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ABSTRACT

Bioleaching is a well-known process for the efficient extraction of base metals from
their mineral sulfides, and its long-term viability is reliant on the continual supply of ferric
ions (Fe*). Due to the low solubility of ferric ions at higher pH levels, it tends to precipitate,
resulting in the formation of ferric precipitates. The purpose of this work was to assess the
impact of initial influent pH values on the surface properties of iron precipitate generated
in a bio-oxidation operation and unravel the sorption mechanism by which these

precipitates retain metal ions as it relates to a typical bioleach operation.

Ferrous ion bio-oxidation experiments mediated by mixed mesophilic culture were carried
out in a continuous stirred tank reactor (CSTR) at pH levels of 1.7, 1.9, and 2.2 for 2 weeks
at a fixed temperature of 35 °C and 550 rpm stirring speed. The results showed that the
mass of iron precipitate generated increased as the initial solution pH increased. The X-ray
powder diffraction (XRD) patterns of the recovered precipitates were identified as
potassium jarosite (K-jarosite), KFe3(SO4)2(OH)s. The high-resolution X-ray photoelectron
spectroscopy (XPS) analysis revealed the binding energies of elemental spectra assigned to
Fe(Il[)-O, OH-, SO3~, and S?~ chemical states. The scanning electron microscopy (SEM)
morphologies results are composed of aggregates of spherical/round and tabular particles.
According to the energy-dispersive X-ray spectroscopy (EDS) results, a trend with a
decrease in the total content of Fe, S, and K as the synthesis influent pH increased was
observed. The Fourier transform infrared (FTIR) spectra of the precipitates showed the
vibrational modes of S0%~; H-O and OH groups; and Fe-O vibrational mode in the jarosite.
The thermogravimetric analysis (TGA) studies showed the dehydroxylation of K-jarosite
and complete thermal decomposition of yavapaiite. Most importantly, the study revealed
an increase in the surface area of the jarosites (from 8.32 — 11.00 m?/g) and decrease in the
pore size distribution (from 16.15 — 10.45 nm) as the influent solution pH increases from 1.7

— 2.2, confirming the mesoporous nature of the jarosite particles

The feasibility of improving typical biohydrometallurgical operations to minimize copper

losses was investigated through the use of biogenic industrial iron precipitate for the
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uptake of Cu(II) ions from aqueous solutions. The results show that the precipitate is highly
heterogeneous. The surface area and average pore diameter were 4.74 m?/g and 11.61 nm
respectively. The Cu(Il) ion adsorption can be described by both Freundlich and Langmuir
adsorption isotherms, with a maximum adsorption capacity of 7.54 mg/g at 30 °C and 150
mg/L. The sorption followed pseudo-second-order kinetics, while the major presence of —
OH and -NHo: functional groups initiated a chemisorption mechanism. With estimated
activation energy of 23.57 kJ/mol, the obtained thermodynamic parameters of AS° (0.034 —
0.050 kJ/mol K), AG® (8.37 — 10.64 kJ/mol), and AH® (20.07 — 23.81 kJ/mol) indicated the
adsorption process was chemically favoured, non-spontaneous, and endothermic

respectively.

The kinetics and sorption capacity of K-jarosite adsorption for copper ions from aqueous
media were studied in relation to surface charge, surface area, and pore size. The point of
zero charge of the jarosites was observed to be 2.14 and 2.37 for jarosite samples synthesized
at pH 2.2 (Jar-2.2) and pH 1.7 (Jar-1.7) respectively. The results also demonstrated that
jarosite could adsorb copper under both positively and negatively charged pH conditions,
with more copper being adsorbed when the surface of the jarosite is more negatively
charged (when the pHs > pHprzc). Jar-2.2 with a smaller particle size (higher surface area)
gave the highest sorption capacity for copper as compared with Jar-1.7, under the same
adsorption conditions. The mechanism of copper adsorption onto jarosite powder was by

cation exchange and electrostatic attraction.

The results from this thesis may provide an insight into the management of
biohydrometallurgical processes to minimize metal losses. Thus, the findings stated are
applicable in the design and implementation of iron bio-oxidation, precipitation, and

treatment of ferric precipitate residues.
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GLOSSARY

Biohydrometallurgy: This is a branch of hydrometallurgy considered an eco-benign and

cost-efficient technology for processing low-grade ores.

Bioleaching: Bioleaching is one of the important stages in biohydrometallurgy which
exploits specific attributes of bacteria or archaea to aid the extraction of desired metals from

their sulfide ores.

Bio-oxidation: Bio-oxidation is a crucial sub-process in the bioleaching operation. In this

thesis, an emphasis was laid on microbial ferrous-ion oxidation.

Bacteria/Archaea: These are iron- and sulfur-oxidizing microorganism species that are
mostly utilized in bio-oxidation and bioleaching processes. These microbes are mainly

categorized as mesophiles, moderately thermophiles, and extreme thermophiles.

Heap bioleaching: This is irrigation-based leaching favoured as an energy-saving and cost-

effective technique to process large quantities of low-grade ores.

Passivation: A common term used to report the formation of a layer associated with poor
extraction of metals caused by the restriction of bacteria movement, nutrients, and oxidants
to and from the mineral surface. Passivation is typical to less controlled conditions,

especially in bioleaching and general heap leaching operations.

Iron precipitation: This describes a phenomenon/operation in biohydrometallurgical
process streams where undesired iron in the circuit is commonly eliminated by oxidation

to Fe¥, followed by hydrolysis-precipitation of an iron compound.

Sorption: This is a wider term that embraces the physical and chemical phenomena of
molecular interaction between two components. Other derived terms from this process are
sorbent, sorbate, and sorptive. In the context of this thesis, sorption will be related to the

retention of base metals by iron precipitates.
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Jarosite: Jarosite is one of the major products linked with passivation and/or iron
precipitate. The general formula for the jarosite-type compound is AFe3(SO4)2(OH)s, where

A is well established with several species such as: H;0*, Na*, K*, NHJ, etc.

Continuous stirred tank reactor: A continuous stirred tank reactor (CSTR) is a reactor that
assumes the ideal mixing of the reactants (growth media and bacteria culture) while the

product (iron precipitate) of the reaction concurrently exists in the reactor.
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CHAPTER ONE
INTRODUCTION

“The environment and the economy are both two sides of the same coin. If we cannot sustain the
environment, we cannot sustain ourselves.” — Wangari Maathai




CHAPTER 1: INTRODUCTION

1.1 Background

Metals are widely employed in current technologies and construction, and the demand and
dependency on metals are further increasing due to the continuous increase in
industrialization and urbanization. For example, to manufacture new electronic devices
like smartphones and tablets, around 60 different metals are required, ranging from
platinum, gold, silver, and copper to rare earth elements (Kaksonen et al., 2018). However,
exploitable primary metal resources are becoming more limited, ore grades are becoming
lower, and the mineralogy of the exploitable ores is becoming more complex. As ore grades
get lower, the energy required and the environmental difficulties of conventional pyro- and
hydro-metallurgical techniques for mineral processing increase (Norgate et al., 2007; Prior

et al., 2012; Northey et al., 2014).

Hydro- and pyro-metallurgy are the two most common techniques for processing mineral
sulfides. Hydrometallurgical process involves leaching, concentration and purification,
and metal recovery while pyrometallurgical process involves roasting, smelting, and
refining. These processes result in a high quantity of chemicals used, a high rate of energy
and water consumption, as well as air pollution (CO: and SO: emissions) with the
generation of pollutants such as furans, dioxins, and highly acidic wastewater, which
are harmful to the environment (Ruan et al., 2010; Zhao and Wang, 2019). This necessitates
the use of emission control devices and advanced wastewater treatment systems, which
raises the capital and operational expenses of these technologies (Kulczycka et al., 2016).
Furthermore, conventional techniques are becoming less applicable due to the declining
grade of ores (Panda et al., 2015). This has further stimulated the attention of industrial
stakeholders and researchers to seek an alternative technology that offers positive

economic, environmental, and technical attributes relative to conventional methods.

Biohydrometallurgy, which involves bioleaching, solvent extraction, and electrowinning,

is a branch of hydrometallurgy demonstrated to be relatively eco-friendly and cost-efficient




technology in the mineral processing industries for processing low-grade sulfide ores to
extract metals (Brierley and Brierley, 2001; Zhao et al., 2019). The simplified routes of pyro-
and bio-hydrometallurgy operations are illustrated in Figure 1.1. In biohydrometallurgy,
copper is the most extensively investigated metal followed by zinc, gold, nickel, cobalt, and
uranium (Kaksonen et al., 2018). However, biohydrometallurgy stages must be optimized

to compete with conventional techniques.

Ore deposit

Y

Crushing and Grinding

l

Cotcentrate
Smelting Bioleaching
--------------- 1 [ mm———
i Pyrometallurgy E l ¥ i Biohydrometallurgy E
Converting and Solvent extraction | |
Refining and Electrowining
Refined Copper Cathode Copper

Figure 1.1: Simplified flowsheet of pyro- and bio-hydrometallurgical routes

Bioleaching of sulfide minerals is one of the stages within biohydrometallurgy and it has
been understood by numerous researchers as a method that involves the oxidation and
dissolution of metal-bearing minerals (such as copper sulfide ore) via the action of
microorganisms (mainly bacteria and archaea) (Brierley and Brierley, 2001; Ehrlich, 2001).
Simply put, bioleaching is the biological conversion of an insoluble metal compound into
a water-soluble form. It involves chemical and biological reactions. Industrially,
bioleaching is utilized as a pre-treatment procedure for refractory gold ores before
cyanidation and for copper extraction from secondary copper sulfide ores. With continuous
development, it is currently being used for the extraction of metals like copper, nickel,

cobalt, gold, and zinc from their respective ores (Brierley and Brierley, 2013; Schippers et




al., 2013). Recent estimates indicate that about 20% of the global mined copper (Yin et al.,
2018) and approximately 5% of the global mined gold (Das et al., 2017) are generated
through the bioleaching process. Based on the ore grade, different bioleaching processes
have been developed for metal extraction. These include stirred tank bioleaching, which is
typically used for ground ore materials; heap bioleaching, which is primarily used for low-
grade ore and concentrates; and irrigated dump leaching, which is commonly used for low-

grade run-of-mine ores (Brierley and Brierley, 2001; Rawlings, 2002; Ghorbani et al., 2016).

Ferrous ion (Fe?") bio-oxidation is a crucial sub-process in the optimization of bioleaching
operations. It has been identified as the primary driving force for the oxidation of many
industrially important sulfide minerals (Jones and Kelly, 1983; Boon, 1998; Meruane and
Vargas, 2003). The bioleaching process involves a chemical leaching of the sulfide mineral
with acid and ferric ions, which releases the valuable metal into solution, while the ferric
ion is reduced back to ferrous ion with the formation of a range of sulfur species. The
primary function of the microorganisms is to promote the oxidation of ferrous ions to ferric
ions, and the reduced sulfur compounds to sulfur and/or sulfate (Schippers and Sand, 1999;
Rohwerder et al., 2003; Schippers, 2007), therefore maintaining the leaching operation.
Thus, this necessitates the importance of ferrous ion bio-oxidation in bioleaching. It has
likewise been demonstrated that under identical conditions, ferrous ion bio-oxidation
occurs at a rate that is several orders of magnitude faster than abiotic oxidation (Lacey and

Lawson, 1970; Ojumu, 2008).

While there have been several studies on biological iron oxidation (Nemati et al., 1998; Boon
et al., 1999; Ojumu et al., 2009; Chowdhury and Ojumu, 2014), it is well known that it results
in both soluble and various forms of precipitated ferric ion, which are dependent on
solution pH, temperature, iron concentration, and overall solution chemistry (Drouet and
Navrotsky, 2003; Gramp et al., 2008; Mabusela and Ojumu, 2017; Kaksonen et al., 2019). Iron
precipitation is an unavoidable phenomenon in many bio- and hydro-metallurgical
operations, and in several of these processes, iron precipitates serve positively as an escape
path for unwanted iron, alkali ions or sulfate ions from the processing circuit (Dutrizac and

Jambor, 2000; Kaksonen et al., 2018). However, recirculation of leach liquors over




continuous long-term operation of the bioleaching process may lead to the significant
accumulation of dissolved iron and sulfate in heaps, which may interfere with process

kinetics and biological stages due to precipitate formation.

