperatures between°@and 60°C (Vera et al.,

2022).

Investigating all the factors involved in the process requires many experiments, which are
costly and timeconsuming, and reaction time optimization is essential in bioleaching
(Rastegar, 2004 Therefore, one of the most crucial challenges in using the bioleaching process
to extract metals from solid wastes is the proper selection of experimental conditifams (
Moreno et al., 2018)

In order to identify the ideal conditions for bioleaching, two optimization methods are
mainly employedonefactorata-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 facters wer
investigated following the OFAT method to obtain the optimal parameters for pyrite waste
recovery from 2000 to 2024. The main varied parameters iahtifere 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, knogspasses (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 pfacess (
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 igiégyl (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 entxpeeiment (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 fel@ratary 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 LujanMoreno 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 minimimagimizingor settingatarget
response.

There are several ways to design experiments in RSM, for example, Full Factorial Design
(FFD), Central Composite Design (CCD), and Hehnken Design (BBD). CCD is the most
used RSM that considers 5 |l evels dmetheach f a
CCD (Ghelich et al., 2019), which is also called theiBison 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 estimdttbe aonlinearity of dependent
variables, maximum information with minimal experimental result data, and reduction of the
number of experiments to predict quadratic terms in the semwieadl 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 higiaar response surfaces using fereguired 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 12. Box-Behnken Design cube. Adapted from Ferreira eR8all7.

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 bemfahegecomplexity and
costs, and it is advised for initial screening; however, it shows limitations in providing an
understanding of higherder 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 poiiads 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 quadratin t er acti ons t hrough U
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 higbreler interactions. Furthermore,
it generates a response surface equation and optimal factor settings; however, it provides less
insight into the extreme factor effects when compared tB.@bdth CCD and BBD excel in
optimization, but CCD is more detailed, while BBD is more time andeffisient (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, DesignExpert, JMP, MATLAB, R, and Python. Once the design is impleetgrihe
comparison of these models with réiahe 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 Rare used to assess how well the model fits
the data. High Rvalues indicate that the model explains a significant portion of the variability
in the response, while the adjustediRcounts 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 significarvafue in ANOVA confirms
that the model or factors have a relevant impact on the response variable. Fspiuersee
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 hacrépiédcses
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 ipesgo provide the optimal
bioleaching conditions with resource efficiency and scalability.

14.1. Minitab Statistical Software

Minitab is a wellknown 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 indidtny, 2010. It allows graphs,
calculations, charts, basic statistics, experiment design, multivariate analysis, hypothesis
testing, regression analysis, and more.

Minitab has a useiriendly display for data analysis, improvement of quality
improvement, and process optimization of processes. For processing optimization, Minitab is
commonly associated with the Six Sigma metledtrategy used in quality management and
improvement to identify flaws and reduce errors and discrepancies in production processes
(llin & Bohlen, 2023), which allows datdriven decisiormaking.



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 viatiatizhrough graphs
and provides statistical tests such-gssts 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 undergoceh@xidation in
aqueous solution when it comes into contact with dissolved oxygen (Equatiofef)c iron
(Equation 2) The formation of ferric iron in the presence of dissolved oxygen is seen in
Equation 3.
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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, sBatiamcillus
thermosulfidooxidan@ron and sulfur oxidizer)Acidithiobacillus caldugsulfur 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 ebwiges. 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 ferrotgsferric 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 studyifgrrooxidansRodriguez
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 §8s%). Ferric ions attack metal sulfides and are reduced
to ferrous ions. In this process, the acidophilicdoxdizing 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 (80s%), which involves the incorporation of oxygenJjGs the terminal
electron acceptor.

(8 )

Figure 21. Schematic of the thiosulfate mechanism pathway in bioleaching of pyrite. The microorganisms represented in blue
areiron (1) oxidizing bacteria, while the pink ones consist of sulfur compound oxidizing baétéaipted and mdified from:
Schippers Sand, 1999

As a result, metal cations and sulfur compounds are released and solubilized in water.
Further, the iron (ll) is oxidized again to iron (lll) ions by bacteria sucBwbacillus
thermosulfidooxidanandLeptospirillum ferriphilumn 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 emsitpn
maintaining process effectiveness over time. Mixed cultures for bioleaching typically include
chemoautotrophic microorganisms which derive energy from inorganic compounds and
directly contribute to metal solubilizatiprwith no need of supplementatioof organic
substrateso support community growtfdones & Santini, 2023).

Among the bacteria employed in bioleachiAgjdithiobacillus calduss 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 processetallberg, 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, 2@23jaldusis a Gramnegative,
acidophilic, and sulfuoxidizing species (Hallberg, 1994).

Another relevant microorganism &ulfobacillus thermosulfidooxidana Grampositive,
nonrmotile, rodshaped, endospeferming, 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 des, bacteria lik&. thermosulfidooxidaresre
found to be highly tolerant to metal concentrations (Li et al., 2020).

Leptospirillum is a mesophilic, vibrioigshaped, iroroxidizing and Grammegative
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 firmdyichis crucial for biofilm formation in
mixed cultures (Sand et al., 1992). They areqmienizers that help other microorganisms
attach to substrata (Li et al., 2020Q).ferriphilumis an ironoxidizing bacterium, therefore,
when oxidizing pyrite as a pure culture, it causes the accumulation of sulfur in the medium and
surface of the mineraMardanyan & Akopyan, 2003)o improve their performance, it is
advisable to associate with suHoidizing bacteria such &S. thermosulfidooxidarsnd 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 ofS. thermosulfidooxidan@.i et al., 2020). Different studies suggest that consortia
containing the three species are efficient for bioleachingHood 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 8ui factory, and pyrite ashesative sulfur and black layers
from S&o Domingos Mine.

Using pyrite wastesnd modern slagthe 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 4ogdimal conditions in a cost
effective way, which will bevalidated in the laboratory with bioleaching experiments by
employing a consortium of microorganisms composed Leptospirillum ferriphilum
Sulfobacillus thermosulfidooxidarendAcidithiobacillus caldus.

Therefore, this thesis aims to investigate the most favorable bioleachiritionsto
assess anchaximize theefficiency fortherecovery of valuable metais 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.steps were employed for optimizati@waseri et al., 2023of pyrite
wasteand modern slagioleaching as shown in Figure 4(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 caseHawmken Design, (4) running
experiments and collecting results, (5) fit the model to the experiméata) (6) model
confirmation using Analysis dfariance (ANOVA) and plotting graphs, (7) determination of
optimal conditions

GOAL

Maimize the EXPERIMENTAL FITTING
aximze the DESIGN Mathematical model
recovery of metals St fitted to the
from pyrite waste Box-Behnken Design

experimental results

@©PE DY

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

4.1.1 Box-Behnken Design

A threefactor thredevel BoxBehnken design with 9 center points and 3 replicates
was used to identify the best conditions for mine waste bioleachiregexperiment aimed to
determine the relationship between pulp density, initial ferrous iron concentration, and pH with
respect to metal recoveryach factomwas tested ithree levels: low, medium, and high values
represented a4, 0, and 1, respectively, whiclorrespond toeal values akstedin Table 4.1
and Table 4.2. The real values were chosen based on preliminanstegtee same materig|
and the factor values were codified according to equatidhelcoded data were then analyzed
using Minitab Softwareto simplify calculations and allow uniform comparison among the
factors The three variables (pH, initial ferrous iron concentration, and pulp density) were
labeled as X X2, and X, respectively.

»Q ® 0 on an % R
Y Q

WhereX; is the coded value of an independent varialfleis the real value of an
independent variableo is the real value of an independent variable at the central point, and
X is the step change value.

Instead of testing all possible combinations, Minitab picks a smart subset of the
combinations. BBD starts with a twevel factorial design by choosing important factor
combinations, then a third level is added and arranges the tests using an incolopkete b
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 secesrder response surfaces.

Table 41. Boxi Behnken design with three variables and three levels for crushed pyriI(SB) bioleaching
optimization.

Sample Code pH [Fe (ID] (mM) Pulp density @6 w/v)
X1 Code Xu X2 (%) Code X X3 (%) Code X

CP1 15 -1 10 -1 3 0

CP2 25 1 10 -1 3 0

CP3 15 -1 60 1 3 0

CP4 25 1 60 1 3 0

CP5 15 -1 35 0 2 -1

CP6 25 1 35 0 2 -1

CP7 1.5 -1 35 0 4 1

CP8 25 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
CP12 2 0 60 1 4 1
CP13 2 0 35 0 3 0
CP14 2 0 35 0 3 0
CP15 2 0 35 0 3 0
CP16 1.5 -1 10 -1 3 0
CP17 2.5 1 10 -1 3 0
CP18 15 -1 60 1 3 0
CP19 25 1 60 1 3 0
CP20 15 -1 35 0 2 -1
CP21 25 1 35 0 2 -1
CP22 15 -1 35 0 4 1
CP23 25 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 15 -1 10 -1 3 0
CP32 25 1 10 -1 3 0
CP33 15 -1 60 1 3 0
CP34 25 1 60 1 3 0
CP35 15 -1 35 0 2 -1
CP36 25 1 35 0 2 -1
CP37 1.5 -1 35 0 4 1
CP38 25 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
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Table 42. Boxi Behnken design with three variables and three levels for slagB(SEL) bioleaching
optimization.

Sample Code pH [Fe (ID] (mM) Pulp density @ow/v)
X1 Code Xu X2 (%) Code X 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 15 0 10 -1 2 -1
SL10 15 0 60 1 2 -1
SL11 15 0 10 -1 4 1
SL12 15 0 60 1 4 1
SL13 15 0 35 0 3 0
SL14 15 0 35 0 3 0
SL15 15 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
SL21 2 1 35 0 2 -1
SL22 1 -1 35 0 4 1
SL23 2 1 35 0 4 1
SL24 15 0 10 -1 2 -1
SL25 15 0 60 1 2 -1
SL26 1.5 0 10 -1 4 1
SL27 1.5 0 60 1 4 1
SL28 15 0 35 0 3 0
SL29 15 0 35 0 3 0
SL30 15 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 15 0 10 -1 2 -1
SL40 15 0 60 1 2 -1
SL41 15 0 10 -1 4 1
SL42 15 0 60 1 4 1
SL43 15 0 35 0 3 0
SL44 15 0 35 0 3 0
SL45 15 0 35 0 3 0

The experimental designs for RSM of crushed pyrite-B3D-3) and slag (SEBIO-1)
are shown in Tables 4.1 and 4.2, respectively. The response for the generated model is set as
Bioleaching (%) afte® 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 solutien of 50
fold concentrate was made by adding the components as descriNaddycheo et al. (2016)
(Table 4.4). Another necessary component is the trace element solbéacomposition is
presented in Table 4.5. Furthermore, a 1 M solution ivieh a pH of 2.0 was prepared using
Iron (I1) sulfate heptahydrate (Fe&@H»0O) and deionized water. The pH levels of all solutions
were adjusted and maintained usingsBx using a Knick 766 pHMeter.

Table 43. Composition obasalsalts nedium(HBS).

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

Table 44. Composition of 50x Basal Salt Solution medium (Nancucheo et al., 2016).

Component Concentration [g/L]
NaSQ;.10H0 7.5
(NH2)2SQu 22.5
KCI 2.5
MgSQy.7H0O 25
KH2POy 2.5
Ca(NG)2.4H.0 0.7

Table 45. Composition of 1000x Trace Elements Solution.

Component Concentration [g/L]
ZnSQ.7H0 10
CuSQ.5H0 1
MnSQy.4H0 1
CoSQ.7H0 1
Cr(SQ)s.15H0 0.5
H3BOs 0.6
NaM004.2H20 0.5
NiSO4.6H.0 1
NaSeQ.10H0 1
NaW0O4.2H0 0.1

NaVO; 0.1
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4.2.2 Inoculum Preparation

For the direchioleaching experiments, a mixed culture of #rand sulfuroxidizing
acidophiles and thermophiles was used, consistingSbf 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 46. Bacteria mixed culture used for bioleaching experiments.