1.2 Research motivation and problem statement

Precipitation occurs under controlled conditions in conventional hydrometallurgical
flowsheets, yielding relatively well-defined compounds such as goethite, hematite, or
crystalline jarosite. Under less controlled conditions, particularly in bioleaching and
general heap leaching, a poorly-defined mixture of different forms of iron precipitate
occurs, such as ferrihydrite, schwertmannite, jarosite, and so on. These precipitates are
often rather amorphous with high surface area owing to their colloidal nature and surface
charge (Nurmi et al., 2010; Mabusela and Ojumu, 2017). While very low pH conditions have
been demonstrated to reduce the generation of iron precipitates, it has been shown that
precipitation occurs concurrently with ferrous ion bio-oxidation (Chukwuchendo and
Ojumu, 2017) and in the bioleaching of sulfide minerals (Cordoba et al., 2008b). The
precipitates are known to cause severe blockage of pipes and heap beds. A major
detrimental effect posed by precipitates during bioleaching operation is the reduction of
extraction efficiency by scavenging valuable base metals of interest, thereby hindering the
release of the metals into solution. To support this, studies have confirmed that a significant
amount of metals can be recovered from iron precipitate residue of a preceding bioleaching
process (Ju et al., 2011; Liu et al., 2017, Wang et al., 2018). However, with respect to the
solution chemistry and scavenging mechanism of iron precipitate, there is limited
information and they are largely not well-understood. Thus, it is important to conduct
studies that would provide fundamental knowledge of these precipitates and their
interactions with desired metal ions, with a view to gain some insight into the management

of biohydrometallurgical process such that loss of desired metals can be minimized.




1.3 Aims and objectives

This research aims to investigate the nature of iron precipitates generated during bio-
oxidation processes under different initial pH values and to understand the sorptive
mechanism for metal ions caused by iron precipitate during bioleach operation. More

precisely, the objectives of this thesis are to:

(a) examine the effect of changes in influent pH on the surface properties of iron
precipitate generated during microbial oxidation of ferrous ion;

(b) identify the mechanism and study the kinetics of metal ion sorption by iron
precipitate from bioleaching and bio-oxidation processes;

(c) determine the effect of temperature and estimation of the pertinent activation
energy and thermodynamic parameters for the sorption process of iron precipitate
obtained from bioleaching and bio-oxidation processes;

(d) investigate the significance of surface charge, surface area, and pore size of biogenic

iron precipitate on its kinetics and adsorption capacity for metal ion.

14 Research hypotheses and questions

The following are the hypotheses and questions posed in this study:

Hypothesis 1: Many factors influence the amount of iron precipitate and it is well known

that microorganisms operate as a biocatalyst in bioleaching.

> How does change in pH affects the amount of iron precipitate formed due to

microbial action?

Hypothesis 2: Metal retention on iron precipitate is intrinsically related to the surface
properties of the precipitate. It is hypothesized that the ability of iron precipitate to
scavenge desired metals depend on its morphology, surface charge, surface area, and pore

size distribution.

» How do changes in solution pH affect the surface properties (such as surface charge,

surface area, functional group, and pore size) of the iron precipitate generated?




Hypothesis 3: The sorption mechanism can be determined by having a good
understanding of the chemical form of the adsorbate (metal ion) and the surface nature of

the adsorbent (iron precipitate), as well as the interactions between them.

» What influence do the properties of iron precipitate have on its sorption mechanism
and kinetics in the uptake of metal ions on its surface?
> What is(are) the mechanism(s) of sorption of metal ion by ferric ion precipitate in a

typical biohydrometallurgical operation?

1.5 Significance of the study

The primary goal of this research is to gain an understanding of the link between operating
parameters (primarily pH) and the surface properties of iron precipitates generated during
the ferrous ion bio-oxidation by mixed mesophilic culture. The study provides a database
of detail characterization of iron precipitate from bioleaching and bio-oxidation of ferrous
ion that may be useful for laboratory or industrial applications. This study also investigates
the kinetics and mechanisms of base metals sorption by iron precipitates generated during
typical bio-oxidation and bioleaching operations. The lesson gleaned from this study may
aid in ensuring less sorption of desired metals, thus enhancing their recovery while
maintaining higher bio-oxidation rates. Furthermore, the outcome of the study may also
help to reduce environmental pollution caused by the disposal of the biogenic iron
precipitate residue. Ultimately, the results of this study will help improve the extraction
efficiency of desired metals while also ensuring the sustainability of biohydrometallurgical

processes.

1.6 Delineation of the study

This research investigated the surface properties of iron precipitate generated during
microbial ferrous ion oxidation and pyrite bioleaching as well as their intrinsic sorption
mechanism for valuable metals. While this work focused on the precipitate-metal
interaction, it is assumed that the ferric precipitation can be decoupled from sorption

process during bioleaching such that both precipitation and sorption can be investigated




separately. The results might not be directly translated to real bioleach case situations, but
will provide some understanding of how changes in solution pH of the bioleach process
influence the properties of iron precipitate and its sorption of desired metals in such
operations. This study did not focus on bio-oxidation and bioleach experiments but rather
on the iron precipitate generated from both processes. Also, the study did not focus on

mass transfer operations intervening in both bio-oxidation and bioleach processes.

1.7 Thesis outline

This thesis is divided into eight chapters, four of which are dedicated to the study objectives
(Chapters 4 to 7).

Chapter 1 (the current chapter) presents the fundamental background, motivation, and

objectives to contextualize the proposed study.

Chapter 2 provides a literature review of the relevant knowledge as regards iron
precipitation in biohydrometallurgical processes. The formation and impacts of iron
precipitates in mineral ore processing are discussed. The characteristics of some iron
minerals (oxides, oxyhydroxides, and hydroxysulfates) are also highlighted. The factors
influencing ferrous ion bio-oxidation and bioleaching of mineral sulfide are discussed with
major reference to solution pH, temperature, and redox potential. The chapter then
identifies gaps and research problems that this research has to cover, particularly in the
area of conditions that influence metal sorption and its mechanism by iron precipitate. Part
of the overview described in this chapter was published in IMPC 2020 Congress Proceedings,
(2022).

Chapter 3 describes the procedures employed in this thesis, including the typical set-up of
the experimental rig, description of materials, mathematical tools, analytical solution
techniques, and general characterization methods used for the analysis of products

throughout the thesis.




Chapter 4 entails quantification experiments on the effect of initial influent pH values,
redox potential, and reaction and/or aging time on the mass of iron precipitate produced
during ferrous ion oxidation mediated by mixed mesophiles in a continuous stirred tank

reactor (CSTR).

Chapter 5 describes the effect of initial solution pH values on the surface properties of the
biogenic iron precipitates formed in Chapter 4. The precipitates were comprehensively
characterized in terms of phase identification, surface morphology, elemental composition,
chemical structure, thermal behaviour, surface area, and pore size distribution using
various techniques. The scavenging mechanism of biogenic jarosite for metal ions as it

relates to its surface properties was discussed in the context of mineral bioleaching.

Chapter 6 evaluates the performance of a highly heterogeneous industrial iron precipitate
residue on the sorption of copper. The kinetics, thermodynamics, and mechanism of the
sorption process were further used to diagnose a real biohydrometallurgical problem. The
research discussed in this chapter was published in ACS Omega journal (Oladipo et al.,
2021a).

Chapter 7 investigates the influence of surface charge, surface area, and pore size of
biogenic precipitates on the kinetics and mechanism of copper ion uptake by the precipitate

at the precipitate-liquid phase interface.

Chapter 8 summarizes the main findings of this thesis and suggests recommendations for
minimizing iron precipitation in biohydrometallurgical processes and future studies to

reinforce the knowledge gained through this research.

A schematic illustration of the thesis structure is depicted in Figure 1.2.
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CHAPTER TWO
LITERATURE REVIEW

Part of this chapter has been published in IMPC 2020 Congress Proceedings as

B. Oladipo, E. Govender-Opitz and T. V. Ojumu (2022). Iron precipitation in
biohydrometallurgical operations: An overview to heap operation of chalcopyrite

dissolution (pp. 2708-2721)

“The only way forward, if we are going to improve the quality of the environment, is to get everybody
involved.” — Richard Rogers
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CHAPTER 2: LITERATURE REVIEW

This chapter reviews the relevant literature that underpins this thesis and highlights
important research gaps that are addressed in this work. Most importantly, this chapter is
targeted at developing a background into the nature and properties of iron precipitate as

related to their scavenging of desired metals in biohydrometallurgical operations.

21 Iron precipitation in biohydrometallurgical processes

Iron precipitation is an unavoidable stage common in many biohydrometallurgical
operations. These precipitates serve as the outlet path for unwanted iron, alkali ions, or
sulfate ions from the processing circuit (Dutrizac and Jambor, 2000; Kaksonen et al., 2018).
The formation of iron precipitates, if not well managed, can exhibit negative impacts on the
process kinetics and biological stages of bio-oxidation and bioleaching processes. Studies
have even shown the recovery of a considerable amount of metals entrapped by these
precipitates in bioleach residues, thereby reducing the overall efficiency of bioleach

operation (Ju et al., 2011; Liu et al., 2017; Wang et al., 2018).

During the bio-oxidation of ferrous ions under some prevailing process conditions,
precipitates such as ferrihydrite, hematite, goethite, magnetite, schwertmannite, and
jarosite are formed with a morphological attribute of adsorbing metal. Over continuous
long term operation in bioleaching processes, these precipitates become very significant,
accumulating in heaps and reducing permeability by forming a surface layer that hinders
dissolution of sulfide ores, an effect generally known as “passivation” (Li et al., 2013; Zhao

et al., 2019).

In proven research evidence reported in the literature, sulfur (S°), disulfide (S%7),
polysulfide (also termed metal-deficient sulfide, S27), iron hydroxysulfates (otherwise
known as jarosites), and other iron (oxyhydr)oxides identified on the surface of sulfide ores
leached in various aqueous media (Zhao et al., 2019), have all been suggested as major

passivating species. Moreover, there is no generally admitted rationale as to their formation
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mechanism. Furthermore, there is also no consensus in the literature on the precursors that
lead to the formation of these passivating layers (Wang et al., 2006; Cordoba et al., 2008b).
However, it appears that the nature of passivation depends on the physicochemical,
biological, and mineralogical properties of the ore being leached, and operating conditions

of the process (Kaksonen et al., 2018).

2.2 Microbes used in biohydrometallurgical operations

Microorganisms have formed an important part of biohydrometallurgical processes by
playing the role of a biocatalyst. The role of the microorganisms in the bioleaching process
is to oxidize ferrous ions and sulfur compounds to provide ferric ions and protons, which
are the necessary agents for metal sulfide dissolution (Sand et al., 2001, Rohwerder and
Schippers, 2007; Schippers, 2007). The diverse range of well-known acidophilic microbes
mostly isolated from natural leaching surroundings (e.g. acid mine drainage) is utilized in
bio-oxidation and bioleaching processes at the industrial level (Olson et al., 2003; Schippers,
2007). The microbes employed in biohydrometallurgical operations are mainly categorized
according to the range of optimal temperature growth, namely mesophiles (24 — 40 °C),
moderate thermophiles (40 — 60 °C), and extreme thermophiles (60 — 80 °C). Table 2.1 shows
the iron- and sulfur-oxidizing acidophiles employed in biohydrometallurgical operations

(Schippers, 2007).
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Table 2.1: Some selected iron- and sulfur-oxidising acidophilic microbes in bio-oxidation and

bioleaching processes*

Specie pH Temperature Growth mode (ability to
(°O) oxidize Fe%, S-, or $*)

Mesophiles

Acidithiobacillus ferroxidans 2.5 30-35 Autotroph (S, 5*)
Acidithiobacillus thiooxidans  2.0-3.0 28 — 30 Autotroph (Fe?, S)
Leptospirillum ferriphilum 1.3-1.8 30-37 Autotroph (Fe?, S*)
Leptospirillum ferroxidans 1.5-3.0 28 -30 Autotroph (Fe*, 5*)
Thiobacillus prosperus ~2 33-37 Autotroph (Fe?, S, 5%)
Thiomonas cuprina 35-4 30 - 36 Facultative (S-, S*)
Moderate thermophiles

Acidimicrobium ferroxidans 30-37 45 -50 Facultative (Fe?)
Acidithiobacillus caldus 20-25 45 Facultative (S-, S*)
Sulfobacillus acidophilus ~2 45 -50 Facultative (Fe?, S, 5*)
Sulfobacillus sibiricus 22-25 55 Facultative (Fe?, S, 5*)
Sulfobacillus ~2 45— 48 Facultative (Fe*, S-, 5*)
thermosulfidooxidans

Extreme thermophiles

Acidianus brierleyi 1.5-2.0 ~70 Facultative (Fe?, S, 5%)
Acidianus infernus ~2 ~90 Autotroph (Fe?, S, 5*)
Metallosphaera sedula 2-3 75 Facultative (Fe%, S-, 5*)
Sulfolobus metallicus 2-3 65 Autotroph (Fe?, S, 5%)
Sulfurococcus mirabilis 2-26 70-75 Facultative (Fe?, S, 5%)
Sulfurococcus yellowstonensis 2 —2.6 60 Facultative (Fe%, S-, 5*)
*Source: adapted from Schippers (2007)
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2.3 Ferrous ion bio-oxidation and iron precipitation

Microbial oxidation of ferrous (Fe?) to ferric ion (Fe®*) has proved to be a crucial sub-
process for the efficient oxidative processing of sulfide minerals. Ferric sulfate is the most
commonly applied lixiviant in leaching owing to its operational simplicity and low cost (Li
et al., 2013). A good understanding of Fe?" bio-oxidation and Fe¥ precipitation process
would aid in the efficient bioleaching of sulfide minerals, especially the low-grade ores

such as chalcopyrite.

2.3.1 How do iron precipitates form?

The microbial oxidation of Fe?* to Fe* is according to Equation (2.1). The production of Fe3*
is important as it performs the function of an important leaching agent. Due to the
consumption of H* in the formation of Fe*, the pH of the aqueous media at first increases
(Daoud and Karamanev, 2006). However, this increase in pH is later counteracted by the

hydrolysis of Fe** in aqueous solutions, as shown in Equations (2.2) — (2.4) respectively.

Fe—oxidising bacteria

4Fe?* + 4H* 4 05(aq) 4Fe3* 4 2H,0 (2.1)
Fe3* + H,0 & FeOH?* + H* (2.2)
Fe3* 4+ 2H,0 < Fe(OH)F + 2H* (2.3)
Fe3* 4+ 3H,0 < Fe(OH); + 3H* (2.4)

The degree of Fe?* oxidation and Fe* hydrolysis is dependent on and strongly impacted by
the pH of the medium. Typically, Fe* has a very low solubility at pH > 2.5 (Nurmi et al.,
2010). In sulfate-rich systems, Fe®* precipitates mainly as jarosite (Fe(III)-hydroxysulfate)

compounds at pH 1 - 3.

Depending on the nature of precipitates, the general conversion of ferrous-ion to soluble

and precipitated ferric sulfate may be acid-neutral, as shown in Figure 2.1.
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Figure 2.1: Diagrammatic representation of the link between ferrous ion oxidation and ferric ion
precipitation processes

Source: adapted from Kaksonen et al. (2014b)

The formation of jarosite (a form of iron precipitate) which is an acid-generating reaction
has been reported to compete with the hydrolysis reactions (Grishin et al., 1988; Daoud and
Karamanev, 2006). End-member jarosite in the narrow sense consists of potassium (K) and
it is described by the formula KFe3(5O4)2(OH)s, whereas other end-members in the jarosite

class consist of iron (Fe®*) and sulfur (5¢) (Jambor, 1999; Dutrizac and Jambor, 2000).

The lower threshold pH for jarosite formation is close to pH 1; however, it relies on the
ionic constituents and temperature of the medium solution (Nurmi et al., 2010). The

formation of jarosite is summarized in Equation (2.5).
K{aq) + 3Felay) + 2505~ + 6H,0() « KFe3(S04)2(0H)gs) + 6H,q (2.5)

In other end-member jarosite minerals, K* is substituted by other monovalent cations, such
as Na*, NH}, HsO*, or Ag* (Jambor, 1999; Dutrizac and Jambor, 2000) depending on the
nature of excess available cation in the medium solution (Daoud and Karamanev, 2006;
Nazari et al., 2014). The end-member minerals of the jarosite family frequently found in bio-
oxidation and bioleach residues are presented in Table 2.2 (Dutrizac and Jambor, 2000;

Watling, 2015).
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Table 2.2: Mineral names and the synthetic analogue of jarosite precipitates*

Formula Mineral name Synthetic equivalent
KFe3(50,4),(0H)¢ jarosite potassium jarosite
(H30)Fe3(504)2(0H)¢ hydronium jarosite hydronium jarosite
NaFe3(504)2(0H)s natrojarosite sodium jarosite
(NH,)Fe3(504)2(0H)e ammoniojarosite ammonium jarosite
AgFe3(504)2(0H) argentojarosite silver jarosite

Pbg sFe3(504)2(0H)6 plumbojarosite lead jarosite

*Source: adapted from Dutrizac and Jambor (2000) and Watling (2015)

It should be noted that the stability of jarosite is significantly dependent on pH and
temperature, as illustrated in Figure 2.2 (Das et al., 1996). With increasing temperature, the
stability domain narrows and shifts towards the more acidic zone. Jarosite, for example, is
more stable at 120 °C than at 90 °C in solutions with pH around 0 (Figure 2.2). Furthermore,
the pH-redox potential (Eh) phase-stability diagram of iron minerals compiled from
thermodynamic data has also been given in the literature (Bigham et al., 1996; Dutrizac and
Jambor, 2000). This is shown in Figure 2.3. More details on the influence of pH,

temperature, and redox potential on iron precipitate are given in Section 2.5.

240
2004 Hematite
—~— FE O
-3
éi 160
e
s 1
2 120+ /
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e
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Figure 2.2: Iron minerals stability as a function of temperature and pH

Source: adapted from Das et al. (1996)
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Figure 2.3: Predicted thermodynamic stability for iron minerals as a function of Eh and pH

Source: adapted from Bigham et al. (1996)

At higher pH values, oxyhydroxides and oxides are formed. For example, the formation of
ferrihydrite [Fe2Os(OH)s] is promoted in solutions of pH > 5. Ferrihydrite is a poor
crystalline compound that changes to goethite in solutions of pH 2 — 5 (Watling, 2015).
Goethite, an Fe(IlI)-oxyhydroxide (a-FeOOH) has a wide pH range, precipitating at acidic
to neutral conditions pH (< 4, > 10) with low sulfate concentration (Watling, 2015). The
precipitation of schwertmannite [(Fe1sO1(OH)12(SO4)2] is aided in solutions of pH 3 — 4 that
contain moderate to high ferric sulfate but low monovalent cations (Jones et al., 2014).
Schwertmannite is a poor crystalline mineral that is unstable and changes to either goethite
or jarosite. The characteristics of these iron oxides, oxyhydroxides, and hydroxysulfates are

further described in Section 2.4.

Several studies have reported the formation of jarosites in both bio-oxidation and
bioleaching of sulfide minerals. Liu et al. (2009) identified the presence of dark-yellow
precipitates formed during Fe?* oxidation by Thiobacillus ferrooxidans to be ammoniojarosite.

Nazari et al. (2014) reported the formation of potassium jarosite in their study on the
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production of jarosite and its influence on crucial ions for Acidithiobacillus ferrooxidans
bacteria. Grishin et al. (1988) characterized jarosite formed in a packed bed reactor,
inoculated with Thiobacillus ferrooxidans; the results revealed the absence of ammonium
traces even though the medium was rich in NHj. This led the authors to report mixed
jarosite of K* and NHj, which was attributed to the preferential precipitation of potassium-
hydronium jarosite over ammonium jarosite. The above findings questioned the
suggestions of Nazari ef al. (2014) and Daoud and Karamanev (2006) on the cations present
in abundance determining the nature of the precipitate. Grishin et al. (1988) stated that the
synthesis of hydronium jarosite is only possible in the absence of an alkali over a

temperature range of 25 - 170 °C.

The initial stage of the formation of an iron precipitate is necessary for a proper
understanding of the kinetics of precipitate formation. According to Pina et al. (2005), Fe*
precipitation is initiated at pH 2; however, Cérdoba et al. (2008a) stated that Fe*
precipitation was pronounced at pH as low as 0.9. Liu et al. (2007) stated that precipitation
of Fe** begins when microbes undergo their logarithmic growth phase. This was contrary
to the report of Liu et al. (2009) which found that the precipitation of Fe** begins when its
concentration in solution starts to decrease and is evident long after the logarithmic growth
phase has started. From the results reported by Liu et al. (2009), it can be deduced that the
initial formation stage of Fe® precipitation begins when the microbes reach their peak in
the logarithmic growth phase and this can be corroborated by the subsequent decrease in

the concentration of Fe3.

More concisely, Sasaki and Konno (2000) proposed the initial formation stages of Fe3
precipitation to proceed in three distinct steps: (1) the oxidation of Fe? by iron-oxidizing
microbes to Fe*, (2) the formation of crystal nuclei (embryos) and lastly, (3) the
development of crystals of jarosite-type compounds. In the oxidation of Fe?* by Thiobacillus
ferroxidans, Lazaroff et al. (1982) stated that the formed polymeric intermediates are the
primary precursors to the formation of jarosite-like compounds. However, in a study of
Fe?* bacterial oxidation in a packed-bed reactor, Grishin et al. (1988) reported that a jarosite-

like group could form from solution without the initial formation of solid precursors. Casas
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et al. (2000) further reported that jarosite formation is initiated from iron hydroxides
(Fe(OH)s3) produced by hydrolysis of Fe® (refer to Equations (2.2)—(2.4)). In another study,
Jiang and Lawson (2004) stated that the initial production of FeSO} and Fe(OH)s species is
necessary for the production of jarosite, thus, corroborating the findings of Casas and co-
workers. In addition, it was also reported that (Fe(OH)2)250s4 and Fe(OH)SOs are the
precursors for jarosite formation. Wang et al. (2006) reported schwertmannite (a poorly
crystalline Fe(III) phase) to be the precursor for the production of jarosite. To the contrary,
Cordoba et al. (2008b) observed that geothite (FeOOH) was the main precursor in jarosite

formation.