Bacteria Name T [°C]
Sulfobacillus thermosulfidooxidamSM 9293
Leptospirillum ferriphillumDSM 14647 SLA 42

Acidithiobacillus calduSM 8584

The cultures used were padapted to a 3% (w/v) of crushed pyrite, pyrite ash, or slag
in HBS medium withs and F€Table4.7). These adapted cultures served as the inoculum for
the bioleaching experiments of this study. Theautepted cultusewereincubated at 42 °C at
a stirring rate of 120 rpm for 7 days beftineir 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 2wur interval in between each heating session.

Table 47. Composition of preadapted culture media at pH 2.0.

Component Concentration or volume
Waste from Sdo Domingos Mine 3% (w/v)
HBS-Media 1x
Elemental Sulfur 1% (w/v)
Iron (I) T Ferrous Sulfate 20 mM
Inoculum 10% (v/v)

4.2.3. Mineralogical and chemical characterization ofmine wastesamples

The material was collected in three different locations at the Sdo Domingos Mine region
(Figure 4.2), where SIBIO-1 is the source of slag, from Achada do GamduswFactory
(Figure 4.3A), SBBIO-2 (pyrite ash) was collected from an area of nativeusw@nd black
layers (Figure 4.3B), while SBIO-3 (crushed pyrite) was collected from an area partially
affected by leaching processes (Figure 4.3C). All samples were collected, characterized, and
provided by thd.aboratorio Nacional de Energia e GeolodiaNEG), Portugal.
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Figure 42. Location of the 3 samples from S&do Domingos mine provided hyateratorio Nacional de Energia e Geologia
(LNEG).

A

Figure 43. (A) Appearance of sampling area in Achada do GaméuG#actory for slag (SIBIO-1). (B) Appearance of
sampling area with native $ut and black layers for pyrite ashes (8DD-2). (C) Appearance of sampling area for crushed
pyrite SDBIO-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 Xray fluorescence (XRF) analysis of the bulk sample (Table 4.8).

Table 48. Phase identification of SBIO-1, SD-BIO-2, and SBBIO-3.

Sample Mineral Data
Reference Bank N°

SD-BIO-1 262 Amorphous

Phasel dentification +++ ++  +

SD-BIO-2 259 Agrs? (vtg) + Ang + Bdn + Gp + Jrs (vtg) + ( Gp ﬁﬁ% Qz
sDBIO3 257  Alu(vig) + Ang +Ann (vig) + Cog (vtg) + K o, b g Ang

(Vtg) + Py +Qz + S
* Notes: AgjrsT Ar genojarosite (AgiFfeljuni(tSeO () KAIOH()ISAnglgsita(l @H) ) ;
(PbSO DAnnAinthe ( KFe] (ABBud®ni ) EOHPbFe BAEW@uMbteSO ) ( OH
(Al Fe (SO )(H ®)psumH C)SOt@p2HF ®ORPuU)aPy@2 (SulXF ur; (SS ) .
Abbreviations: +++: phase well represented; ++: well represented; +: poorly represented; vtg: vestigial content;
?: dubious identification.
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Table 49. Elemental composition table of SBIO-1 TAL QUAL (slag) SD-BIO-2 TAL QUAL (pyrite ashes)
andSD-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 83 15
U 21 - -
Zn 17004 2991 1981
Zr 147 620 436

The elemental composition of the slag sample-B80-1) is presented in Table 4.9.
The material is characterized puwrticle sze < 250 umand ahigh 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 (SBIO-2) was generated through the roasting of pyrite ores,
although specific roasting parameters (e.g., temperature and equipment) were not gxalable
particlesize was smaller tha260 um The chemical composition of this material is shown in
Table 49. 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), éAse/i0167
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
(Si, 58958 ppm), and antimony (Sh, 18660 ppm).

The crushed pyrite sample (S800-3 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@.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 bothntiaieenvironmental risks and the
possibility of resource recovery.

Other elements of interest include aluminum (Al, 20124 ppm), antimony (Sh, 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
4.31. 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 softwiareBBD. For this purpose, the inoculum
was set as 10% (v/v) and elemental sulfur at 1% (w/v). Several batches of 16@iwblume
with different factor combinations were perfornfeduntil 9 days The pH of the samples was
studied within the range of 25, pulp density from-2% (w/v), and F&" concentration from
10-60 mM. HSQs was used to adjust the pH of theedium Samples were withdrawn at
regular intervals to monitor the cell growth, pH, ORP:'Fand F&" concentrationAfter 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 grondrbaieaching activity.

4.32. 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 lowet.@),.Qvhile
pulp density and Fe] C 04%candnlf60 mM, irespectivel®.ma i n e c
Opti mal conditions identified by the design \
incubation with SLA culture.
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4.33. 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 fnbm eachof the shaking flask was
collected on days 0, 2, 4, 7, ancaBan interval ofapproximatelytwo days, and added to
microcentrifuge tubes of 1.5 mL. From this, g4b was taken to evaluate cajrowth 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 cenatfog 500 pL of the
supernatant was pipetted to a new tulith 5 pL con@ntratedHNO3 (63%) to stabilize the
metals in their dissolved ionic forand stored for ICFDES analysisThe 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 wix0a6%0
Ph2 CRAc hr omat b/ 0. 17 o Ixjoalartlensy provitirg rplsase a&ontlasta 1 0
imaging. 45 pL 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 lwd 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/L HEPES (Carl Roth GmbH, Pufferan®, 238.31 g/magl), 1
ferrozine (Ferrospectral, Mer#GaA), and it was adjusted witiM 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 ofran (II) SulfateHeptahydratéCarl Roth
GmbH+Co., Karlsruhestock solution. The iron solutions were prepared and 12 L pipetted to
a 96well plate (Greiner BigDne). Afterthat, 228 pL of ferrozine solution was added, and the

samples were analyzed using a SpectraMaf M@ecular 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 pLof the diluted sampleas 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 (Il). 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 44. Calibration curve foferric, ferrous, and totaton quantification.

The samples wereortexedusing a mixer (VortexGeni€e 2, Scientific Industries)
every 5 minutes and added extra ascorbic acid such thaitalh amountof ascorbic acid
remained undissolved at the end of 20 minuit2siL of the ascorbic acitteated samples were
combined with 228 uL 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
andshakerfor 5 seconds.

The obtained absorbance results were multiplied by 100 and used to calculate iron (Il)
and total iron concentration using the regression equation presented in efuBbidetermine
the ferric iron content, the concentration of iron (Il) was subtracted from the total iron
concentration as shown in equat@n

®0 T wEw T8 TTT YR

Wherey is the concentration of Iron (Il) ands theabsorbancegalue recorded at 562 nm.

YE OB "0Q  0Q  %Rp

4.4.4 ORP and pH measurements

For the pH measurement, a Mettler Toledo electrode Inlab®-Bkond (pH range 0
to 12, temperature rangei AL0OO °C) was used, and for the ORP, a Mettler Toledo electrode
Inlab® RedoxMicro was used (Ag electrode) (Temperature ranget00°C, 3 mol/L KClI).
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 thi
measured Eh values.

4.4.51CP-OES

Samples were periodically collected to monitor metal release from the pyritic material
and slagusing Inductively Coupled Plasma Optical Emission Spectros¢tply-OES,
SPECTRO ARCO%HX3X). 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 witB % H M<the diluent~or crushed pyrite and pyrite ashes experiments,
the final dilution was set at30, while for slag sample$: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 \(E&$té).

~
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WhereC, is the concentration of metal in the leach liquor (mg/g) measured by ICP
OES,Cy 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 seeordkr polynomial equation by
multiple regression analysis. To predict the optimal point, the full quadratic equation model
was expressed according to equaBon

~
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Wherey is the predicted response by the model, @néi, bi, and b are constant
regression coefficients of the mopie| x2, andxx 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 determinedrurthermore, the coefficient of determinatid®f)(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
significantUHevel of 5% was used for the analysis.

5. Results
5.1. Direct bioleaching of crushed pyrite (SEBIO -3) under different combinations of pH,
Fe (I1) 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 d?%, 3% or 4% (w/v). In all flasks, cells were observed from day 2 onwards,
including an abiotic control. Afté¥ days, it was observed a color change and turbidity increase
in experiments when comparedttee abiotic contro] occasioned by microorganism growth
and biological activity

5.1.1.pH and ORP Changes DuringCrushed Pyrite Optimization Experiments

In Figure 51, the average values of pH and ORP for each experianershown. 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 51. pH and ORP over time for the bioleaching of crushed pyrite carried out using starting media of pH 1°E, at 42
and SLA culture. (A) Average of CP1, CP16, CP31 with Fe (II) 10 mM and 3% (w/v) solid load. (B) Aeé@ge, CP18,
CP33 with Fe (II) 60 mM and 3% (w/v) solid load. (C) Averag€pbt, CP20, CP35 with Fe (II) 35 mM and 2% (w/v) solid
load. (D) Average of CP7, CP22, CP37 with Fe 38)mM and 4% (w/v) solid load.

On day 4 it was observed a small increase in the pH and9atteys, the pH slightly
decreased again, varying from 1-1®5. 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 424imdiating a very slight increase in
microbial activity
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Figure 52. Monitoring of pH and ORP over incubation time for the bioleaching of crushed pyrite carried out using starting
media HBS pH 2.0, at 4L, and SLA culture, and addition of 1% (w/v) sulfur. (A) Average of CP9, CP24, @f3ge(ll)

10 mM and 2with and solid loa(B) Average ofCP10, CP25, CP40 with Fe (II) 60 mM and 2% and solid loadA{€jage

of CP11, CP26, CP4with Fe (Il) 10 nM and 4% (w/v) solid load. (DAverageof CP12, CP27, CP42 with Fe (II) 60 mM

and 4% (w/v) solid load. (E) ContreAverage ofCP13, CP14, CP15, CP28, CP29, CP30, CP43, CP44, CP45 witmitéd 35

and 3% (w/v) solid load.
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Figure 53. 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 and SLA culture, and addition of 1% (w/v) sulfur. (A) Average of CP2, CP17, CP32 with Fe (Il)
10 mM and 3% (w/v) solid load. (Byverage 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 (Il) 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 181 and 2.09, decreasing to values between 1.63 and 1.76. Moreover, ORP values
increased from a range of 3864 mV on the initial day to a range of 48023 mV on the last
day, as shown in Figure5(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 d&¥, conditions at 10nM Fe (ll) + 3% (w/v) solid load (CR27-32)

(Figure 53A) and 35mM + 2% (w/v) (CP621-36) (Figure 53C) had a small increase in pH
to 1.89 and 1.97, respectively. Contrasting, @B&88 (35mM Fe (Il) + 4% (w/v)) (Figure
5.3D) and CP419-34 (60mM + 3% (w/v)) (Figure 38B) had a decrease to 1.62 and 1.86 over
time, respectively. Moreover, ORP values increased from a ran@&-dfld mV on the initial
day to 407429 mV on the last day, as shown in Figu@(B,, B, C, D).
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5.12. Total Iron, Ferrous Iron, and Ferric Iron Concentration Determination for

Crushed Pyrite
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Figure 54. Monitoring of F&" and Fé&* over incubation time for the bioleaching of crushed pyrite carried out using starting at
42 °C, SLA culture, andhe addition of 1% (w/v) sulfur. (A) pH 1.5, Fe (Il) 10 mM and 3% (W€P116-31). (B) pH 2.5,
Fe (1) 10 mM and 3% (w/v) (CR27-32). (C) pH 1.5, Fe (Il) 35 mM and 28u/v) (CP520-35). (D) pH 2.0, Fe (Il) 10 mM
and 2% (w/v) (CP24-39). (E) pH 2.0, Fe 60 mM and 2% (w/v) (CP2840).

't was
maj ority

observed
of tested

a decrease
conditions

n concentrat.
(shown in Anne



Mn bioleaching [%]

27

between start and end dates for the conditions: pH 1.5, Fe (II) 10mM, 3% (W ALE3)
(Figure 5.4A); pH 1.5, Fe (II) 35 mM, 2% (w/v) (CRB-35) (Figure 5.4C); pH 2.0, Fe (Il) 10
mM, 2% (w/v) (CP924-39) (Figure 5.4D) and pH 2.0, Fe (II) 60 mM, 2%\{\WCP1625-40)
(Figure 5.4E)For Fé* concentrations, the majority of the bioleaching experiments showed an
increase afted days. However, abiotic control and conditions pH 2.5, with Fe (IlhlDand
3% (w/v) (CP217-32) (Figure 5.4B)pH 2.0, Fe (11)/10mM and 2% (w/v) (CR24-39) (Figure
5.4D), andpH 2.0, Fe (1) 60 mM and 2% (w/v) (CP-E®-40) (Figure H4E) had the amount
in solution reduced.