2.4 Characteristics of iron oxides, oxyhydroxides, and hydroxysulfates

In this section, iron oxides (magnetite, hematite, maghemite), oxyhydroxides (goethite,
akaganéite, lepidocrocite, ferrihydrite), and hydroxysulfates (schwertmannite, jarosite) are
sometimes collectively referred to as iron minerals and/or compounds for convenience. The
retention of metal ions on iron compounds is fundamentally linked to their distinct
structural attributes and morphology of the mineral surface (Fernandes and Baeyens, 2019).
For example, all iron oxyhydroxides have a fundamental structural unit of Fe(O, OH)e-
octahedral, which contains six Oz atoms surrounding individual Fe atoms. Crystallographic
analysis indicates that the surface hydroxyl groups may be coordinated to one, two, or three
underlying Fe atoms. These singly, doubly, and triply coordinated groups (Figure 2.4) are
also known as A, B, and C type respectively (Cornell and Schwertmann, 2003a). These
surface hydroxyl groups exhibit significantly varying acidic and reactive properties toward
sorbates. Because of the disparities in total density and arrangement of these surface
hydroxyls on individual crystal planes, the sorption methods and metal capacity of
various iron compounds should differ (Shi et al., 2020). Furthermore, iron oxyhydroxides
can retain considerable quantities of several heavy metals in the crystal lattice, because of
the distinctive positioning of the Fe(O, OH)s—octahedral in space. Selected properties of
iron compounds are summarized in Table 2.3 (Cornell and Schwertmann, 2003a; Guo and
Barnard, 2013; Shi et al., 2020). The individual iron compounds are summarized in the next

section.
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Figure 2.4: Schematic illustration of surface hydroxyl groups on iron oxides and oxyhydroxides: (a)

singly, (b) doubly, and (c) triply coordinated types

Source: adapted from Shi et al. (2020)
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Table 2.3: Formation, occurrence, structure, and retained metals on iron oxides, oxyhydroxides, and hydroxysulfates*

Minerals (chemical Formation conditions Environments Shape Cell dimensions Point of zero Sorbed metals
formula) charge
Ferrihydrite At circumneutral pH Soils, sediments, and Irregular and Hexagonal ~7.6-8.5 Sb, Mn, As, Pb,
(Fe10014(OH)2.nH20) mine-drainage channels spherical a=~0.595 nm, Zn, Se, U, Cr, Np,
¢ =~0.906 nm Ni, Cd, Cu
Hematite (a-Fe205) At near-neutral pH and Tropical and Rounded, Rhombohedral ~8.2-9.3 Cr, Ni, Pb, As, Co,
high temperatures subtropical soils rhombohedral and hexagonal, Zn, V, U, Sb, Mn,
platy a=0.5034 nm, Cd, Cu, Se, Np
c=1.375
Goethite (a-FeOOH) At high and low pH and Many ores, sediments Acicular Orthorhombic ~9.1-9.6 Mn, Zn, Ni, As,
lower temperatures and soils a=0.9956 nm, Cr, U, Co, Pb, Sb,
b=0.30215 nm, Cd, Cu
c=0.4608 nm
Magnetite (FesOa) Under circumneutral to Anoxic soils and Octahedron, Cubic ~7.1-75 Al, Zn, Cu, Cr,
alkaline conditions in sediments rhombo- a=0.8396 nm Mg, U, Co, Hg, V,
anoxic environments dodecahedron Pb, Mn, As, Ti, Ni
Acid mine drainage
Schwertmannite In acidic (pH 3-4), and acid sulfate soil Hedgehog or pin- Tetragonal ~6.6-7.2 Zn, As, Se, Cd,
(FesOs(OH)s-2x(SOx4)x) sulfate-rich waters systems cushion like a=1.065nm, Cu, Pb, Cr
c=0.604 nm
Jarosite In strong acidity (pH ~1-  Acid rock drainage and  Spherical, hollow- Hexagonal ~1.9 Ga, Zn, As, Pb, Sb,
(AFe3(SOs4)2(OH)s) 3) and moderate to acid mine drainage, shaped and =~0.73 nm, Ni, Cr, Ag, Al, Cu,
highly oxidized sulfate- mine tailings, and cenosphere c=~171nm V, Cd

rich waters

acidic soils

*Source: modified from Cornell and Schwertmann (2003b), Guo and Barnard (2013), and Shi et al. (2020)
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2.4.1 Ferrihydrite

Ferrihydrite (Fe10O1(OH)2nH20) is the most common iron oxyhydroxide mineral in soil
and sediment (Thomasarrigo et al., 2019). Since it is thermodynamically unstable,
ferrihydrite is often the initial mineral generated when ferric iron precipitates from solution
and is a precursor to other iron minerals like hematite and goethite (Meng et al., 2014). Both
synthetic and natural ferrihydrite is poorly crystalline. Each ferrihydrite particle is usually
found as a cluster that is made up of irregular to spherical morphologies with a small size
distribution of less than 7 nm (Wang et al., 2016b). Ferrihydrite mineral contains 20%
tetrahedral Fe** and 80% octahedral Fe** with a local morphological pattern associated with
the 0-Keggin cluster (Michel et al., 2007; Weatherill, 2018). Due to its extraordinarily
huge surface area (between 120 and 850 m?/g), strong attraction for metal or metalloid ions,
and a high density of defects (vacant sites, stacked fault), it demonstrates great potential
for sequestering significant quantities of metal cations and oxyanions (Guo and Barnard,
2013; Wang et al., 2015; Liu et al., 2016b). Ferrihydrite can form strong complexes with
common heavy metals (e.g., Cr(VI) and As(V)) (Johnston and Chrysochoou, 2016; Xiu et al.,
2018). As ferrihydrite progressively changes into the crystalline phase, the surface area and
the capacity to scavenge metal ions decrease. Consequently, the ferrihydrite-sorbed metals

would undergo remobilization or redistribution (Perez et al., 2019).

2.4.2 Goethite

Goethite (a-FeOOH) is found in nearly all weathering surroundings and is common in
sediment, ore and soil (Randall et al., 1999; Guo et al., 2016). Goethite has good
thermodynamic stability and forms from the recrystallization of ferrihydrite, which takes
place at extreme conditions of pH (<4, >10), lower temperature, and ionic strength
(Schwertmann and Murad, 1983). The transformation of goethite from other relatively
metastable oxyhydroxides such as ferrihydrite and lepidocrocite usually occurs via the
dissolution-precipitation mechanism (Vu et al., 2010). Commonly, the morphological shape
of goethite is often acicular (Kakuta et al., 2014), while its structure is made up of double
bands of edge-sharing FeOs(OH)s—octahedral, that are connected by corner-sharing to

construct octahedral tunnels (Parkman et al., 1999; Randall et al., 1999).
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Goethite demonstrates a strong capacity for the sorption of heavy metals due to its large
number of hydroxyl groups and high specific surface area, varying from 18 to 132 m?/g
(Villalobos et al., 2003; Ganta et al., 2021). For example, cations (e.g., Co, Zn, Cd, Cu, Ni) are
absorbed onto the surface of goethite (Coughlin and Stone, 1995; Angove et al., 1999).
Furthermore, different varieties of cations (e.g., Zn, Cd, Cu, Co, Ni) can also be attached to

goethite through Fe’* partial substitution (Manceau et al., 2000).

2.4.3 Hematite

Hematite (a-Fe20s) has a high degree of thermodynamic stability and is typically the end-
product of the transition of all other iron oxides (Al-Hakkani et al., 2021). Hematite belongs
to the space group of R3¢ and has a structure made up of hexagonally close-packed arrays
of the O% group in the (001) direction. With the normal positioning of two Fe®" sites adjacent
to a vacant site, the Fe® ions fill two-thirds of the octahedral crevices (Bolanz et al., 2013).
Hematite (nano)crystals often have platy, rounded, and rhombohedral morphologies

(Cornell and Schwertmann, 2003a).

Hematite nanoparticles can be formed as a result of ferrihydrite transition at circumneutral
pH conditions, high ionic strength, and temperature, or low water activity (Borsig et al.,
2017). Ferrihydrite particle aggregation, particle development, recrystallization through
reprecipitation, and dissolution activities, have all been reported as part of the formation
process (Shi et al., 2020). The crystallization entails several events, such as oxy-linkage
formation, ferrihydrite particle dehydration, cation vacancy repartition, and hydroxyl
group deprotonation (Shaw et al., 2005). In the course of the complicated transition process
and high specific surface area (10 to 90 m?/g), heavy metals (e.g., Ni, Sb, Zn, Cd, As, Pb, Cr)
can be entrapped mainly through adsorption into the matrix of hematite (Jeon et al., 2003;

Al-Hakkani et al., 2021).

2.4.4 Magnetite

Magnetite (FesOs) is usually found around igneous rocks in prevalently iron-reducing

media e.g. soil and sediments (Wu et al., 2019; Huang et al., 2020). It is formed through
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various mechanisms, such as biological degradation of ferric oxides, biomineralization of
magnetotactic bacteria, iron metal corrosion, and chemical coprecipitation of Fe? and Fe’*
salts (Mirabello et al., 2016). Magnetite morphology differs depending on the
formation mechanisms (Guo and Barnard, 2013). In terms of thermodynamics, magnetite
is more stable in suboxic to anoxic environments (Huang et al., 2020) and is susceptible to
oxidation and transformation into maghemite under aerated environments (Jolivet et al.,

2004).

Magnetite has a stoichiometric ratio of 1:2 for Fe? and Fe®** ions respectively. It has a cubic
inverse spinel structure and belongs to the space group of Fd3m (Sebastian et al., 2019). Half
of the Fe® ions in the unit cell, which contains 8 Fe?* cations, 16 Fe3* cations, and 32 O*
anions, fill the tetrahedral spaces, whereas the remaining half and all the Fe? ions take up
octahedral spaces (Lavina et al., 2002). Magnetite has been frequently utilized to sequester
redox-responsive toxic metallic ions (e.g., U(VI), Cr(VI), and Hg(II)) due to the structural
ability of Fe?" to behave as an electron donor (Zhang et al., 2017; Li et al., 2020). Additionally,
because of its non-stoichiometric form and its oxygen structure flexibility, magnetite has a
high capacity to retain diverse metal ions through Fe ion substitution, such as divalent ions
(e.g., Mn?, Ni*, Zn*, Co?*, Mg?), trivalent ions (e.g., Cr®, Al 3, V¥), and also tetravalent
ions (e.g., Ti*) (Li et al., 2020). In certain situations, substitution may raise the superficial
hydroxyl groups and surface area of magnetite, hence enhancing its adsorption capacity

towards metal ions (Liang et al., 2013).

2.4.5 Schwertmannite

Schwertmannite is well-known to have a formula of FesOs(OH)s2x(SO4)x, where 1.0 < x <
1.75. Itis typically seen in acid mine drainage and natural sulfate-rich surroundings (Antelo
et al., 2013). It forms in acidic and oxic (pH 3 - 4) environs and has irregular crystals that
are poorly defined (Song et al., 2015). Schwertmannite is metastable and easily transforms
over time to other phases of more stable Fe** oxides, such as goethite, under the right pH

and oxidizing conditions (Choppala and Burton, 2018). Schwertmannite has clusters of
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quasi-spherical particles (Qiao et al., 2017) or hedgehog-shaped morphologies (Feng et al.,
2021).

Schwertmannite is structurally similar to akaganéite, consisting of FeOs octahedral unit
cells that form double chains with the presence of SO3™ ions as tunnel and adsorbed sulfate
(Knorr and Blodau, 2007). Besides surface complexation with the hydroxyl groups, it has
been shown that heavy oxyanions can be sequestered via ion and/or ligand exchange with
tunnel sulfate on the surface of schwertmannite (Antelo et al., 2012). Thus, schwertmannite
demonstrates a high capacity for the retention of toxic metals (e.g., Cr, Cu, and As) and is

of great ecological importance (Sdnchez-Espafia and Reyes, 2019).

2.4.6 Jarosite

Jarosite is a mineral that occurs naturally in acidic, sulfate-rich surroundings, and is also
produced as processing wastes in the biohydrometallurgical industry. Jarosites are often
formed at low pH (~1 - 3) in high-sulfate surroundings and change into goethite when pH
increases (Zolotov and Shock, 2005, Desborough et al., 2010). Jarosites can be
quickly converted to green rust sulfate intermediate by high Fe?" concentrations under
moderately acidic to circumneutral media, and afterwards displaced by goethite; while

when Fe?* concentrations are low, it changes to lepidocrocite (Karimian et al., 2018).

Jarosites are known to have a generic expression of AB3(TOs)2(OH)s, where A-site is
typically a monovalent ion (e.g., K, Na*, Ag*, H:O*, and NHJ); B-site is often occupied by
Fe* with octahedral coordination, while the tetrahedrally coordinated T-site is typically
comprised of S* (Kendall et al., 2013). Jarosite has a crystal framework in the rhombohedral
space group of R3m (Zhao et al., 2016). Ion diffusion may be facilitated by the open channel
structure (Zhao et al., 2016). Jarosite crystals typically have a compact texture and are
composed of rounded and intergrown hexagonal, pyramidal, rhombohedral, and
dipyramidal rhombs (Gasharova et al., 2005, Cogram, 2017). Due to the three
crystallographic cation sites with varied coordinating environs (Savage et al., 2005), toxic
metal ions (e.g., As, Cd, Zn, Cr, Cu, and Pb) can be successfully integrated into the crystal

lattice of jarosite by filling the A-, B-, and T-sites (Kendall et al., 2013; Cogram, 2017;
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Aguilar-Carrillo et al., 2018). Jarosite can also scavenge metal ions at the mineral interface

via adsorption or coprecipitation (Smith et al., 2006).