Although 60 mM of ferrous iron was added to CRBX40 (Figure 54E), 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 cortcation 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 séapiing, interference, or
timing inconsistencies in the assay procedure.

5.13. ICP-OES Analysis for Crushed Pyrite Samples

As observed in Figure &. Mn (Figure 55A) and Zn (Figure %®B) 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 bioleaeHiogncy (~ 100%) was
observed in (CP125-40). However, when compared last and first day of experiments, both
days showedearly samealues.
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Figure 55. (A) Mn bioleachingefficiencyon day0 and day. (B) Zn bioleachingfficiencyon day0 and dayp.

For Zn, CP520-35 and CP&1-36 showed the highest bioleaching percentage, 20.8%
and 22% respectively. Even so, compared to the abiotic controlZ3P43, 21.5% the results
were toosimilar.
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5.14. Response Surface Methodology For Crushed Pyrite Samples

After seeing which metals webeingleached, 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 thiquor 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 aifpee quadratic effect with p < 0.05),
suggesting a t$haped response and an ideal range of pulp density.

For Mn recovery, pH, pHand the interaction of pH with ferrous iron did not show an
effect, with a pvalue of pH (p = 0.595), suggesting it does not influence Mn recovery much
within this range, as can be seen in the Pareto Chart (Fig)rdrbAnnex 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 R2 = 31.3% indicates a lower reliability when predicting unseen data.
Moreover, some data points show large residuals, which could indicate outliersdet m
limitations.

Based on the calculated values of the regression coefficeeptdynomial 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 (%6)20.3 pH pH +0.00953 [Fe
] (mM) [Fe ll] (mM) + 17.07 Pulp density (%) Pulp density (%} 0.021 pH [Fe ll] (mM) + 6.6
pH Pulp density (%) + 0.223 [Fe Il (mM) Pulp density (%) (EQ. 9)

(response is Mn (%), o = 0.05)

Term 2030
T

Factor  MName
B | A pH
B [Fe 1] {mM)
[ Pulp density (%]

C

BE
BC
AA

AC L

AB

Standardized Effect

Figure 56. Pareto Chart of the standardized effects of pH, ferrous iron initial concentration, and pulpahethstyioleaching
of crushed pyrite for Mn recovery.

For Zn bioleachingefficiency, linear pH, Fe(ll), and all interaction terms are hon
significant (p > 0.05). On the other hand, pulp density (%) has a negative effect (B0&5,=
p = 0.000), Fe (II)? and Pulp density? have significant quadratic effects (p = 0.007 and p =
0.010, respctively), 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 57).
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The obtained model explains less than half of the variability (R2 = 47.84%); moreover,
the predicted R2 = 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 + 29.9 pH + 0.619 [Fe 1l] (mM) + 19.6 Pulp density (%§.06 pH pHT 0.00637

[Fe ll] (mM) [Fe ll] (mM) - 3.81 Pulp density (%) Pulp density (%)} 0.120 pH [Fe ll] (mM) -
0.55 pH Pulp density (%) + 0.0171 [Fe I1] (mM) Pulp density%) (EqQ. 10)

Term 2.030
T

Factor Mame
€ | A pH

B

C

[Fe 1] (mM)

B 1 | Pulp density (%)

<C |

AB

AA A

BC 1

AC

0 1 2 3 4
Standardized Effect

Figure 57. 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 gdagingto reach 100% of Mn and the maximum possible from the
other metals (Al, Zn, Sh, 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 51. Predicted Responses at optimal settiogerushed 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)

*Cl (confidence interval)** P| (prediction interval)

The model found the best tradé# 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 O to 1) indicates a redgaqyaiul tradeoff
across all six responses. In muksponse 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 ¢ (~54 mM), and very low pulp
density (2%w/v) yields the best compromise. These conditions likely enhance metal solubility
and reduce c@recipitation. Mn recovery is nearly at target (99.84%), Zn and Cu are
significantly improved under these conditions. As is reduced, though stihegirgible
(6.69%). Some responses, especially As and Mn, show wide prediction intervals, indicating
that while the mean prediction is favorable, +eakld variability may éad to lower or higher
values. This might call for additional validation experiments or tightened control in actual
operations.
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Figure 58. Contour plots for (A) Mn bioleachirgfficiencywith respect to ferrous iron and pH (pulp density figéits middle
value). (B) Mn bioleachingfficiency with respect to ferrous iron and pulp density (pH fixed at its middle valueM(C)
bioleachingefficiency with respect to pulp density and pH (ferrous iron concentration fixed at its middle value). (D) Zn
bioleachingefficiencywith respect to ferrous iron and pH (pulp density fixed at its middle value). (E) Zn bioleaéfidiency

with respect to ferrous iron and pulp density (pH fixed at itgdtaiglalue). (F) Mn bioleachingfficiencywith respect to pulp
density and pH (ferrous iron concentration fixed at its middle value).
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Contour plots (Figure B) show the behavior of Mn and Zn when varying the two out
of the three factorsyith 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 (Figu@4)3s obtained.

When comparing F@l) and pulp density, the lower the pulp density and the higher the
iron, the better the Mn recovery 88). Furthermore, pH versus pulp density showed that the
lower pulp density better recovery, in the range of pH 1.5 to 2.0 (Fig8@).3-or Zn, best
recoveries ranged from pH 1.75 to 2.25, while ferrous iron wasl@d0to 40 mM (Figure
5.8D). At the same ferrous iron range, pulp density around 2.5% showed the best Zn
bioleaching (Figure BE). When holding Fe (Il) at 35 mM, the bestaeery was present in
the same pulp density range (2.5%) and pH 2.0. Contour plots for the other analyzed glements
as well as 3D surface response cureespresentin Annex A5, showing the combination of
parameters and their respective impacts on metal bioleaching under the conditions tested.

5.14.1. Confirmatory experiments
5.14.1.1 Crushed Pyrite

To confirm the prediction done by the model, and therefore the applicability of the
proposed seconrdrder model for further optimization of mine waste bioleaching, confirmation
at the predicted optimum level of the factargscarried out along with abiotic contrd\fter
9 days, a color change and turbidity increaseeobservedn experiments when compared to
abiotic control occasioned by microorganism growth and biological activity (Fig@e 5.

L weseatyve
ate W \6 106 il

Figure 59. Crushed pyrite bioleaching aay 9versus abiotic control oday 9 pH 1.66, 42°C, pulp density 2% (w/v), B
54 mM, SLA culture and addition of 1% (w/v) sulfur.

In Figure 5.10A, the pH and ORP are shown &days, where it was observed an
increase in ORPindicating microbial activityand a decrease in pH. While in Figure 5.10B,
the Fe (Il) decreased over time, with an increase on day 2, while Fe (lll) 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 8ftlys 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 betweén 53.81
145.86% for Mn, when the real value was 22.6%, expected a range of 81133% and
obtained 13.29% Al, expected 8i1@B.05% and obtained 1.85% Zn, expectedi139B1% and
obtained 16.4% Sb as can be seen in Figure 5.11.
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Figure 510. Monitoring of Fé&* and Fé* over incubation time for the bioleaching of crushed pyrite carried out using starting
media HBS pH 1.66, 42ZC, pulp density 2% (w/v), F@l) 54 mM, and SLA culture and addition of 1% (w/v) sulfDashed

lines represent abiotic contr@nd solid linesepresenbiotic experiments. (A) ORP and pH ov&days for bioleaching
confirmatory experiments. (B) Ferrous versus ferric iron &ways for bioleaching confirmatory experiments.
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Figure 511. Bioleaching efficiency (%) of Al, As, Co, Cu, Mn, Pb, Sbh, and Zn at day 0 and day 9. Light grey bars correspond
to the abiotic control at day @P-C d0), and light red bars represent the biotic test at d@@@). Dark grey bars indicate
the abiotic control after 9 day€P-C d9), while red bars represent the bioleaching efficiency in the biotic experiment after 9
days CPd9).

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 ed@fn in the model.
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5.14.1.2. 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, an@l dedies, no color
difference was observed between the control and experiment (Figure 5.12).

Figure 512. Pyrite ashes confirmatory experiments at pH 1.66C4dulp density 2% (w/v), Fgl) 54 mM, and SLA culture
and addition of 1% (w/v) sulfur.
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Figure 513. Monitoring of Fé&* and Fé&* over incubation time for the bioleaching of pyrite ashes carried out using starting
media HBS pH 1.66, 42C, pulp density 2% (w/v), F@l) 54 mM, and SLA culture and addition of 1% (w/v) sulfur. Dashed
lines represent contrahnd solid lines the experiment. (A) ORP and pH &days for bioleaching confirmatory experiments.
(B) Ferrous versus ferric iron ov@idays 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,Mut 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 experiwithts, peak
of ferrous iron on day ZHgure5.13B) 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 experimer@siaiter
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 thaid\8bdad
the highest leaching valudsowever, not higher than chemical control results (Figure 5.14).
Therefore, probably Mn and Sb went into solution due to the pH, not necessarily thigiahicro
activity.
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Figure 514. 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 (P8 d0), and light red bars represent the biotic test at day 0 (PA d0). Dark grey bars indicate
the abiotic catrol after 9 days (PAC d9), while red bars represent the bioleaching efficiency in the biotic experiment after 9
days (PA d9).

5.2. Direct Bioleaching of Slag (SEBIO-1) under different combinations of pH, Fe (ll),

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 cryshéd
experiments was based on previous experiments done at the Microbiology and
Biohydrometallurgy research group, which detectsdlzstantiaincrease in the pH over time,
making it not suitable for mickwal growthand activity

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

5.2.1 pH and ORP ChangesDuring Slag Bioleaching Experiments

Moreover, pH and redox potential showatincreaseovertimefor all experiments. In
Figure 5.5, 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 5A, 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 515. 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, FEOBMM 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, SL22, SL37 at pH 1.0, Fe 35 mM and 4% (w/v) solid load

Initial ORP values ranged from approximately 33 mV before incubation. By the
end of the experiment, redox potential average values had gradually increased to a range
between 435 and 551 m¥or 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 of38mV on the initial day to a range of
422-491 nV on the last day, as shown in Figure&(A, B, C, D).

At pH 1.5,anincrease 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 5.1@he ORP value stayed less than 400 mV during
the time interval, varying from 333 to 392 mV on the last samplingldayindicateshat the
microbial activity was low in the abiotic contrdlhis is because of the chemical nature of the
slag that increases the pH due to the release of alkaline substanceswkéc@ancreases 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 ofl1813over time,
respectively. All experiments at pH 2 showed the peak of pH on day 2. Mor@&ryalues
increased from a range of 3401 mV on the initial day to 45819 mV on the last day, as
shown in Figure 54.(A, B, C, D).
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Figure 516. Monitoring of pH and ORP over incubation time for the bioleaching of slag was carried out using starting media
HBS pH 1.5 at 42C and SLA culture, and addition of 1% (w/v) sulfur. (A) Average of SL9, SL24, SL39 at Fe (Il) 10 mM
and 2% (w/v) pulp densit¥B) Average of SL10, SL25, SL40 at Fe (Il) 60 mM and 2% (w/v). (C) Average of SL11, SL26,
SL41 at Fe (1) 10 mM and 4% (w/v). (D) Average of SL12, SL27, SL42 at Fe (Il) 60 mM and 4% (w/v). (D) Gontrol
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Figure 517. Monitoring of pH and ORP over incubation time for the bioleaching of slag was carried out using starting media
HBS pH 2.0, at 42C, 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 densityB) Average of SL4, SL19, SL34 at Fe (I1) 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 if*fehen compared to day 0 (shown im#exA6). While
most experiments showed a decr €d51.51631p3L7 Fe |
22-37, SL1126-41, SL1227-42) and Control SL1314-15-28-29-30-43-44-45 showed an
increasewhich can be seen in Figure 8.The amount of ferrous iron added to each flask was
significantly more tharmeasured 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 518. Monitoring of F&* and F&* over incubation time for the bioleaching of slag, af@2SLA culture and addition
of 1% (w/v) sulfur(A) Average of SL1, SL16, SL31 at pH 1.0, Fe (II) 10 mM and 3% (B))Average of SL7, SL22, SL37
at pH 1.0, Fe (I1) 35 mM and 4% (w/{C) Average of SL11, SL26, SL4, at pH 1.5, Fe (II) 10 mM and 4% (\{@y)Average

of SL12, SL27, SL42, at pH 1.5, Fe (Il) 60 mM and 4% (w/v). (E) ContPalerage SL13, SL14, SL15, SL28, SL29, SL30,
SL43, SL44, SL45 at pH 1.5, Fe (II) 35 mM and 3% (w/v).