In summary, the formation of iron compounds (oxides, oxyhydroxides, and
hydroxysulfates) involves two basic mechanisms (Cornell and Schwertmann, 2003a):
(1) direct precipitation from Fe >* or Fe® containing solutions, and
(2) transformation of an iron compound precursor, either by a
dissolution/reprecipitation or via a solid-state transformation process

involving internal arrangements within the structure of the solid precursor.

Various pathways of the formation are depicted in Figure 2.5 (Barrén and Torrent, 2013).
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Figure 2.5: Schematic representation of major formation and transformation pathways for common
iron oxides, oxyhydroxides, and hydroxysulfates

Source: adapted from Barrén and Torrent (2013)
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2.5 Process conditions influencing heap bioleaching and the formation of iron

precipitates

Mineral dissolution and iron precipitation as related to typical heap bioleaching are

influenced by several factors (Table 2.4), such as the physicochemical parameters, biological

factors, ore properties, and processing conditions (Ghorbani et al., 2011).

Table 2.4: Parameters influencing heap bioleaching operations and the formation of iron precipitates

Factors

Properties influencing bioleaching

Physical and chemical factors

Biological factors

Ore properties

Processing conditions

Redox potential, H2O potential, CO: content, pH, O2
content and availability, temperature, Fe(Il)
concentration, surface tension, light, nutrient
availability, presence of inhibitors, pressure

Microbial diversity, metal tolerance, microbial
activities, spatial distribution of microbes, microbial
adaptation strength, population density, attachment
to ore particles

Porosity, acid consumption, galvanic interactions,
grain size, formation of secondary minerals, surface
area, mineral type, hydrophobicity, mineral
dissemination

Rest periods, heap geometry, circulation of bacterial
lixiviant and flow rates to heap, pulp density, weather

conditions

While careful consideration of all these factors are quite important, significant impacts of

pH, temperature, and redox potential are further discussed as applied to bio-oxidation and

bioleaching processes and their corresponding influence on the amount of iron precipitate

formed.
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2.5.1 Effect of pH

The stability of jarosite and the amount to which it precipitates are both affected by the
solution pH (Dutrizac and Jambor, 2000). Dutrizac and Jambor (2000) reported that
increasing the acid concentrations reduces the extent to which synthetic jarosite
precipitates. Furthermore, the authors explained that the degree of precipitation increases
with increasing pH until other Fe compounds are precipitated, which occurs at pH > 2 at
100 °C. At 100 °C, a pH of 1.5 — 1.6 appears to be ideal for the formation of jarosite. Higher
temperatures can be utilized in practice to offset excessive acidity. In another work on the
effect of the initial solution pH on the precipitation of sodium jarosite at 97 °C, Dutrizac
(1982) found that a nearly constant amount of jarosite was precipitated for pH values <1.5,
although, the amount of precipitate decreases sharply at lower pH values. Furthermore,
when the initial pH was ~0.5, no precipitate forms because the equilibrium has been
displaced in favour of solution species. Although it has been demonstrated that the amount
of jarosite is strongly influenced by the acidity of the solution, the composition of the

precipitate remains nearly constant.

pH can greatly influence the aqueous reaction chemistry, particularly the formation of
jarosite, which has been considered a major product specie responsible for passivation in
mineral bioleaching such as chalcopyrite. A low pH is advantageous to inhibiting jarosite
production. However, several thermophilic microbes are unable to withstand very low pH
(<1.0), signifying that the formation of jarosite cannot be completely avoided (Vilcdez et al.,
2008). In a work carried out by Ojumu and Petersen (2011) on the impact of solution pH
(0.8 — 2.0) on the kinetics of Fe?* oxidation using Leptospirillum ferriphilum in continuous
culture, the results demonstrated that Fe® ion precipitation increases with an increase in
solution pH. In a study carried out by Nazari et al. (2014), it was found that the highest
amount of Fe¥ ion precipitated at above pH 2.2, and a decrease in the solubility of
phosphate ion was observed at pH 1.6, which was attributed to co-precipitation as a
constituent element of jarosite. Wanjiya et al. (2015) reported a 33 and 52% decrease in the
mass of Fe* ion precipitate following a decrease in pH from 1.7 to 1.5 and 1.3 respectively,
after operating for 10 days. Small-scale experiments on bio-oxidation of Fe?* demonstrated

schwertmannite as the main Fe* mineral phase to precipitate at pH 3.0 (Bigham et al., 1996).
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Moreover, Liao et al. (2009) reported the production of pure schwertmannite by
Acidithiobacillus ferrooxidans at pH 2.0, when NHJ concentration was < 10 mM with the
absence of other alkali cations from the cultures. Thus, it is quite evident that the pH of the
medium performs a vital function in the formation of an iron precipitate. The relationship
between solution potential and pH can determine precipitate formation (refer to Figure
2.3). Through electrochemical analysis, Warren et al. (1992) studied the passivation of
chalcopyrite in an anodic polarized system. In their work, chalcopyrite was responsive to
pH at high potential while it was less responsive to pH at low potential, and as a result of
the electrolysis of H2O in the ultra-passivation area, an increased current was observed

within the condition of a higher potential.

2.5.2 Effect of temperature

Temperature is an important parameter that affects the precipitation of jarosite. Jarosite is
an important iron precipitate in the hydrometallurgical industry. Among other ranges of
conditions likely to be encountered in hydrometallurgical practice, Dutrizac (2008)
investigated the effect of temperature on the precipitation of potassium jarosite in sulfate
media. The amount of precipitate in sulfate solutions at 97 °C increases with increasing
retention times up to approximately 10 h, although nearly constant product yields are
attained for extended durations of reaction. Despite the differences in the precipitate
amount, the composition remains nearly consistent and is typical of potassium jarosite, the
only phase discovered by XRD analysis of the products. Dutrizac (2008) further explained
that the amount of potassium jarosite precipitate increases with increasing temperature to
~100 °C over a 24 h reaction time but remains relatively constant at higher temperatures.

The product composition, on the other hand, is the same at all investigated temperatures.

The kinetic rate of mineral sulfide bioleaching is enhanced by an increase in temperature.
Based on the optimum temperature, the microbes employed in chalcopyrite bioleaching
vary. Generally, the maximum dissolution of chalcopyrite in a bioleach process can be
achieved in an extreme thermophile Archaea system, then a moderate thermophile system,
and finally the mesophile system (Fu et al., 2008; Gautier et al., 2008). The rate of iron

precipitation depends on temperature, and it is widely accepted that rapid and complete
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precipitation occurs with an increase in temperature. Leduc et al. (1993) studied the
characterization of ten different isolates of Thiobacillus ferrooxidans in the temperature range
of 2 — 35 °C. It was reported that Fe** ion precipitation was reduced at temperatures less
than 10 °C and no formation of Fe* ion precipitate was observed at 2 °C. Daoud and
Karamanev (2006) reported the minimal formation of Fe3* ion precipitate at 35 °C. Bigham
et al. (2010) in their work characterized the jarosites synthesized via a chemical process over
a temperature range from 2 — 40 °C. It was observed that the precipitation of Fe® ions
increases with temperature. With an increase in temperature from 36 — 45 °C, Wang et al.
(2006) observed the transformation of schwertmannite to jarosite. It is noteworthy to state
that the study of the influence of temperature on Fe® ion precipitation is strictly dependent
on pH (refer to Figure 2.2). Daoud and Karamanev (2006) stated that the precipitation of

Fe* ions at higher pH values could be minimized at lower temperatures.

Enhanced leach rate in acidic chloride media was achieved by raising the process
temperature from 60 to 70 °C, with considerable stability of leaching kinetics noticeable
between 70 and 90 °C (Dreisinger and Abed, 2002). In the work of Soki¢ et al. (2009), it was
reported that the chalcopyrite dissolution rate improved by 42% in 1.5 M H2SOs within 240
min as the leaching temperature was raised from 70 to 90 °C. Cdrdoba et al. (2008a) also
reported the impact of temperatures between 35 and 68 °C, with significant Cu leaching

increased from < 30 to > 80%.

2.5.3 Effect of redox potential (En)

Redox potential is an important process factor in the dissolution of mineral ore, such as
chalcopyrite. A low potential promotes the disintegration of chalcopyrite while a high
potential hinders the release of copper and can result in the passivation of chalcopyrite
(Third et al., 2002; Wang et al., 2016a). Veldsquez-Yévenes et al. (2010) in their work
explained the influence of media potential on the leach rate of chalcopyrite. In a controlled
experiment at 0.2 M HCI with 0.5 g/dm3 Cu? at 35 °C, it was reported that the leached
products greatly depend on the solution potential. Within the range of 540 — 580 mV (SHE,

standard hydrogen electrode), the leaching rate increased while the active potential range
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was proposed to be between 550 — 620 mV (SHE). At a potential > 630 mV (SHE), the
dissolution rate of chalcopyrite was observed to be slow. In an experiment conducted with
sulfuric acid media, Sandstrom et al. (2005) suggested that at redox potential of 620 mV
(SHE), chalcopyrite leach rate was improved. Passivation occurs within the potentials of
690 — 840 mV (SHE) at a low temperature of 25 °C or at 840 mV and higher temperature (>
65 °C). Koleini et al. (2011) reported that the highest copper extraction could be achieved
between 610 — 640 mV (SHE). This is well corroborated by the result of other researchers
(Sandstrom et al., 2005; Viramontes-Gamboa et al., 2010). In addition, Viramontes-Gamboa
and co-workers concluded that irrespective of acidity, impurities or temperature,
chalcopyrite will always remain in the active state below 685 mV (SHE); however,
dissolution slows down due to the passive nature of chalcopyrite for a potential of 750 mV
(SHE) upward (Viramontes-Gamboa et al., 2007; Viramontes-Gamboa et al., 2010). Several
methods have been demonstrated to control the redox potential to benefit metal extraction,
such as the addition of a chemical oxidizing agent (e.g. H202) or reducing agent (e.g.
Na:z50:s), employing electrochemical reactors and controlling the dissolved Oz (Zhao et al.,

2019).

2.6 Precipitation in bioleaching: a case of chalcopyrite mineral

This section reviews the negative impact of iron precipitation in bioleaching operations

using chalcopyrite (a copper-bearing mineral) as a case study.

Due to rapid industrialization, high-grade and oxides of copper resources have been
extensively exploited and are fast depleting while the world demand for copper is
increasing tremendously. This has consequently led the mineral industry to a major
challenge regarding the urgency of processing low-grade copper ores, especially
chalcopyrite (CuFeSz), which is the most enriched copper-containing ore in the world.
However, the slow development of CuFeS: bioleaching at the industrial level is due to its
refractory nature and low dissolution kinetics. This behaviour has been reported to be
provoked by a passivation layer identified on the surface of CuFeS.. The passivation layer

has been investigated (Yu et al., 2011; Zeng et al., 2011; Zhu et al., 2011; Zhao et al., 2015)
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with the aid of technical analyzing tools such as Fourier transform infrared (FT-IR), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), X-ray absorption near edge
spectroscopy  (XANES), scanning electron microscopy/energy-dispersive X-ray
spectroscopy (SEM/EDX), electrochemical impedance spectroscopy (EIS), and (AFM)
atomic force microscopy. The passivation layer was believed to contain some species which
are mainly polysulfides (S27), elemental sulfur (S%), and insoluble sulfate (S057) (mainly

jarosite). They are reviewed in this section.