5.2.2. ICROES Analysis for Slag Samples

The metal recovery from slag material was calculated by EquatiGo, Cu, Mn, and
Zn showed relevant recovery acsadifferent experiments (FigurelS); for the other metals
measured, see Annex7AThe bioleaching on the last day was much higher than on day 0. Co
bioleaching close to 60% in almost all conditions tested, ane233% had 61%, the highest
Co presence in liquor leach. Cu bioleaching varied from 40 to 60% o &¢h Mn and Zn
showed higher bioleachiranday 0 when compared to Co and.Qthe final percentage of Mn
and Zn in the liquor leach reached 85.8% in SRB0 and 82.4% SL-21-36, respectively.
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Figure 519. Efficiency of metalsbioleachingon day0 andday9 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 elementsk émmex A8. The
behavior of Al is dominated by the quadratic terms, such 3sfeH1I¥, and pulp densify all
these terms are highly significant with a p < 0.05 (Figu2é4. It is also affected by the linear
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term of pulp densityBioleaching efficiency of Ads very sensitive to pH, and it is also
influenced by pulp densityF{gure5.20B). When it comes to the quadratic terms?pHd Fe

(I1)2 are significant as well. The presence of Co in the liquor is significantly influenced by the
square of Fe (II) concentratiopulp density, and pH (Figure ®2). For Cu, the square of Fe

(), and pH, and pulp density were the most influential factor93».2\n was influenced by

Fe (Il) and the square of Fe (Il), pH and the square of pH, pulp density and the square of pulp
density Figure5.20E). Zn was mostly affected by the square of Fe (Il) and of Fiblute

5.20F).
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Figure 520. Pareto chart of the standardized effects. (A) Resporebisleaching efficiencyafter9 days. (B) Response is
As bioleaching efficiency aftérdays. (C) Response is ®@mleaching efficiencyfter9 days. (D) Response is ®ioleaching
efficiency after 9 days.(E) Response is Mhioleaching efficiency days. (F) Response is &inleaching efficiencyafter9
days.
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The model explains a good portion of the variance in Al (R2 = 64.2% and predicted R?
= 37.1%), As (R2 = 71.2%), and Mn (R2 = 71.0% and predicted Rz = 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 [Il] - 124.4 Pulp Density + 146.0 pH pH + 0.03902 Fe [lI]
Fe [ll] + 13.29 Pulp Density Pulp Density + 0.090 pH Fe [ll] + 18.1 pH Pulp Density + 0.137

Fe[ll] Pulp Density (Eq.11)

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

Fe[ll] Pulp Density (Eq.12)

Co Bioleaching (%) = 156.1- 63.2pH - 0.775Fe[ll] - 24.9Pulp Density +17.87pH pH+ 0.01032Fel1]
Fe[ll] + 1.73PulpDensity PulpDensity- 0.007pH Fe[ll]+ 5.72pH Pulp Density +0.0358

Fe[ll]  PulpDensity (Eq.13)

Cu Bioleaching (%) = 222.6- 156.4 pH- 0.838 Fe [Il]- 29.0 Pulp Density + 45.0 pH pH + 0.00999 Fe [lI]
Fe [Il] + 1.50 Pulp Density Pulp Density 0.032 pH Fe [ll] + 8.44 pH Pulp Density + 0.059

Fe[ll] Pulp Density (Eq.14)

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

Fe[ll] Pulp Density (Eq.15)

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

Fe[ll] Pulp Density (Eq.16)
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Figure 521. Interaction plot for Adioleachingefficiency.
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No significant interactions were found between terms for Al, Co, Cuyalkieh . For
Asrecovery some interaction is present between pulp density and pH (p = 0.010) (Figore 5.2
The interactionplot for all elements can be found in AnneQ.A

In order to optimize the bioleaching of interest metals, a response optimization model
was createdwith the goal of reaching 100% of Al, Co, Cu, Mn, Zn, while minimizing the
recovery of Arsenic. The full model can be seen in Ankg@ The resulting model indicated
that operating at low pH (1.89), moderately high Fe (1) (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 redum@precipitation. CoMn, and Zn recovés are close to
the target under this modelith Co fit in 72.08%, Zn in 79.38% and Mn in 84.48%, while As
is reduced to 4% (Table 5.2).

Table 52. Predicted Responses at optimal settiiogslag

Response Goal Predicted value (%) 95% CI* 95% PI**
Recovery(%)
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)

*Cl (confidence interval)** PI (prediction interval)

Although Co and Cu show high concentration in the leachate solution, the rmastel
be considered carefully due to thé Walues. The contour plots showed that Co is better
recovered at high or low concentrations of iron (60 mM oni\), at pH 2.0, when pulp
density is held at the middle valuBigure 5.22A). When iron is in the middle value, best
recovery is obtained at pH 2.0 and lowest pulp denBityu¢e5.22B). Similarly, when pH is
in the middle value, Crecoveryis the highest at low pulp density and very high or low ferrous
iron (Figure5.22C). For Curecovery at pH 1.0 or 2.0 and the highest iron, more than 60% is
recovered, at pulp density 3% (w/\Bigure5.22D).
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40
Cat

< 52

52 - 55
M 55 - s0
W s0 - 52
M 52— s8

w
in

] > 68
Hold Values
FeQl] 35




43
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50
Co% Cu%
u < 550 < 45
M 550 - 575 45 - 50
W 575 - 600 0 M so- 55
. 600 - 625 W oss - 60
625 - 650 u = &0
M 550 - 875
= MW 75 - 700 Hald Values
£ 1 > 700 40 Pulp Density 3
5 =
a 30 Hold Values @
=3 pH 15 -
g 30
25
20
10
30 40 50 50 10 12 14 16 18 20
Fe [l] PH
Contour Plot of Cu% vs Pulp Density, pH Contour Plot of Cu% vs Pulp Density, Fe [I1]
. 40
Cu% cut
< 40 n < 400
20 - a5 W 00 - 225
M 25 - s0 W 425 - 450
W o - s5 450 - 475
W 55 - S0 25 15 - 500
> &0 B oo - 525
M 525 - sso
Hold Values ] > 550

Fell] 35
Hold Values
pH 15

Pulp Density
Pulp Density

Fe [I1]

Figure 522. Surface contour plots f¢A) Co recoveryin leachate when pulp density is at the middle valueO@jecovery
in leachate when Fe (Il) is at the middle value. @@yecoveryin leachate when pH is at the middle value. (D)r€overy
in leachate when pulp density is at the middle valueC{E)ecoveryin leachate when Fe (l1) is at the middle val(i§.Cu
recoveryin leachate when pH is at the middle value.

When ferrous iron is held at 38M, it confirms that lower pulp density and low or high
ferrous iron will improve the recovery of coppétiqure 5.2E). When pH is at the middle
value, the lowest pulp density performs the best witmM or 60mM ferrous iron Figure
5.2F).

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 AnneslA The highest recovery of Al was achieved when the iron
concentratiorwasthe highest or lowest tested, same for plgre5.23A). If Fe (ll) is held at
35 mM, the best recovery is achieved when pH is 1.0 and pulp density Kdlif=6.23B),
and when the pH is held at 1.5, the best recovery is obtained at minimum or maximum iron
concentration and lowest pulp densifygure5.23C). As the Alrecoveryin the experiments
exceeded 100%, the model also showed a range from 170 to 230%.

The areas which it is possible to obtain the leastesvery(0%) are in pulp density
set as the middle value, highest pH andlFdrom 20-50 mM, also in the region of pH 2.0,
from pulp density 2.5% and Féll) at 35mM) (Figure 5.3E) and, when pH is held at 1.5,
lowest recovery is found in higher pulp density-8.6 and higher iron concentration {80
mM) (Figure 5.3F).

For Znrecovery high pH and high iron promote recovery of around 80% according to
the model, when pulp density is 3% (Figure33)2 When iron is held at 35M, pH 2.0, and
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low pulp density remains the most suitable option, recovering up to 75% (Figsikg.3/Zhen

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 532). Mn recoverywas 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) (FigG8&)5.2
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Figure 523. 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 ehsity 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 pulppénsity (
fixed at its middle vale). (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 5.3H). When pH is held at 1.5, the best option is still high iron and low pulp
density (Figure 5.3).

5.2.3.1. Confirmatory Experiments of Slag

To confirm the prediction done by the model, and therefore the applicability of the
proposed secondrder model for further optimization sfagbioleaching, confirmation runs
at the predicted optimum level of the factors were carried out along with abiotic caDtiols.
and turbidity varieaver9 days with the bioleaching experiment becoming more orange than
the abiotic control (Figure 34).

In Figure 5.25A, the pH and ORP are shown d&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 cBwotiol.
observationsndicate thamicrobialaction was negligible in the abiotic contrtfiougha few
cells were observeth Figure 5.25B, the F@l) increased over time, reaching around 225 mM
on the last day, and Fe (lll) decreased over time, reaching 0 mM, in both the experiment and
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the control. This iscaused by the release of ferrous iron from the slag and, the use of ferric
iron produced for the bioleaching process.

Figure 524. Slag bioleaching experiment on #th day versus abiotic control on tBh day at pH 1.89, 42C, pulp density
2.32% (w/v), Fe (I1) 60 mM, SLA culture and addition of 1% (w/v) sulfur.
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Figure 525. Monitoring of F&* and F&* over incubation time for the bioleaching of slag carried out using starting media HBS
pH 1.89, 42C, pulp density 2.32% (w/v), Fe (Il) 66M, and SLA culture, and addition of 1% (w/v) sulf(&) ORP and pH
over9 days for bioleaching confirmatory experiments. (B) Ferrous versus ferric iro® degs for bioleaching confirmatory
experiments.

Bioleaching Efficiency [%]
|_\
(6]
o

25
Al As Co Cu Mn Pb Sb Zn

Element

M SL-C dOm SL dO m SL-C d9m SL d9

Figure 526. 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 GI-C d0), and light red bars represent the biotic test at d&y @ ). Dark grey bars indicate
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:jhe abioti(;: control after 9 daySI(-C d9), while red bars represent the bioleaching efficiency in the biotic experiment after 9

ays 6L d9).

o A%ter 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%l|ySidilar

was underestimated, 258% in the confirmatory experiment versus a range between 200.7% and
241.7% expected. Although the values predidegdhe modelfor Al and As are not within

this interval, the model can be taken as confirmation of the sitiyatdithe 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 (SEBIO-3) and pyrite ashes (SBBIO-2) under
different combinations of pH, Fe (ll), 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 ofteoxuieed 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 thermosulfidooxidarend 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 wadeliberately constrainednd considered the growth restrictions of the
microorganism consortia

Microbial activity compatible with bioleaching and iron oxidation activity was
confirmed in several experiments (CP333, CP419-34, CP621-36, CP722-37, CP823
38, and CP127-42) by observing cell growth, increasing redox potential, decreasing pH, and
a shift from ferrous to ferric iron over@aday period. In contrast, the abiotic control exhibited
little to no iron oxidation within the same timefranTénis behavior can be attributed to the
absence of Fé&in the leaching media which restricted therabial consortium of any energy
source for their growth thereby indirectly affecting metal recovery (Panda, 20dm0e, he
observed redox trends support the conclusion that the SLA consortium effectively catalyzes
the oxidation of Fe (Il) to Fe (Il1), which subsequently acts as an oxidant in the bioleaching of
crushed pyrite. When it comes to Fe (lll), some values mighinberrepresented, as it was
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calculated by an indirect methaahd 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 experienents
gradualdecrease in the piWas observedver the daysFor example, aaninitial pH of 2.0,
the mediundecreasdto values between 1.63 and 1.T8is gives an indication of active sulfur
oxidation by Acidithiobacillus caldusand Sulfobacillus thermosulfidooxidanswvhich
contributedto lowering the pH of the systeffPanda et al., 2017 he stepwisereaction of
sulfur oxidation bythe aforementioned microorganisnpsesent in the bioleaching media is
shown in Eqsl7 and18.

N6 00 © 0" % X
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Even though sulfuric acid is produced in the procddsoleaching for acidinsoluble
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 FeS; bond.The thiosulfate is oxidized abiotically with ferric iron, wiaosulfate
qguinone oxidoreductas@QO) andbr thiosulfate dehydrogenag&SD) in sulfur-oxidizing
microbes species may then be oxidized to sulfate via biotic or abiotic reactions (Johns &
Santini, 2023).

It is reportedby Chen et al(2012 that the sulfur oxidation system d&. caldusis
divided intothree subsystemaamelythe Sox.the nonSox sulfur, andhe SOR.The sulfur
oxidizing (Sox) enzyme systeis responsible for the oxidation of sulfide, elemental sulfur,
thiosulfate, and sulfite to sulfat®llowed by electron transfer to cytochromehile SOR is
able to catalyze the disproportionation of elemental sulfur, producing sulfite, thiosulfate, and
sulfide The nonSox follows the S4l pathway of thiosulfate oxidation via the form of
tetrathionate intermediates which thiosulfate is oxidized to tetrathionate by TQO; then,
tetrathionate is hydrolyzed by tetrathionate hydrolase (Tefidlding thiosufate and other
products

Prior to ICROES 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 analgreehés, Mn and
Zn showed the highest solubilization rates.

Manganese exhibitedtonsistentleaching across the different biotic conditions,
consistent with its known mobility in acidic environments. Nearly 100% Mn recovery was
achieved in CRL0-25-40, while other experimentsuch as CR8-33, CP49-34, CP510-25,
and CP127-42 showed more than 60% leaching afledays. Zinc leaching was most
pronounced in CR20-35 and CP&1-36, with recoveries of 20.8% and 22%, respectively.
However, these values were very close to the abiotic control-2843 (21.5%), suggésg
that Zn solubilization in these cases may not be strongly associated with biological activity.

Although Mn recovery approached 100% during the R&dimizationexperiments
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 appliedBox-Behnken design focusing on piditial Fe (II) concentration, and pulp
densityoptimization showed thathile experimental error could contribute, the model appears
to suffer from systematic undeand ovetpredictions, indicating its limited ability to capture
noninear system behavior. Notably, the model severely underestimated Al leaching, likely
due to nteraction effects not captured in the design. A similar issue was observed with Sb:
while the model predicted 1.9804% leaching, the actual measured value was 16.4%. These
mi smatches point to | imitations i havidrshaed mod e |
interactions in bioleaching systentnlike the other quantified elements, fou and As, the
model predictions fell within the 95% confidence intervals, thatgyicentration irthe leach
liquor waslow for these elemen{®&nnex A2)

Moreover,the statistical model indicated that ttieee experimentalariables acted
independently, with no significant synergistic or antagonistic interactions obsAs/edn be
seen by thealues given by thievo-way interactionn the analysis of varian@nd respective
interaction plotgAnnex A3).

6.2. Direct Bioleaching of Slag (SEBIO-1) under different combinations of pH, Fe(ll)
and pulp density

Slag waste exhibited significantly higher iron content compared to crushedawite
pyrite ashesas can be seen in Talll®, which likely contributed positively to redox reactions
that drive metal solubilizatiorNotably, even on the first day of the experiment, some flasks
contained more ferrous iron than was initially addadygesting 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, F& plays an important role in oxidizing released sulfide. Therefore,
the regeneration of Bgis critical to the bioleaching process. At low pH, ferrous iron is
relativelystable,and abiotic oxidation is very slow. Thus, miorganismsare vital to the iron
oxidation process in acidic environments.

Biological activity was evident in all tested conditions. Indicators such as changes in
color, an increaseof ferric iron concentrations, ana rise inoxidationreduction potential
(ORP) confirmed microbial oxidation. Cell growth and the progressive conversior(lf tee
Fe(lll) over 9days 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 resuliaficm 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
behavioralsoobserved 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 loadand determined through previous acid consumption. telstsitaining a low pH was
crucial, as bioleaching reactiorend associatednicrobial activity are aciddependent.
However, athick residuelayer d likely composed of iica & formed during the process
(Figure6.1).
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Figure 61. Residue formedtthe bottom of thehakingflask.

Research on amorphous F8@D2slags reveals the formation of a passive layer of
amorphous silica upon reacting with acid and precipitadiming acidic leachingwhich can
prevent further reactiofPerederiy & Papangelaki2D17). Therefore, tis residue may hinder
large-scale applications by forming a hard lagethe bottom of reactors and flagkdow pH,
potentially reducing surface area andibiting microbial contact.

During Eh monitoringshown in section 5.2.4,gradual increase in thedox potential
over the daysvas verified reaching up to 551 m\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 redoxen metal releaseThis
indicated the efficacy of theon-oxidizing bacteriaS. thermosulfidooxidanandL. ferriphilum
that utilized the F& iron source for their growth and metabolism. The primary role of these
microorganisms is to regenerate the necessatyimea (Eq.19) and maintain higher redox
potential and promote faster ligical dissolution of metal§Panda et al., 2017)
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At pH 1.5, the abiotic controfFigure 5.17E) exhibited a gradual increase in pH
throughoutthe experimentsThis 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) cagent
presented in Table 4.8uggests the presence of silicate minerals, which can undergo slow
weathering under acidic conditions, further contributing to pH atedtion. The release of
these alkaline constituents is a common phenomenon in metallurgical slags, asl &a
bearing phases react with the acidic solution to buffer the pH during bioleaching.

This chemical buffering is also supported by broaderdiksplution kinetics literature,
where Ca is typically the most reactive alkaline species under acid attack and controls early pH
neutralization behaviofDe Windt et al., 2011)Preliminary resultdrom Yang et al (2022)
indicate thatthe Cabearing cmponents and sulfate formaticare the main cause of
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neutralization irtheleaching procesdVhile Ca and Mg components contribute to tisbort
termneutralizationSi- and AF components release alkaline materials in longer periods of time
due tothelow dissolution rate.

A Box-Behnken statistical model was employed to evaluate the effects ¢iepH)
concentration, and pulp density on métaleaching. 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 dead (Pb) in the slag raised conceimserms of toxicity However, Pb
was not detected in the leachates, likely due tovisslmubility within the tested pH range. As
a result, it was excluded from tgtimizationmodel.For cobalt (Co), copper (Cu), and zinc
(Zn), therespectivanodek showed limited predictive capabilityith low predicted R2 values.

To verify the reliability of predictions, adjusted?Rnd predictedR?, alongside th&R? are
presentedn Annex A7. As explained by Naseri et al. (2023), the adjuRtembmpares 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 regressiprodel'sability of respose predictedR?. It is also used for
preventing model oveitting.

To optimize the process, a muttbjective 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 donevith the intention of reducing the neddr complex
downstream processing@udetoxification of wastewater. tiie presence of As e solution
is very high, it can result in the reductiontbé purity of the other valuable products and also
impact theoperationakosts.

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

Under these optimized parameters, predicted recovery rates for the target metals were
set in at least 70% fdhe targemetals. The confirmatory experiments supported the riodel
predictions for most target metaladvalidated the optimization moddrlhe recovery results
fell within the 95% confidence interval for Zn, Mn, Co, and, @hile As and Al deviated
significantly from the prediction§Annex A9) These discrepancies suggest that the model
underestimated Al and As leaching, likely due to unmodeled interactions-tineaneffects.

The Al bioleaching efficiencyin the leach liquor solution surpassed 10@igyre 5.18E),
which can be explained by an error in the characterization of the material, due to exjaérimen
variability such as sampling error, evaporation effects, or matrix interference during analysis.

Confirmatory experimentshavedhigher concentrations of all target metals in solution
under biotic conditionsvhen compared tthe abioticconditions even as early as day one.
Furthermore, metal recovery percentages increased ové&-dhg period across all biotic
setups.Therefore, the consensus model was achievedsapgored the utility of RSM for
process optimization in slag bioleaching systems.

Other studieson the optimization of slag bioleaching systemiave applied RSM
successfully Mirazimi & Rashchi (2011)optimized the recovery of vanadiunom roasted
Linz-Donawitz converter slaigllowing CCDand achieved a maximum bioleaching of 90.58%
of vanadiumMoreover, Ahmadi et al. (2017)mproved the recovery yields of Fe and Cu from
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converter slag by 26% and 33%, respectively using RSM, when compared abidktie
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 indiedtéutther
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 investigatehe effectiveness of using Response Surface
Methodologythrough BoxBehnken desigto optimize the extraction of valuable metals from
different mine wastefrom SAo Domingos mineThe direct leaching gbyrite wastesand
modernslag demonstrated that microbial activity wef§iciently producing sulfuric acid,
highlighted by the reduction of pH and increase of ORP in the different conditions tested.
Moreover, ferrozine tests confirmed tkegperiments inwhich iron oxidation was taking place.

The addition of iron was critical to obtathe desired bioleaching, as it enhances microbial
activity.

The bioleaching processes investigated in this study successfully optimized the
recovery of metals from slag samples from S&o Domingos mine. A clear understanding of the
affecting parametexanthe optimization of this process was obtained. The results of the present
study indicate thathe maximumefficiency of metal solubilization was estimated under the
conditions of 2.32% (w/v) solid load, pH 1,%nd ferrous iron supplementation of 60 mM by
employing BoxBehnken Design. It was achieved 86.9% Zn, 81M#&p 65% Cu and 66.4%

Co, which are within the 95% confidence interval. Consequently, the null hypothesis was
rejected, confirmingthat 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@%¥dence
intervaland the null hypothesis could not be rejected, indicating the proposed model does not
apply to the practical applicatipoonsequentlyan optimized condition was not defined. More
replicates of the confirmatory experiments for crushed pytituld be done in order to
confirm statistically that the model does nob#fore discarding the modéfloreover, further
optimization of crushed pyrite should be performiédan be done by returning to the phase
of screening of variablgs determine again which parameters show mggractive effects on
the responses.

The application of theptimized conditions obtained in the model for crushed pyrite
was applied to pyrite ashes matenwehich did notresultin satisfactory results. Hence,hetter
recover metals from pyrite ashes, a design of experiment focused on the material should be
done,considering thametal removal using the bioleaching procemss beaffected by several
environmental variablesuch asnitial pH, pulp density, bacteria growth temperatdieg;ous
iron supplementatigrand 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 systaligatic
investigate and optimize various factors that influence bioleaching efficiency and selectivity.

This approach enables the identification of optimal operating condiboeiiciently
explore interactive effects of several parameteeding 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 generationjrarmmax
metal recovery, thereby promoting the circular economy and minimizing the environmental
impact of mining and metal extractiorhis study not only reinforces the applicability of RSM
in biohydrometallurgical process design but also contributes to déhelopment of
environmentally responsible strategies for metal recovery fnetatcontainingresidues.