2.6.1 Polysulfides

Polysulfides (chiefly metal-deficient polysulfides) can notably lead to passivation during
chalcopyrite dissolution. In the early work conducted by Linge (1976) on the dissolution of
chalcopyrite in acidic ferric nitrate, it was observed that the metal-deficient polysulfide
produced which resulted in the recalcitrant nature of chalcopyrite was caused by the
immediate dissolution of Fe ahead of Cu at the initial stage of the leaching operation. This
observation was also confirmed in a later work by Fu et al. (2012) on chalcopyrite
bioleaching using Acidithiobacillus ferrooxidans. The authors concluded that polysulfide
(CusFexS9) should be the principal product responsible for the passivating nature of
chalcopyrite during the microbe-mediated leach process. Some authors reported the
thickness of the passive film to be less than 1 um (Parker et al., 1981; Hackl et al., 1995).
Another work explained that the favoured disintegration of Fe resulted in the production
of Fe-deficient polysulfide, and thus, hindered the diffusive movement of ion from the
juncture of chalcopyrite/passive layer to the juncture of passive layer/solution, which led
to passivation (Yang et al., 2018). In recent work by Peng et al. (2019) on the dissolution of
chalcopyrite at low temperatures using Acidithiobacillus ferrivorans, it was revealed that
polysulfide was the main possible passivating specie at 6 °C. Several other authors also
reported polysulfide as the main passivating specie in chalcopyrite bioleaching (Peng et al.,
2019; Zeng et al., 2020; Liao et al., 2021; Lv et al., 2021). On the contrary, Parker et al. (2003)
and Klauber (2008) believed that polysulfides cannot be linked as the specie accountable

for the passive attribute of chalcopyrite because of its instability.
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2.6.2 Elemental sulfur

Elemental sulfur was reported to be the major passivating species during chalcopyrite
microbial dissolution. In the work of Dutrizac (1989), it was suggested that elemental sulfur
should be the major specie responsible for the passivation of chalcopyrite. In a leaching
experiment performed at 95 °C in the presence of ferric sulfate, it was observed that >94%
of sulfur was in elemental form (S°) while < 6% was in the form of sulfate. This elemental
sulfur obstructs the free flow of electrons at the mineral/solution interface, thus it inhibits
the redox reactions (Munoz et al., 1979). Bevilaqua et al. (2004) observed the principal
constituents of the sorption film to be chiefly comprised of cells, biomolecules, and the
sulfur element. It was noted that the sorption film behaved as a capacitor, prohibiting the
diffusive movement of ions and molecules on the surface of the mineral. In a study carried
out by Khoshkhoo et al. (2014), an increase in the amount of elemental sulfur with the
leaching time was observed. It was concluded in the study that the goethite (FeOOH)
generated jointly with the elemental sulfur led to the formation of a passive layer which
later interfered with the dissolution of chalcopyrite. Other authors also reported elemental
sulfur as the main passivating specie in chalcopyrite bioleaching (Yang et al., 2020; Zeng et
al., 2020; Liao et al., 2021; Nourmohamadi et al., 2021; Zhang et al., 2021a). Nevertheless,
some studies have suggested that elemental sulfur should not be the passivating specie in
chalcopyrite leaching because of the ease with which it oxidized to sulfate (Gu et al., 2013;
Liu et al., 2015).

2.6.3 Iron hydroxysulfates

In several studies conducted, iron hydroxysulfates (predominantly jarosite) have likewise
been identified as the chief specie causing passivation in the dissolution of chalcopyrite. At
low potential, Sandstrom et al. (2005) observed the oxidation of elemental sulfur to sulfate
in work carried out on the characterization of the surface products of chemically and
bioleached chalcopyrite. The authors concluded that the main cause of passivation was
jarosite. Klauber (2008) argued that polysulfide was highly reactive and that oxygen could
aid its oxidation to elemental sulfur. However, it was also stated that the formed elemental

sulfur might also be responsible for the passivating nature of chalcopyrite. Despite this,
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elemental sulfur could easily fall away from the surface of chalcopyrite, hence, it was
concluded that the principal specie responsible for the passivation should be jarosite. The
electrons can be displaced to Fe’ as a result of the disulfide oxidation via surface
protonation and hydration reactions, hence generating thiosulfate. By oxidation, the
thiosulfate can be changed to ferric sulfates, which act as a crystal nucleus provoking the
production of jarosite, which later leads to the recalcitrant attribute of chalcopyrite (Parker
et al., 2003). In a study of the electrochemical behaviour of chalcopyrite, Zeng et al. (2011)
reported that the initial stage of chalcopyrite dissolution was an acid-consuming stage that
needed a constant supply of acid to the process to make certain of a steady and low pH. It
was concluded that the passivation layer was chiefly comprised of jarosite. Other authors
have also reported jarosite as the main passivating specie in chalcopyrite bioleaching
(Sasaki et al., 2009; Zhang et al., 2014; Masaki et al., 2018; Ma et al., 2021; Zhang et al., 2021a).
However, a few authors believed that the bioleaching of chalcopyrite should not be
inhibited, notwithstanding the considerable quantity of jarosite produced. This was
attributed to the fact that the porous and loosely attached jarosite could easily fall from the
surface of chalcopyrite (Gu et al., 2013; Liu et al., 2015).

According to the existing literature, the dissolution and passivation mechanism of
chalcopyrite bioleaching can be illustrated according to Figure 2.6 (modified from Zhao et
al. (2019)). In path 1, chalcopyrite degrades into copper (I) sulfide (Cu2S), which enhances
the dissolution rate. In path 2, chalcopyrite readily releases Fe?* and Cu?, forming a metal-
deficient polysulfide. In path 3, a film of elemental sulfur is generated. In path 4, jarosite
precipitates on the surface of chalcopyrite. Paths 2, 3, and 4 have been reported to cause the

passivation of chalcopyrite.
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Figure 2.6: Dissolution and passivation mechanisms of chalcopyrite bioleaching

Source: modified from Zhao ef al. (2019)

Based on these reviewed works, it may be concluded that the major products responsible
for the passive nature of chalcopyrite are the species that contained sulfur as a constituent.
It is therefore essential to characterize these transitional species containing sulfur in
chalcopyrite dissolution. Table 2.5 shows some selected works on possible passivating

species during the bioleaching of chalcopyrite.
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Table 2.5: Selected publications on passivating species identified during chalcopyrite bioleaching

Microbes

Ore chemical analysis

Cause of passivation

Residue analysing tool

References

Acidithiobacillus ferrooxidans - Elemental sulfur EIS and AFM Bevilaqua et al. (2004)

Acidithiobacillus ferrooxidans Cu (31.91%), Fe (23.20%), and S Jarosite XRD Fu et al. (2008)
(27.14%)

Acidithiobacillus ferrooxidans Cu (35.41%), Fe (29.56%), S Jarosite Raman spectroscopy, Sasaki et al. (2009)
(30.27%), and Si (0.82%) XRD and FT-IR

Leptospirillum ferriphilum and Acidithiobacillus - Jarosite XRD Zhou et al. (2009)

caldus

Mixed thermophiles Cu (34.63%), Fe (25.35%), and S Jarosite XRD, Raman Zhu et al. (2011)
(30.45%) spectroscopy, and XANES

Acidithiobacillus caldus CuFeS: (98%) and silicate (2%) EPS and jarosite SEM/EDX Zeng et al. (2011)

and Leptospirillum ferriphilum

Acidithiobacillus ferrooxidans Cu (33.15%), Fe (29.86%), and S EPS and jarosite XRD Yu et al. (2011)
(33.22%)

Acidithiobacillus caldus Cu (34.46%), Fe (31.53%), and S Iron-deficient polysulfide =~ XRD and XPS Zhao et al. (2015)
(33.12%)

Sulfobacillus thermosulfidooxidans and Cu (34.46%), Fe (31.53%), and S Polysulfide and jarosite XRD and XPS Zhao et al. (2015)

Leptospirillum ferriphilum (33.12%)

Acidithiobacillus caldus Cu (34.46%), Fe (31.53%), and S Polysulfide XPS Wang et al. (2016a)

and Leptospirillum ferriphilum (33.12%)
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2.7 Effect of iron precipitation on bio-oxidation and bioleaching processes

Iron precipitation has both positive and negative influences on the bio-oxidation and
processing of sulfide ores in the mineral industry. In zinc hydrometallurgical operation, the
precipitation of jarosite-type compounds is beneficial as it serves as the exit route for
undesired iron, sulfate ions, alkali ions, and other impurities (such as lead and silver) from
the processing circuit (Dutrizac and Jambor, 2000; Murphy et al., 2009). It has been observed
that jarosite precipitate performs a vital function in the development and stabilization of
biofilms during the generation of Fe* ion, which is a significant leaching agent in
hydrometallurgical operations (Kinnunen and Puhakka, 2004). Furthermore, it has also
been reported that jarosite precipitate acts as a support for microbial attachment, which
helps in enhancing the bio-oxidation rate (Chowdhury and Ojumu, 2014). Jarosite
precipitate has also been used for remediating polluted sites (Welch et al., 2007) and as a
raw material in the production of pigments and construction materials (Das et al., 1996;
Dutrizac and Jambor, 2000). From the perspective of material science, schwertmannite has
great potency as an adsorbent for the uptake of heavy metals from polluted water (Liao et
al., 2009). The management of jarosite production has also been reported through variations
in solution pH during the microbial ferrous ion oxidation process (Wanjiya et al., 2015).
While there seem to be highlighted advantages of the iron precipitation process in the

biohydrometallurgical industry, there are proofs that its disadvantages are of great impart.

Apart from the negative impacts on leach kinetics and biological processes, the production
of iron precipitates in the microbial oxidation of Fe?* and bioleaching processes may affect
the overall efficiency of such operations. The negative influence of iron precipitate
formation, particularly jarosite, in the context of the bio-oxidation and bioleach heap are
highlighted below:
e It causes the pumps, valves, pipes, and other peripheral equipment in the
processing setup to become clogged.
e It deprives the system of vital ferric ions, which serve as an important agent for
chemical oxidative reactions in the mineral sulfide dissolving process (Rawlings,

2002).
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e It occupies most of the available space in the immobilization matrices, thus, limiting
the amount of biomass retention (Jensen and Webb, 1995).

e It clogs up the heap bed system resulting in partial, or at times, complete blockage
of the passageway of liquid and gas flow in the heap system (Jensen and Webb,
1995; Daoud and Karamanev, 2006).

e It interferes with the respiratory mechanism of the bacteria by denying them
complete access to available nutrients (Nazari et al., 2014).

e It adheres its crystal-like structures to the surface of the sulfide ores, forming a
compact thin layer of membrane that inhibits the transfer of the substrate and
metabolites.

e It takes up accessible sites on the surface of minerals, preventing bacteria from
adsorbing onto the mineral deposits and, as a result, impeding a successful bio-
oxidation process.

e It leads to the development of the kinetic barrier by impeding the reactants and
products from diffusing across the precipitation region (Meruane and Vargas, 2003;

Liu et al., 2009).

Most notably, the formation of iron precipitates has been reported to decrease the leaching
efficiency by scavenging/entrapping the target metal in the prevailing bioleach conditions.
The large surface area owing to the colloidal attribute of these precipitates is one of the
factors responsible for their reduction in the extraction efficiency of bioleaching operations
by scavenging metals of interest, thereby, hindering the release of desired metals into
solution. While sulfur, disulfur, polysulfide, and jarosite have all been found to hinder the
solution of different mineral sulfides, jarosite has also frequently been reported to entrap
some metals during the bioleach operation. Recently, some studies have shown that a
considerable quantity of metals could be recovered from the treatment of industrial jarosite
residue formed during hydrometallurgy processes. For example, in a study conducted by
Ju et al. (2011), 97 and 87% of Zn and Cu respectively, could be directly recovered from
jarosite residue generated through zinc hydrometallurgy. Further, in a work conducted by
Liu et al. (2017) on the recovery of metals from jarosite via sulfuric acid roasting using

microwave and water leaching, it was reported that 89.4, 80.7, 85.1, 90.7, 61.3, and 48.8% of
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Fe, Zn, In, Cu, Ag, and Cd respectively, could be recovered. Cordoba et al. (2008b) stated
that controlling the formation of Fe3* precipitate might be difficult to attain because of the
spontaneous generation of the precipitates. Table 2.6 shows some valuable metals

recovered from industrial jarosite residue.
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Table 2.6: Source, chemical composition, and recovery of metals from various industrial jarosite residue

Source of jarosite
residue

Chemical composition of jarosite
residue

Phase present

Recovery technique

Percentage recovery of
metal

Reference

Baiyin Nonferrous
Metals Group (China)

Impala Base Metal
Refinery (Gauteng,
South Africa)

Zijin Smelting Plant
(Neimenggu, China)

Zinc
hydrometallurgical
plant (Yunnan, China)

Shanxi Province,
China

Baiyin Nonferrous
Metals Group (China)

7n (7.06%), Pb (4.00%), Fe (19.92%),
Ag (0.009%), Cu (0.21%), As
(0.18%), Cd (0.11%), SiO2 (10.12%),
S02~ (38.17%)

Ni (4.9%), Fe (38.6%), Cu (0.02%),

and other minor elements

Pb (8.48%), Zn (5.94%), Ag
(0.022%), Fe (28.81%), Cu (0.2%),
Cd (3.64%), Ba (0.18%), S (10.79%),
Si (1.17%), others (40.77%)

Fe (19.79%), Zn (4.55%), Cu
(0.15%), Cd (0.12%), Pb (7.37%), S
(10.65%), Ag (427.5 g/t), In (92.5
g/t

Fe (26.76%), Zn (6.95%), Pb (3.01%),
S (10.16%), Al:0s (1.78%), As
(0.33%), SiO2 (4.74%), MgO (0.50%),
CaO (1.83%)

Pb (3.24%), Zn (7.19 %), Cu
(0.24%), S (10.9%), Fe (19.8%), Ag
(0.0017 %), Ca (1.79 %), Si (3.97%)

K2Fes(SO4)s(OH)12,
Zn0O.Fe203, PbSOq,
CaS04.0.5H:0, 5iO2

NHaFe3(SO4)2(OH)s,
Fe203

KFe3(SO4)2(OH)s, PbSOs,
ZnFe204

(K, H50)Fes(SO4)2(OH)s,
NH:Fe3(SOs)2(OH)s,
(NHa)sFe(SOs)s, ZnFe:Os

NH:Fe3(SO4)2(OH)s,
Pb(Fes(SO4)2(OH)s)2,
ZnFex0s4

Fe20s3, KFe3(SO4)2(OH)s
Zn0O.Fe20s, ZnSOs,
PbSOs, Cus2S,
CaS04.0.5H0

Roasting, NH4Cl leaching,
reduction with Zn powder,
and NaOH leaching

Leaching with hydrochloric
acid

Roasting and sulfidization-
flotation

Sulfuric acid roasting using
microwave and water
leaching

Direct reduction and
magnetic separation

Reducing-matting smelting-
thermal decomposition
reduction

7n (97.5%), Pb (95.3%),
Cu (95.4%), Cd (100%),
Ag (100%)

Ni (60%)

Pb (66.86%), Ag
(81.60%)

Fe (89.4%), Zn (80.7%),
In (85.1%), Cu (90.7%),
Ag (61.3%), Cd (48.8%)

Pb (96.97%), Zn
(99.89%), Fe (91.97%)

Cu (98.82%), Zn
(98.84%), Pb (90.35 %),
Ag (97.17%)

Juetal. (2011)

Nheta and
Makhatha (2013)

Han et al. (2014)

Liu et al. (2017)

Wang et al. (2018)

Tang et al. (2018)
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2.8 Retention mechanism of metal ions onto iron compounds

Numerous investigations employing various experimental procedures and techniques
have been conducted on the mechanism of interaction between metal and iron compounds
(oxides, oxyhydroxides, and hydroxysulfates). Based on literature findings, metal ion
retention happens mostly during adsorption, precipitation/coprecipitation, and mineral
phase change processes (Hu et al., 2018). Figure 2.7 summarizes all of the retention
mechanisms described in the literature, such as structural incorporation, surface

complexation, surface precipitation, etc.

Metal-bearing phases
Fe - OOH
mineral shell _OH
- 5042'
Fe-M=~-00H \

Fe-M=~-(OOH/OH/S0,2)

- +
Fe mineral O M=

M“—O )
(R M=(OH),

Adsorption M=+
Precipitation
Mn+ O

Figure 2.7: Mechanisms involved in the retention of metal ions by iron minerals

2.8.1 Iron mineral transformation process

Iron mineral transformation is often influenced by reaction pH, temperature, and
solution chemistry (Hu et al., 2018). At high temperatures, some iron minerals transform,
particularly those containing water molecules and/or hydroxyl groups. Ferrihydrite,
goethite, lepidocrocite, akaganéite, and schwertmannite are examples of these minerals
(Rzepa et al., 2016). During the process of formation and transformation, iron precipitates

can uptake metal ions. Although the general course of the transformation processes are
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well understood, the influence of numerous crystal-chemical and chemical variables on the
transformation mechanisms and product attributes is still widely debated (Cornell and

Schwertmann, 2003a; Wells et al., 2006).

2.8.2 Surface precipitation/coprecipitation process

Surface precipitation, on the other hand, may occur when metal sorption densities increase
(Ford et al., 1997). In long-term sorption investigations, initially sorbed metals can be
incorporated into the structure of iron minerals via lattice diffusion or pore diffusion
(Barrow et al., 2012). Coprecipitation is a similar process that involves the simultaneous
removal of metal ions during the formation of iron minerals (Lee et al., 2002). This can be
accomplished through adsorption, mechanical occlusion, precipitation, and/or structural
incorporation (Karthikeyan et al., 1997; Tokoro et al., 2010). Mechanical occlusion happens
during the coprecipitation process when discrete metal-bearing phases (e.g. oxide,
hydroxide, sulfate, etc.) develop and become occluded inside iron precipitate nanoparticles
(Francisco et al., 2018). Iron minerals can be structurally reordered to various crystalline
forms under specific conditions. As a result, metals that were initially retained can be
redistributed by release and subsequently by readsorption or incorporation into crystalline

structural locations (Ford et al., 1997).

2.8.3 Adsorption process

Adsorption is defined as the two-dimensional complexation of metal ions at the interface
between a pre-existing solid and the aqueous phase, which frequently includes inner-
sphere and outer-sphere surface complexes (Liu ef al., 2016b). It is widely accepted that the
adsorption of specie on a solid surface occurs in three stages: (i) transport of the adsorbate
(ions in the case of solutions) from the bulk to the external surface of the adsorbent, (ii)
passage through the liquid film attached to the solid surface, and (iii) interactions with the
surface atoms of the solid resulting to chemisorption (strong adsorbate—adsorbent
interaction corresponding to covalent bonding) or weak adsorption (weak adsorbate—
adsorbent interaction, somewhat comparable to van der Waals forces), in which case

desorption may be the outcome (Gupta and Bhattacharyya, 2011). In the case of porous
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solids, after passing through the liquid layer adhering to the external surface, the adsorbate
slowly diffuses into the pores and becomes entrapped (adsorbed). Any of the
abovementioned steps could be the slowest (defining the overall rate of the interaction),

and thus, influencing the kinetics of the adsorption process.

In conclusion, apart from the retention mechanism being integrally linked to the structural
type of iron mineral species, it is also significantly depending on the physicochemical
characteristics of metal ions (e.g. ionic radius, hydration energy, solubility,
electronegativity, etc), and the operating conditions (e.g. pH, metal ion concentration, ionic
strength, etc.) (Fernandes and Baeyens, 2019; Shi et al., 2020), thereby complicating the

interaction between metal ions and iron precipitates.

2.8.3.1 Analytical techniques in identifying adsorption mechanism

Metal ions can be integrated into the mineral structure during the formation of iron
precipitates. Additionally, these metals can be adsorbed onto the surfaces or trapped in the
interfacial regions between aggregated nanoparticles of precipitates during or after
their formation (Zhu et al., 2012). As a result, gaining a better knowledge of the mechanisms
by which metals interact with iron precipitates will be vital for minimizing metal loss

during sulfide mineral bioleaching.

It should be noted that adsorption mechanisms can only be determined by: (1) employing
a variety of analytical techniques and (2) having a good understanding of the chemical form
of the adsorbate and adsorbent, the surface nature of the adsorbent, and the chemical or
physical interactions between the adsorbent and adsorbate (Volesky, 2007; Lima et al., 2015;
Lima et al., 2016). Such analytical techniques include Fourier transform infrared (FTIR)
spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy
(TEM), energy dispersive spectroscopy (EDS), Raman spectroscopy, X-ray photoelectron
spectroscopy  (XPS), X-ray diffraction (XRD), thermogravimetric analysis
(TGA)/differential thermal analysis (DTA), differential scanning calorimetry (DSC),
nitrogen adsorption-desorption isotherms, pH at the point of zero charge (pHrzc), pH at

the isoelectric point (pHir), solid-state *C nuclear magnetic resonance (NMR), carbon-

44

——
| —



hydrogen-nitrogen (CHN) analysis, Boehm titration, and solution calorimetry (Tran et al.,
2017). The application of analytical techniques together with adsorptive thermodynamic
data (i.e., change in enthalpy (AH) and change in entropy (AS)) as well as energies of
activation and adsorption, are required to determine if adsorption of adsorbate in aqueous
solution is a chemical or physical process (Lima et al., 2015; Tran et al., 2016). The analytical

techniques employed in this thesis are further described in Chapter 3.

2.9 Adsorption modeling

Adsorption modeling is a critical component of any adsorption study because it uses
adsorption models to interpret experimental data to obtain useful information that aids in
the understanding of process mechanisms, process equilibrium dynamics, predicting
responses to changes in operational conditions, and optimizing the adsorption process.
Kinetic models, isotherm models, and thermodynamic models are frequently utilized to
improve the knowledge of adsorption investigations (Tran et al., 2017; Al-Ghouti and
Da'ana, 2020; Wang and Guo, 2020).

29.1 Kinetics of adsorption of metal ions: theoretical basis

The study of kinetics gives insight into the likely mechanism of adsorption as well as the
reaction routes. It is usually difficult to arrive at a definite rate law, which necessitates an
accurate understanding of all the molecular information of the adsorbate-adsorbent
interactions, along with the energy requirements and stereochemical considerations, as
well as the elementary steps that lead to the adsorption of the solute via a specific

mechanism (Gupta and Bhattacharyya, 2011).

Kinetics is the study of the rates of chemical processes to understand the factors that govern
them. The study of chemical kinetics entails careful monitoring of the experimental
circumstances that influence the speed of a chemical reaction and thus aid in the attainment
of equilibrium in an acceptable amount of time. Such investigations provide information
about the likely mechanisms of adsorption and the various transition stages that occur on

the path to the formation of the final adsorbate—adsorbent complex, as well as assist in the
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development of suitable mathematical models to explain the interactions (Gupta and

Bhattacharyya, 2011).

The rates are determined by the concentrations of the species participating in the

adsorption process, and the standard rate law may take the following form:
R = k[A]*[B]” ... (2.6)

where k is the rate coefficient and a, b... etc. denote the order of the species, A, B, etc. The

precise form of the rate law can reveal information about the reaction mechanism.

The following sub-sections review the important adsorption reaction kinetic models in the
literature, namely the pseudo-first-order (PFO) model, pseudo-second-order (PSO) model,

and Elovich model.

2.9.1.1 Pseudo-first-order model

The Lagergren equation (Lagergren, 1898) is most likely the first known example of a rate
equation for adsorption in liquid-phase systems, especially for PFO kinetics. The model
was established on adsorbent capacity. It describes the rate of change in adsorbate uptake
with time directly proportional to the difference in saturation concentration levels. The

linear form of the PFO equation is expressed below:

In(qe — q) = Inqe — kqt (2.7)

where g. and g: are the quantities of adsorbate uptake (mg/g) at equilibrium and at time ¢
(min) respectively, and ki represents the PFO rate constant (min'). The values of k1 and ge
can be evaluated from the slope and intercept respectively, of the linearity plot of In (g.—¢)

vs t.

The true test of the veracity of Equation (2.7) is established by comparing how
experimentally measured g. values are compared to those derived from plots of In (g—q:)
versus t (Ho and Mckay, 1999; Mckay et al., 1999). If this test is shown to be invalid, higher-

level kinetic models must be applied to the experimental data. If the Lagergren equation
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does not fit well across the entire range of interaction time, then the adsorption process is

much more complex than the basic first-order kinetics-based mechanism.