8. Outlook and Recommendatiors

To enhance the optimization model for crushed pyrite bioleaching, it is recommended
to rerun the center point experiments to resolve potential curvature issues in the response
surface. Additionally, increasing the number of replicates in confirmatoryrimxg&s is
advised to improve data reliability and reduce experimental variatBifore producing the
response surface or contour platgin the consensus model shoulddmhieved in order to
avoid misinterpretationin 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. folerere
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 parashaber 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), whah 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 involvestialbstan
consumption oferrousiron, 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 scéehao
economic assessment (TEB)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, besidestef reagents, is the limitation related
to the lowpulp densitythat reduces throughput, in@ses 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 a[2016) as cited by Deng et al. (2020),
exemplifies the application of TEA in evaluating {iased 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 TEAenabing assessment of the potential for applying
bioleaching tothe practical recoveryof mine waste. LCA allows the determination and
comparison otheenvironmental impacts of processes or products. To assess and compare the
new recovery technology regarding its environmental impacts, a standdr@i2echethodis
used. It is based on the ISO 14040 series and atloswdeterminatiorof 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, thenvestigaion of theresidue layer compositiocould benefit the
bioleaching efficiency in possibkraleup tests.Following such analysis, considerations for
scaleup should be made, includingoptimization of process parameters to accommodate the
challenges and constraints mifot andindustriatscale 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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AnnexT1 A2

BioleachingEfficiency ofMetals(%) i day 9for CP tests
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Response Surface Regression: Al (%) versus pH, [Fe 1l] (mM), Pulp densityr(Zf tests

Coded Coefficients

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

pH -0.017€0.0489 -0.37 0.717 1.00
[Fe 1] (mM) -0.02040.0489 -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 Il (mM)*[Fe II] (mM) 0.2367 0.0720 3.28 0.002 1.01
Pulp density (%)*Pulp density (20.5892 0.0720 8.18 0.000 1.01
pH*[Fe 1l] (mM) -0.02170.0692 -0.31 0.756 1.00
pH*Pulp density (%) 0.0008 0.0692 0.01 0.990 1.00

[Fe Il (mM)*Pulp density (%) 0.0242 0.0692
Model Summary

0.35

0.729

1.00
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S R-sq R-sq(adj) R-sq(pred)
0.23978270.05%62.35% 48.36%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Model 9 4.7065(0.522949.10  0.000
Linear 3 0.0178¢0.005950.10  0.957
pH 1 0.0077(0.007700.13  0.717
[Fe 1] (mM) 1 0.010000.010000.17  0.679
Pulp density (%) 1 0.0001£0.000150.00  0.960
Square 3 4.6759¢1.5586627.11 0.000
pH*pH 1 0.7108¢0.7108912.36 0.001
1
1
3
1
1
1

[Fe 1] (mM)*[Fe II] (mM) 0.6204:0.6204310.79 0.002
Pulp density (%)*Pulp density (91 3.8449¢3.8449966.87 0.000
2-Way Interaction 0.0126£0.004220.07 0.974
pH*[Fe 11] (mM) 0.0056:0.005630.10  0.756
pH*Pulp density (%) 0.000010.000010.00  0.990
[Fe 1] (mM)*Pulp density (%) 0.007010.007010.12  0.729

Error 35 2.012340.05750

Lack-of-Fit 3 0.633270.211094.90 0.007
Pure Error 32 1.379070.04310

Total 44 6.7188¢

Regression Equation in Uncoded Units

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

Fits and Diagnostics for Unusual Observations

Obs Al (%) Fit Resid Std Resid

4 2.67003.1732-0.503%-2.42 R

38 4.10003.57120.5288 2.55 R

R Large residual

Pareto Chart of the Standardized Effects

{response is Al (%), o = 0.05)
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Response Surface Regression: As (%) versus pH, [Fe Il] (mM), Pulp densityr @#) tests



Coded Coefficients

Term Coef SE CoeiT-Value P-Value VIF
Constant 3.54 1.34 2.65 0.012

pH -3.9350.818 -4.81 0.000 1.00
[Fe 1] (mM) 0.513 0.818 0.63 0.535 1.00
Pulp density (%) -0.9500.818 -1.16 0.253 1.00
pH*pH 2.18 1.20 1.81 0.079 1.01
[Fe ] (mM)*[Fe 11] (mM) 0.08 1.20 0.07 0.946 1.01
Pulp density (%)*Pulp density (2-3.44 1.20 -2.85 0.007 1.01
pH*[Fe 1] (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 ] (mM)*Pulp density (%) 0.18 1.16 0.16 0.877 1.00
Model Summary

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

4.00897153.43%41.45% 26.75%

Analysis of Variance

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

Model 9 645.33 71.703 4.46  0.001
Linear 3 399.61 133.2058.29  0.000
pH 1 371.62 371.62123.12 0.000
[Fe Il] (mM) 1 6.31 6.314 039 0.535
Pulp density (%) 1 2168 21.679 1.35 0.253
Square 3 197.90 65.968 4.10 0.013
pH*pH 1 5270 52.702 3.28 0.079
[Fe lI] (mM)*[Fe lI] (mM) 1 0.07 0.075 0.00 0.946
Pulp density (%)*Pulp density (1 130.92 130.9218.15  0.007
2-Way Interaction 3 47.81 15.938 0.99 0.408
pH*[Fe 11] (mM) 1 1192 11.920 0.74 0.395
pH*Pulp density (%) 1 3550 35.501 2.21 0.146
[Fe ll] (mM)*Pulp density (%) 1 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 1207.8¢

Regression Equation in Uncoded Units

As (%) =41.3 - 50.3pH +0.149[Fell] (mM) + 12.54Pulpdensity(%) +8.72pH*pH
+ 0.00013Fell] (mM)*[Fe 1] (mM) - 3.44Pulpdensity(%)*Pulp density(%)
- 0.0797pH*[Fe 1] (mM) + 3.44pH*Pulp density(%)
+ 0.0072[Fell] (mM)*Pulp density(%)

Fits and Diagnostics for Unusual Observations

Obs As (%) Fit Resid Std Resid

31 18.94 8.2310.713.09 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 Il] (mM), Pulp density (@8 tests

Coded Coefficients

Term Coef SE CoelT-Value P-Value VIF
Constant 1.117 0.454 2.46 0.019
pH -0.1230.278 -0.44 0.662 1.00
[Fe 1] (mM) -0.0360.278 -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 ] (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 1] (mM) -0.0200.393 -0.05 0.960 1.00
pH*Pulp density (%) 0.103 0.393 0.26 0.794 1.00
[Fe ll] (mM)*Pulp density (%) -0.1350.393 -0.34 0.734 1.00
Model Summary
S R-sq R-sq(adj) R-sq(pred)
1.3631(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 16.529 5.5095 2.97 0.045
pH 1 0.360 0.3601 0.19 0.662
[Fe 1] (mM) 1 0.031 0.0308 0.02 0.898
Pulp density (%) 1 16.138 16.13768.69  0.006
Square 3 61.781 20.593811.08 0.000
pH*pH 1 0.616 0.6161 0.33 0.568
[Fe ] (mM)*[Fe 1l] (mM) 1 16.872 16.87209.08  0.005
Pulp density (%)*Pulp density (21 48.966 48.965626.35 0.000
2-Way Interaction 3 0.352 0.1172 0.06 0.979
pH*[Fe 1] (mM) 1 0.005 0.0048 0.00 0.960
pH*Pulp density (%) 1 0.128 0.1281 0.07 0.794
[Fe ll] (mM)*Pulp density (%) 1 0.219 0.2187 0.12 0.734
Error 35 65.032 1.8581
Lack-of-Fit 3 24.450 8.1501 6.43  0.002
Pure Error 32 40.581 1.2682
Total 44 143.69:

Regression Equation in Uncoded Units



Cu (%)= 24.87 - 4.58pH -0.1203[Fell] (mM) - 12.02Pulpdensity(%) +0.94pH*pH
+0.001979Fell] (mM)*[Fe II] (mM) + 2.102Pulpdensity(%)*Pulp density(%)
- 0.0016pH*[Fe Il] (mM) + 0.207pH*Pulp density(%)
- 0.0054[Fe 1] (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 0.970 3.534-2.564-2.17 R

11 2.720 5.444-2.724-2.31 R

R Large residual

Pareto Chart of the Standardized Effects

(response is Cu (%), a = 0.05)

Term 2030
T

Factor Name
A pH

B Fe II] (mM)

c Pulp density (%)

Standardized Effect
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Response Surface Regression: Mn (%) versus pH, [Fe II] (mM), Pulp densifyr (@8 tests

Coded Coefficients

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

pH -2.24 4.16 -0.54 0595 1.00
[Fe 1] (mM) 21.36 4.16 5.13 0.000 1.00
Pulp density (%) -17.764.16 -4.26 0.000 1.00
pH*pH -5.07 6.13 -0.83 0.414 1.01
[Fe lI] (mM)*[Fe lI] (mM) 5.95 6.13 0.97 0.338 1.01
Pulp density (%)*Pulp density (217.07 6.13 2.78 0.009 1.01
pH*[Fe 1] (mM) -0.27 5.89 -0.04 0.964 1.00
pH*Pulp density (%) 3.30 5.89 0.56 0.578 1.00

[Fe lI] (mM)*Pulp density (%) 5.58 589 095 0.350 1.00
Model Summary

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

20.403¢61.34%51.40% 31.33%

Analysis of Variance

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

Model 9 23117.€2568.6 6.17  0.000
Linear 3 18641.£6213.8 14.93 0.000
pH 1 120.2 120.2 0.29 0.595
[Fe 1] (mM) 1 10953.€10953.826.31 0.000
Pulp density (%) 1 7567.5 7567.5 18.18 0.000
Square 3 3971.3 1323.8 3.18 0.036
pH*pH 1 284.3 284.3 0.68 0.414
[Fe ] (mM)*[Fe II] (mM) 1 3928 3928 0.94 0.338
Pulp density (%)*Pulp density (21 3226.9 3226.9 7.75  0.009
2-Way Interaction 3 505.0 168.3 0.40 0.751



pH*[Fe 1] (mM) 1 038 0.8
pH*Pulp density (%) 1 1311 1311
[Fe ll] (mM)*Pulp density (%) 1 373.1 373.1
Error 35 14570.£416.3
Lack-of-Fit 3 1176.1 392.0
Pure Error 32 13394.4418.6
Total 44 37688.%

Regression Equation in Uncoded Units
Mn (%) =226 +57pH -0.44[Fell] (mM)

- 0.021pH*[Fe Il] (mM)

+0.223[Fell] (mM)*Pulp density(%)
Fits and Diagnostics for Unusual Observations
Obs Mn (%) Fit Resid Std Resid
9 3201 73.06 -41.05-2.32
10 42.43 104.63-62.20-3.52
25 141.12 104.6536.49 2.06
39 140.66 73.06 67.60 3.83
40 143.89 104.6239.26 2.22
R Large residual

X0V X0V XOD

0.00
0.31
0.90

0.94

- 141.2Pulpdensity(%)
+0.00953Fell] (mM)*[Fe 1] (mM) + 17.07Pulpdensity(%)*Pulp density(%)
+ 6.6 pH*Pulp density(%)

0.964
0.578
0.350

0.434

Pareto Chart of the Standardized Effects

(response is Mn (%), o

Term 2.030
T

= 0.05)

A

BE

BC
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AB

Factor Name
A pH

B [Fe 11] (mM)

S Pulp density (%)

a 1 2

3

Standardized Effect

- 20.3pH*pH
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Response Surface Regression: Sb (%) versus pH, [Fe 1l] (mM), Pulp densitr @) tests

Coded Coefficients

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

pH -0.448:0.0501 -8.96 0.000 1.00
[Fe ] (mM) 0.1033 0.0501 2.06 0.046 1.00
Pulp density (%) -0.42000.0501 -8.39 0.000 1.00
pH*pH 0.1229 0.0737 1.67 0.104 1.01
[Fe lI] (mM)*[Fe lI] (mM) -0.23710.0737 -3.22 0.003 1.01
Pulp density (%)*Pulp density (2-0.05870.0737 -0.80 0.431 1.01
pH*[Fe 1] (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)




0.24524782.93%78.55% 74.33%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value

Model 9 10.230:1.1367218.90 0.000
Linear 3 9.3139 3.1046451.62 0.000
pH 1 4.8241 4.8240780.21 0.000
[Fe 1] (mM) 1 0.2563 0.256274.26  0.046
Pulp density (%) 1 4.2336 4.2336070.39 0.000
Square 3 0.8733 0.291104.84  0.006
pH*pH 1 0.1674 0.167362.78 0.104
[Fe ] (mM)*[Fe 1l] (mM) 1 0.6226 0.6226210.35 0.003
Pulp density (%)*Pulp density (21 0.0382 0.038230.64  0.431
2-Way Interaction 3 0.0432 0.014410.24 0.868
pH*[Fe 1] (mM) 1 0.0310 0.031010.52 0.478
pH*Pulp density (%) 1 0.0052 0.005210.09 0.770
[Fe ] (mM)*Pulp density (%) 1 0.0070 0.007010.12 0.735
Error 35 2.1051 0.06015
Lack-of-Fit 3 0.1618 0.053930.89  0.458
Pure Error 32 1.9433 0.06073
Total 44 12.335¢

Regression Equation in Uncoded Units

Sb (%)= 6.37 -3.13pH +0.0197[Fell] (mM) - 0.185Pulpdensity(%) +0.492pH*pH
- 0.000379Fell] (mM)*[Fe ll] (mM) - 0.0587Pulpdensity(%)*Pulp density(%)
+0.00407pH*[Fe 1] (mM) +0.042pH*Pulp density(%)

+ 0.00097[Fe ll] (mM)*Pulp density(%)
Fits and Diagnostics for Unusual Observations
Obs Sb (%) Fit Resid Std Resid
13 2.350 1.8500.5002.16 R
14 2.350 1.8500.5002.16 R
15 2.350 1.85C0.5002.16 R
R Large residual

Pareto Chart of the Standardized Effects

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

Term 2030
i

Factor  Name
| A oH
B [Fe 11] (mM)
| C Pulp density (%]

4 5 L3 T 8 a

Standardized Effect

68

Response Surface Regression: Zn (%) versus pH, [Fe Il] (mM), Pulp densityr (@) tests

Coded Coefficients
Term Coef SE CoeiT-Value P-Value VIF




Constant 21.56 1.55 13.91 0.000

pH -0.1020.949 -0.11 0.915 1.00
[Fe 1] (mM) -0.3820.949 -0.40 0.689 1.00
Pulp density (%) -3.7510.949 -3.95 0.000 1.00
pH*pH -1.52 1.40 -1.08 0.285 1.01
[Fe lI] (mM)*[Fe 1] (mM) -3.98 1.40 -2.85 0.007 1.01
Pulp density (%)*Pulp density (2-3.81 1.40 -2.73 0.010 1.01
pH*[Fe 1] (mM) -1.50 1.34 -1.12  0.271 1.00
pH*Pulp density (%) -0.27 1.34 -0.20 0.839 1.00

[Fe ] (mM)*Pulp density (%) 0.43 1.34 0.32 0.752 1.00
Model Summary

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

4.6506247.84%34.43% 21.31%

Analysis of Variance

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

Model 9 694.41 77.157 3.57  0.003
Linear 3 341.41 113.8035.26  0.004
pH 1 025 0.248 0.01 0.915
[Fe 1] (mM) 1 351 3511 0.16 0.689
Pulp density (%) 1 337.65 337.65015.61 0.000
Square 3 322.83 107.6104.98  0.006
pH*pH 1 2545 25452 1.18 0.285
[Fe lI] (mM)*[Fe lI] (mM) 1 175.54 175.5368.12  0.007
Pulp density (%)*Pulp density (21 161.00 161.0057.44 0.010
2-Way Interaction 3 30.17 10.056 0.46 0.709
pH*[Fe 1] (mM) 1 27.06 27.060 1.25 0.271
pH*Pulp density (%) 1 091 0.907 0.04 0.839
[Fe ll] (mM)*Pulp density (%) 1 2.20 2.202 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 1451.4(C

Regression Equation in Uncoded Units

Zn (%) =-42.5 +29.9pH +0.619[Fell] (mM) + 19.6Pulpdensity(%) - 6.06 pH*pH
- 0.00637[Fell] (mM)*[Fe II] (mM) - 3.81Pulpdensity(%)*Pulp density(%)
- 0.120pH*[Fe I1] (mM) - 0.55pH*Pulp density(%)
+ 0.0171[Fell] (mM)*Pulp density(%)

Fits and Diagnostics for Unusual Observations

ObsZn (%) Fit ResidStd Resid

13 30.96 21.569.40 2.14 R

14 30.96 21.569.40 2.14 R

15 30.96 21.569.40 2.14 R

R Large residual




Pareto Chart of the Standardized Effects
({response is Zn (%), a = 0.05)
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Annexi A4

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

Parameters

Respons¢Goal Lower Target Upper Weight Importance
Al (%) Maximum2.53 4.10 1 1

Zn (%) Maximum8.62 30.96 1 1

Sb (%) MaximumO0.84 2.89 1 1

Cu (%) MaximumO0.00 5.64 1 1

As (%) Minimum 0.00 18.94 1 1

Mn (%) Target 17.82 100.00143.8¢1 1

Solution

Pulp
density Al (%) Zn (%) Sb (%) Cu (%) As (%)
Solution pH [Fe ll] (mM) (%) Fit Fit Fit Fit Fit
1 1.6616253.9394 2 3.5718£18.55712.482913.453716.68501
Mn (%) Composite
Solution Fit Desirability
1 99.83610.673766
Multiple Response Prediction
Variable Setting
pH 1.66162
[Fe 1] (mM) 53.9394
Pulp density (%2

Response Fit SE Fit 95% CI 95% PI

Al (%) 3.5720.116 (3.336, 3.808) (3.031, 4.113)
Zn (%) 18.562.25 (13.98, 23.13) (8.07, 29.05)

Sb (%) 2.4830.119 (2.242, 2.724) (1.930, 3.036)
Cu (%) 3.4540.661 (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, 145.8€
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Annexi 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
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Contour Plot of As (%) vs Pulp density (%), pH
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Annexi A6

Contour Plot of Sb (%) vs Pulp density (%), [Fe I1] (mM)
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Avg (SL4, SL19, SL34) | pH 2.0 | Fe 60 mM | 3% w/v.
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Annexi A7

BioleachingEfficiency ofmetals(%) i day 9 for SL tests
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Response Surface Regression: Al% versus pH, Fe [ll], Pulp DéosiBy}_tests

Coded Coefficients
Term

Coef SE CoeiT-Value P-Value VIF

Constant

pH

Fe [I1]

Pulp Density
pH*pH

Fe [lI]*Fe [I]

165.846.78
-2.41 4.15
135 4.15
-12.614.15
36.50 6.11
24.38 6.11

Pulp Density*Pulp Densit13.29 6.11

pH*Fe [lI]

pH*Pulp Density
Fe [lI]*Pulp Density
Model Summary

S

1.12
9.07
3.41

5.87
5.87
5.87

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

20.350€64.19%54.99%

Analysis of Variance

37.13%

24.45
-0.58
0.33
-3.04
5.97
3.99
2.17
0.19
1.54
0.58

0.000
0.566
0.747
0.005
0.000
0.000
0.037
0.850
0.131
0.565

1.00
1.00
1.00
1.01
1.01
1.01
1.00
1.00
1.00
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Source DF Adj SS Adj MS F-Value P-Value

Model 9 25986.42887.4 6.97 0.000
Linear 3 3999.9 1333.3 3.22 0.034
pH 1 139.2 139.2 0.34 0.566
Fe [Il] 1 439 439 011 0.747
Pulp Density 1 3816.8 3816.8 9.22 0.005
Square 3 20843.£6947.8 16.78 0.000
pH*pH 1 14759.€14759.635.64 0.000
Fe [l]*Fe [lI] 1 6586.4 6586.4 15.90 0.000
Pulp Density*Pulp Densitl 1957.8 1957.8 4.73  0.037
2-Way Interaction 3 1143.0 381.0 0.92 0.441
pH*Fe [lI] 1 151 151 0.04 0.850
pH*Pulp Density 1 988.1 988.1 2.39 0.131
Fe [lI]*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 11595.:362.4

Total 44 40481.¢

Regression Equation in Uncoded Units

Al% =806 -500.4pH -3.22Fe]ll] - 124.4PulpDensity  +146.0pH*pH
+0.03902F¢[lI]*Fe [ll] + 13.29Pulp Density*PulpDensity +0.090pH*Fe [II]
+ 18.1pH*Pulp Density +0.137Fe[lI]*Pulp Density

Fits and Diagnostics for Unusual Observations

ObsAl%  Fit Resid Std Resid

7 122.17196.3€-74.19-4.21 R

35 195.62239.73-44.11-2.50 R

R Large residual

Pareto Chart of the Standardized Effecis

(response is Al%, o = 0.05)

Term 2030
T

Factor Name

A pH

B Fe [II]

C Pulp Density

aAA

BE ‘

[ ‘

AC ‘

BC
B 1
AB A

Response Surface Regression: As% versus pH, Fe [ll], Pulp Dérs8i tests

LS

3 p 5 5
Standardized Effect

Coded Coefficients

Term Coef SE CoeiT-Value P-Value VIF
Constant 6.04 242 2.49 0.018

pH -11.971.48 -8.07 0.000 1.00




Fe [Il] -1.21 1.48 -0.82 0.420 1.00

Pulp Density -3.65 1.48 -2.46 0.019 1.00
pH*pH 3.80 218 1.74 0.091 1.01
Fe [lI]*Fe [I] 343 218 157 0.126 1.01
Pulp Density*Pulp Densit1.95 2.18 0.89 0.377 1.01
pH*Fe [II] 136 2.10 0.65 0521 1.00
pH*Pulp Density 576 2.10 2.74 0.010 1.00
Fe [lI]*Pulp Density -2.26 2.10 -1.08 0.289 1.00
Model Summary

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

7.2697¢71.19%63.78% 48.94%
Analysis of Variance
Source DF Adj SS Adj MS F-Value P-Value
Model 9 4570.3¢507.82 9.61  0.000
Linear 3 3796.4:1265.4823.94 0.000
pH 1 3440.9(3440.9065.11 0.000
Fe [Il] 1 35.14 35.14 0.66 0.420
Pulp Density 1 320.40 320.40 6.06 0.019
Square 3 29272 97.57 1.85 0.157
pH*pH 1 160.06 160.06 3.03  0.091
1
1
3
1
1
1

Fe [lI]*Fe [II] 130.10 130.10 2.46  0.126
Pulp Density*Pulp Densitl 42.32 42.32 0.80 0.377
2-Way Interaction 481.19 160.40 3.03 0.042
pH*Fe [l1] 22,25 2225 042 0.521
pH*Pulp Density 397.56 397.56 7.52 0.010
Fe [lI]*Pulp Density 61.38 61.38 1.16 0.289

Error 35 1849.7£52.85

Lack-of-Fit 3 144.84 48.28 0.91 0.449
Pure Error 32 1704.9053.28

Total 44 6420.0¢

Regression Equation in Uncoded Units
As%=161.2 -1079pH -0.324Fe[ll] -29.5PulpDensity +15.21pH*pH
+ 0.00548Fe[ll]*Fe [ll] + 1.95PulpDensity*PulpDensity +0.109pH*Fe [ll]
+ 11.51pH*Pulp Density- 0.0905F¢[ll]*Pulp Density
Fits and Diagnostics for Unusual Observations
ObsAs% 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 42.4422.6719.77 3.14
42 19.474.29 15.18 2.41
R Large residual



Pareto Chart of the Standardized Effects

(response is As%, o = 0.05)

Term 2030
T

Factor MName

A pH

] Fe [I1]

i Pulp Density

AA A

BB

BC

[«

AB

: ¢ 5 & 1 8 s
Standardized Effect

Response Surface Regression: Co% versus pH, Fe [ll], Pulp Déms8y tests

Coded Coefficients

Term Coef SE CoeiT-Value P-Value VIF
Constant 57.062.71 21.05 0.000

pH 3.64 1.66 2.19 0.035 1.00
Fe [lI] 1.11 1.66 0.67 0.507 1.00
Pulp Density -4.65 1.66 -2.80 0.008 1.00
pH*pH 4.47 2.44 1.83 0.076 1.01
Fe [l]*Fe [lI] 6.45 2.44 2.64 0.012 1.01
Pulp Density*Pulp Densit1.73 2.44 0.71 0.484 1.01
pH*Fe [l1] -0.09 2.35 -0.04 0.969 1.00
pH*Pulp Density 2.86 2.35 1.22 0.231 1.00

Fe [lI]*Pulp Density 0.90 2.35 0.38 0.705 1.00
Model Summary

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

8.1320241.21%26.10% 0.00%

Analysis of Variance

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

Model 1622.60(180.2892.73  0.016
Linear 868.00 289.3334.38  0.010
pH 318.41 318.4054.81  0.035
Fe [Il] 29.66 29.659 0.45 0.507
Pulp Density 519.94 519.9367.86  0.008
Square 646.59 215.5303.26  0.033

Fe [lI]*Fe [I1] 460.85 460.8526.97 0.012
Pulp Density*Pulp Densitl 33.07 33.066 0.50 0.484
2-Way Interaction 108.01 36.005 0.54 0.655
pH*Fe [I1] 0.10 0.098 0.00 0.969
pH*Pulp Density 98.28 98.281 1.49 0.231
Fe [ll]*Pulp Density 9.64 9.636 0.15 0.705
Error 35 2314.5£66.130
Lack-of-Fit 3 430.64 143.5482.44  0.083
Pure Error 32 1883.9(58.872

9
3
1
1
1
3
pH*pH 1 221.01 221.0053.34  0.076
1
1
3
1
1
1



Total 44 3937.1¢

Regression Equation in Uncoded Units

Co%=156.1 -63.2pH -0.775Fe[ll] -24.9PulpDensity +17.87pH*pH
+0.01032F¢[ll]*Fe [ll] + 1.73PulpDensity*PulpDensity- 0.007pH*Fe ]
+ 5.72pH*Pulp Density +0.0358Fe[ll]*Pulp Density

Fits and Diagnostics for Unusual Observations

ObsCo% 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 [I]
BB c Pulp Density

- A

0.0 05 10 15 2. 25 30

Standardized Effect

Response Surface Regression: Cu% versus pH, Fe [ll], Pulp Déms§y tests

Coded Coefficients

Term Coef SE CoelT-Value P-Value VIF
Constant 41.272.94  14.02 0.000

pH 135180 0.75 0.459 1.00
Fe [Il] -0.231.80 -0.13 0.899 1.00
Pulp Density -5.191.80 -2.88 0.007 1.00
pH*pH 11.242.65 4.24 0.000 1.01
Fe [lI*Fe [] 6.24 265 235 0.024 1.01
Pulp Density*Pulp Densit1.50 2.65  0.57 0.575 1.01
pH*Fe [II] -0.40255 -0.16 0.877 1.00
pH*Pulp Density 422 2.55 1.66 0.107 1.00

Fe [lI]*Pulp Density 1.48 2.55 0.58 0.566 1.00
Model Summary

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

8.8312¢49.33%36.30% 11.68%

Analysis of Variance

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

Model 9 2657.0€295.23 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 [Il] 1 127 127 0.02 0.899
Pulp Density 1 647.19 647.19 8.30 0.007
Square 3 1722.9:574.31 7.36 0.001
pH*pH 1 1400.0£1400.0517.95 0.000
Fe [lI]*Fe [II] 1 431.54 43154 553 0.024
1

Pulp Density*Pulp Densitl 25.03 25.03 0.32 0.575
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2-Way Interaction 3 242.08 80.69 1.03 0.389
pH*Fe [lI] 1 190 190 0.02 0.877
pH*Pulp Density 1 213.95 213.95 2.74  0.107
Fe [lI]*Pulp Density 1 26.23 26.23 0.34 0.566

Error 35 2729.7177.99

Lack-of-Fit 3 360.77 120.26 1.62 0.203
Pure Error 32 2368.9:74.03

Total 44 5386.8(

Regression Equation in Uncoded Units

Cu%=222.6 -156.4pH -0.838Fe[ll] -29.0PulpDensity +45.0pH*pH
+ 0.00999Fe[ll]*Fe [ll] + 1.50Pulp Density*PulpDensity- 0.032pH*Fe[ll]
+ 8.44pH*Pulp Density +0.059Fe[ll]*Pulp Density

Fits and Diagnostics for Unusual Observations

ObsCu% Fit Resid Std Resid

7 5.56 43.25-37.69-4.93 R

R Large residual

Pareto Chart of the Standardized Effects
0.05)

{response is Cu%, o = 0.0.

Term 2030
T

AR

Fe ]
Pulp Density

Standardized Effect

Response Surface Regression: Mn% versus pH, Fe [ll], Pulp DémsBy tests

Coded Coefficients

Term Coef SE CoelT-Value P-Value VIF
Constant 62.111.80 34.45 0.000

pH 237 110 215 0.039 1.00
Fe [Il] 6.29 1.10 5.70 0.000 1.00
Pulp Density -5.721.10 -5.18 0.000 1.00
pH*pH 416 1.62 256 0.015 1.01
Fe [lI]*Fe [l 541 162 3.33 0.002 1.01
Pulp Density*Pulp Densit4.16 1.62 256 0.015 1.01
pH*Fe [II] -0.39156 -0.25 0.803 1.00
pH*Pulp Density 0.21 1.56 0.13 0.896 1.00
Fe [lI]*Pulp Density -1.14 1.56 -0.73 0.470 1.00
Model Summary

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

5.4081£70.99%63.52% 48.47%
Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Model 9 2504.4€278.2739.51  0.000
Linear 3 1869.94623.31421.31 0.000
pH 1 134.90 134.9004.61  0.039
Fe [l 1 949.92 949.91632.48 0.000

8 2



Pulp Density 1 785.13 785.12726.84 0.000
Square 3 616.54 205.5127.03  0.001
pH*pH 1 19212 192.1156.57 0.015
Fe [lI]*Fe [II] 1 324.65 324.65011.10 0.002
Pulp Density*Pulp Densitl 191.73 191.7316.56  0.015
2-Way Interaction 3 1798 5993 0.20 0.892
pH*Fe [I1] 1 186 1.857 0.06 0.803
pH*Pulp Density 1 050 0.504 0.02 0.896
Fe [lI]*Pulp Density 1 15.62 15.618 0.53 0.470

Error 35 1023.6£29.248

Lack-of-Fit 3 211.09 70.365 2.77  0.058
Pure Error 32 812.59 25.393

Total 44 3528.1¢

Regression Equation in Uncoded Units
Mn% = 144.3 -454pH -0.171Fe[ll] -29.7PulpDensity +16.66pH*pH
+ 0.00866Fe[ll]*Fe [ll] + 4.16Pulp Density*PulpDensity- 0.031pH*Fe[ll]
+ 0.41pH*Pulp Density- 0.0456F¢e[lI]*Pulp Density
Fits and Diagnostics for Unusual Observations
ObsMn% Fit Resid Std Resid
3 88.7176.0012.71 2.71 R
7 50.5262.14-11.62-2.48 R
R
R

12 81.6271.1110.51 2.24
35 58.97 73.99-15.02-3.21
R Large residual

Pareto Chart of the Standardized Effects
(response is Mn%, a = 0.05)

2030
T

m
Factor  Name
8 A pH
5 Fe i)
< c

Pulp Density

Standardized Effect

Response Surface Regression: Pb% versus pH, Fe [Il], Pulp Déors8{. tests

Coded Coefficients

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

pH -0.13670.0980 -1.39 0.172 1.00
Fe [l 0.1367 0.0980 1.39 0.172 1.00
Pulp Density -0.000C0.0980 -0.00 1.000 1.00
pH*pH 0.137 0.144 0.95 0.350 1.01
Fe [lI]*Fe [I] 0.137 0.144 0.95 0.350 1.01
Pulp Density*Pulp Densit-0.137 0.144 -0.95 0.350 1.01
pH*Fe [lI] -0.273 0.139 -1.97 0.057 1.00
pH*Pulp Density -0.000 0.139 -0.00 1.000 1.00
Fe [ll]*Pulp Density -0.000 0.139 -0.00 1.000 1.00

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

0.48014:23.30%3.57% 0.00%

Analysis of Variance

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

Model 9 24505 0.27228(1.18  0.337
Linear 3 0.8965 0.29884:1.30 0.291
pH 1 0.4483 0.4482671.94 0.172
Fe [Il] 1 0.4483 0.4482671.94 0.172
Pulp Density 1 0.0000 0.00000(0.00 1.000
Square 3 0.6575 0.21915:0.95  0.427
pH*pH 1 0.2069 0.20689:0.90  0.350
Fe [lI]*Fe [I1] 1 0.2069 0.20689:0.90  0.350
Pulp Density*Pulp Densitl 0.2069 0.20689:0.90  0.350
2-Way Interaction 3 0.8965 0.29884:1.30 0.291
pH*Fe [lI] 1 0.8965 0.89653:3.89  0.057
pH*Pulp Density 1 0.0000 0.00000(0.00 1.000
Fe [lI]*Pulp Density 1 0.0000 0.00000(0.00 1.000

Error 35 8.0688 0.23053:

Lack-of-Fit 3 0.8965 0.29884:1.33  0.281
Pure Error 32 7.1723 0.22413:

Total 44 10.519:

Regression Equation in Uncoded Units

Pb%=-0.66 -1.15pH +0.0230Fe[ll] + 0.820PulpDensity +0.547pH*pH
+ 0.000219e[ll]*Fe [ll] - 0.137PulpDensity*PulpDensity- 0.0219pH*Fe [l1]
+ 0.000pH*Pulp Density +0.00000Fe [lI]*Pulp Density

Fits and Diagnostics for Unusual Observations

Obs Pb% Fit Resid Std Resid

18 3.2800.8202.4605.92 R

R Large residual

Pareto Chart of the Standardized Effects

{response is Pb%, o = 0.05)

Term 2030

Factor MName

A pH

B Fe 1]

[ Pulp Density

AE

AA

BE

(S

BC 4

AC 1

00 0s 10 15 20
Standardized Effect

Response Surface Regression: Zn% versus pH, Fe [ll], Pulp Déois8y tests

Coded Coefficients
Term Coef SE CoetT-Value P-Value VIF
Constant 64.042.77 23.08 0.000




pH 1.88 1.70 1.11 0.276 1.00

Fe [l 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 [lI]*Fe [I] 7.61 2.50 3.04 0.004 1.01
Pulp Density*Pulp Densit3.33 2.50 1.33 0.192 1.01
pH*Fe [I1] -1.62 2.40 -0.67 0.505 1.00
pH*Pulp Density 0.77 2.40 0.32 0.751 1.00

Fe [ll]*Pulp Density 2.38 2.40 0.99 0.330 1.00
Model Summary

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

8.3246438.93%23.23% 0.00%

Analysis of Variance

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

Model 9 1546.47171.83C02.48  0.026
Linear 3 337.92 112.6411.63 0.201
pH 1 84.79 84.788 1.22  0.276
Fe [l 1 119.80 119.7961.73 0.197
Pulp Density 1 133.34 133.3401.92 0.174
Square 3 1102.3:367.4435.30 0.004
pH*pH 1 479.23 479.2276.92  0.013
Fe [lI]*Fe [II] 1 642.33 642.3319.27  0.004
Pulp Density*Pulp Densitl 122.65 122.6471.77 0.192
2-Way Interaction 3 106.21 35.405 0.51  0.677
pH*Fe [II] 1 31.40 31.396 0.45 0.505
pH*Pulp Density 1 7.08 7.084 0.10 0.751
Fe [lI]*Pulp Density 1 67.74 67.735 0.98 0.330

Error 35 2425.4¢69.300

Lack-of-Fit 3 379.03 126.3431.98  0.137
Pure Error 32 2046.4€63.952

Total 44 3971.9¢

Regression Equation in Uncoded Units

Zn%=176.5 -75.3pH -0.855F¢]ll] - 28.0PulpDensity  +26.3pH*pH
+0.01218Fe[ll]*Fe [ll] + 3.33PulpDensity*PulpDensity- 0.129pH*Fe[ll]
+ 1.54pH*Pulp Density +0.0950Fe[ll]*Pulp Density

Fits and Diagnostics for Unusual Observations

ObsZn% Fit Resid Std Resid

3 106.6480.2026.44 3.67 R

7 52.24 68.94-16.70-2.32 R

12 99.24 77.2422.00 3.05 R

35 60.28 75.19-14.91-2.07 R

R Large residual




AnnexT A9

Interaction plots for SL
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