2.9.1.2 Pseudo-second-order model

The PSO model can adequately describe adsorption kinetic experimental data. It describes
the rate of occupation of adsorption sites to be proportional to the square of the number of
non-occupied sites. The linearized form of the model is given in Equation (2.8) (Blanchard

et al., 1984):

Lo 1 +t (2.8)
qt qgkz qe .

where g. and q: are the quantities of adsorbate uptake (mg/g) at equilibrium and at time ¢
(min) respectively, and k2 represents the equilibrium PSO rate constant (g/mg min). The
linear plots of t/q: versus t can be generated. The values of ge and k2 can then be evaluated

from the slope and intercept of the plots respectively.

Both theoretical and experimental investigations show that the value of k:is typically
determined by the initial adsorbate concentration in the bulk phase. As a general rule, the
rate coefficient, k2, decreases as the initial adsorbate concentration increases, where k2 is

regarded as a time-scaling factor (Gupta and Bhattacharyya, 2011).

The initial adsorption rate, h, of a second-order process as t — 0 is described as
h = k,q’ 29)

It is critical to have a clear knowledge of g. when applying Equations (2.8) and (2.9) to
experimental data (Ho ef al., 2001). One advantage of using the PSO equation to estimate g.

values is its low sensitivity to the impact of random experimental mistakes.
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2.9.1.3 Elovich model

The Elovich equation is based on the assumption that the true solid surfaces are
energetically heterogeneous and that neither desorption nor interactions between adsorbed
species may significantly impact adsorption kinetics even at low surface coverage. The
Elovich equation describes the kinetics of chemical adsorption systems. The linearized
expression for the Elovich model is shown in Equation (2.10) (Chien and Clayton, 1980):

1

1
q: = Blna[3+—lnt (2.10)

B

where g:denotes the amount of adsorbate uptake (mg/g) onto the adsorbent powder at time
t, a represents the initial metal ion adsorption rate (mg/g min) and f represents the degree
of activation energy and surface coverage for chemisorptions (g/mg). The linear plots of g
versus In t can be generated. The parameters a and  can then be estimated from the slope

and intercept of the plots respectively.

In practice, the relevance of the Elovich equation is limited to the early stages of the
adsorbate—adsorbent interaction process, when the system is quite far from equilibrium

(Gupta and Bhattacharyya, 2011).

2.9.1.4 Intra-particle diffusion model

The intra-particle diffusion model can be useful for determining reaction routes and
adsorption mechanisms, as well as predicting the rate-controlling step. Adsorbate transfer
in a solid/liquid sorption process is frequently characterized by film diffusion (sometimes
referred to as external diffusion), surface diffusion, pore diffusion, or a combination of
surface and pore diffusion. The linearized expression for the intra-particle diffusion model

is shown in Equation (2.11) (Weber and Morris, 1963):

qr = kigt®>+C (2.11)

48

——
| —



where kis (mg/g x min'?) is the rate constant of the intra-particle diffusion model and C
(mg/g) is a constant related to the thickness of the boundary layer, with a larger value of C

corresponding to a stronger influence on the limiting boundary layer.

The significance of Equation (2.11) is that if the linear plots of g: versus t°° are linear and
pass through the origin (zero intercepts), the adsorption is completely governed by intra-
particle diffusion. If, on the other hand, the intra-particle diffusion plot shows multiple

linear regions, then the adsorption process is controlled by a multistep mechanism.

29.2 Modeling of adsorption isotherm systems

The term "adsorption isotherm" refers to the relationship between the concentration of
adsorbate in solution (liquid phase) and adsorbent (solid phase) at a constant temperature
under specified parameters (i.e., pH and ionic strength, fixed mass, and particle size of
adsorbent) (Tran et al., 2016). Over the years, a wide range of equilibrium isotherm models
has been developed in terms of three core methods (Malek and Farooq, 1996). The first
approach is the kinetic consideration, which defines adsorption equilibrium as being in a
state of dynamic equilibrium, with both adsorption and desorption rates equal (Langmuir,
1916). The second approach which is based on thermodynamics can provide a framework
for developing various forms of adsorption isotherm models (Deboer, 1953; Myers and
Prausnitz, 1965). The third approach is the potential theory which usually conveys the main

notion in the development of characteristic curves (Dubinin, 1960).

The next section reviews the two-parameter isotherm model widely used for modeling

sorption isotherm systems, which are the Langmuir and Freundlich isotherm models.

2.9.2.1 Langmuir isotherm model

The Langmuir isotherm model is valid for monolayer adsorption of solutes at definite
homogeneous sites on the surface layer of the adsorbent, with no more than one adsorbate
molecule occupying a site (Langmuir, 1918). The linearized form of the model is expressed

below:
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- + Ce (2.12)
de  qmb = qm '

where g. is the equilibrium quantity of adsorbate uptake onto the adsorbent powder (mg/g),
C. denotes equilibrium metal ion concentration in the solution (mg/L), g» denotes the
maximum adsorption capacity (mg/g) and b represents Langmuir’s constant associated
with metal ion affinity for adsorption sites and energy (L/mg). The linear plots of C./g.
versus C. can be generated. The values of gm and b can then be estimated from 1/gm and

1/gmb, which represent the slopes and intercepts of the plots respectively.

An important feature of the Langmuir isotherm which indicates the type of adsorption is

expressed through a dimensionless constant termed separation factor (Rv):

R, = 1
1+bC,

(2.13)

where b is Langmuir constant and Co is the initial metal ion concentration (mg/L).
Adsorption is unfavourable, linear, irreversible when R > 1, Rt =1, Rt=0, and favourable

when 0 < Ru< 1 (Weber and Chakravorti, 1974; Tran et al., 2017).

2.9.2.2 Freundlich isotherm model

The Freundlich isotherm model holds for multilayer adsorption of solutes onto a
heterogeneous adsorbent surface with non-uniform adsorption sites (Freundlich, 1906).

The linearized form for this isotherm model is represented in Equation (2.14):
1

logq, = logKs + n—log Ce (2.14)
f

where 71 and K represent the heterogeneity factor and Freundlich constant in relation to
the adsorption intensity and adsorption capacity respectively. The linear plots of log g.
versus log Ce can be generated. Freundlich constants Krand 7y are evaluated from the plots

with a slope of 1/nf and intercept of log K.
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Adsorption is deemed easier when 2 < ns < 10, mildly difficult when 1 < nf < 2, and

unfavourable when n< 1 (Ali et al., 2016).

2.9.3 Estimation of activation energy

Activation energy allows the determination of an energetic barrier that metal ions must
overcome before being attached to the adsorption sites. The activation energy is determined

using the linearized form of the Arrhenius equation as expressed in Equation (2.15):

Eq

Ink, = InAd — (—)

- (2.15)

1
T
where E. (k]/mol) is the activation energy, Kb represents the equilibrium rate constant, A is
the Arrhenius constant, R (8.314 J/mol K) represents the gas constant, and T (K) is the
absolute solution temperature. Based on Equation (2.14), the value of E. can be estimated

from the slope of the plot of In k2 versus 1/T.

The type of adsorption can be determined by the magnitude of the activation energy.
Physical adsorption requires activation energy of less than 4.184 kJ/mol (Hill and Root,
2014) and no more than 17.573 KJ/mol (Saha and Chowdhury, 2011). A chemical adsorption

process has an activation energy in the range of 4 — 40 kJ/mol (Maleki et al., 2017).

29.4 Thermodynamic adsorption modeling

Evaluation of thermodynamic parameters helps in predicting the feasibility and
mechanism of an adsorption system. After the adsorption equilibrium of the studied
systems has been established, the thermodynamic parameters, namely standard enthalpy
change (AH°), standard entropy change (AS°), and free energy change (AG°®), can be
estimated using the van’t Hoff equation (Khan and Singh, 1987; Tran et al., 2017).

The van't Hoff equation measures changes in the equilibrium constant as temperature

varies. The expression is shown below:

AG® = —RTInK, (2.16)
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where R represents the gas constant (8.314 J/mol K), T represents the absolute solution
temperature (K), and Kb is the standard thermodynamic distribution coefficient (Khan and

Singh, 1987; Tran et al., 2017).
K, = — (2.17)

where g. is the quantity of metal ion (mg/g) adsorbed onto the adsorbent at equilibrium and

C,, is the equilibrium concentration (mg/L) in solution.

Taking into account the third principle of thermodynamics, it implies that:
AG° = AH°-TAS® (2.18)
Combining Equations (2.16) and (2.18) results in:

AS°  AH°

Ink, =
M = T T RT

(2.19)

By constructing a linear plot of In Kb versus 1/T, values of AH®and AS° can be estimated

from the slope and intercept respectively.

210 Review of reported studies on the management of iron precipitate formation

To prevent the iron precipitate formation and/or minimize it, some authors have suggested
operating the bioleaching systems under thermophilic microorganisms (Wang et al., 2012;
Feng et al., 2013); controlling redox potentials (Yu et al., 2011; Lotfalian et al., 2015);
operating with a low pH (Ojumu and Petersen, 2011; Liu et al., 2016a); and the addition of
catalysts like silver and activated carbons (Zhang and Gu, 2007; Abdollahi et al., 2015).
These are beneficial to minimize the formation of iron precipitates, while some other
researchers have attempted novel integrated methods for the bioleaching systems to
minimize the negative impact of iron precipitation. For example, Kaksonen et al. (2014b)
developed a two-stage bioreactor system that enables continuous iron oxidation and the
removal of excess iron sulfate. The authors suggested that in the case of heap bioleaching,
the technique of bioreactors for excess iron removal can be applied either to pregnant or

barren leach liquor before or after metal recovery respectively. The improvements gained
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from all the studies cited above truly helped in high activity of bacteria, high reaction
efficiency, and even complete dissolution. Notwithstanding, it should be noted that each
method has specific drawbacks such as a low metal tolerance capacity, high acid
consumption, complicated process, or high operation cost, which limit their application in
industry. In fact these methods do not yet resolve the scavenging of metals by iron
precipitate, as analysis of the bioleach residue from such bioleach heap systems shows that
it still contains valuable metals. To this effect, Table 2.6 illustrates the considerable amount

of metals recovered from industrial jarosite obtained from heap bioleach.

211 Knowledge gaps

In industrial heap bioleaching operations, strictly speaking, it is very difficult to control the
prevailing operating conditions (such as pH and temperature) since the bioleaching system
experiences a gradient of changes in these operating conditions across different depths of
heap. This difficulty entirely disturbs the biogeophysicochemistry of the whole operation,
thereby making iron precipitation an unavoidable phenomenon. From the knowledge of
environmental remediation, it has been shown that the retention and/ or uptake of metals
could depend on the nature of these iron precipitates which are greatly dependent on
mineral species, metal ion species, and reactive conditions (i.e., pH, heavy metal
concentration, ionic strength, etc.). Thus, it is hypothesized that the sorption mechanisms
and metal sorption capacities of the various iron precipitates may differ. Besides, disposal
of these iron residues requires many acres of land and this poses an environmental risk
with the potential for heavy metal pollution of the soil and groundwater systems (Oladipo

et al., 2021a).

These knowledge gaps have motivated this work to further understand the scavenging
and/or retention of valuable metals on iron minerals. This knowledge would require
carefully designed sets of fundamental studies under certain relatable operating conditions
to generate iron precipitates, investigate their properties, and conduct sorption studies with
the precipitates, at least in microbial oxidation of ferrous ions, which is an important

process for the efficient oxidation of sulfide minerals. Consequently, getting a better
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understanding of the mechanisms of metal ions interacting with iron precipitates could
help in diagnosing the relationship between these two (metal ions and iron precipitates)
and predicting their long-term behaviour bioleaching operations. This knowledge may be
applicable in the design and may provide some understanding of a typical
biohydrometallurgical system with respect to metal-precipitate interaction and treatment

of residues in operations.

212 Summary

This chapter summarizes the relevant literature that underpins this thesis. The chapter
provided basic information on the nature and behaviour of iron precipitate in relation to

their scavenging of desirable metals in biohydrometallugical operations.

It can be inferred from this chapter that the formation of iron precipitate hinders the
biological stages of bio-oxidation and bioleaching operations, and most importantly, it
affects the downstream metal recovery. Precipitates such as those containing ferric
hydroxides, oxyhydroxides, schwertmannite, jarosite, and at times complex mixtures of
iron species can be formed. These precipitates have morphological attributes that hinder
the permeability of leaching agents for dissolution and also entrap valuable metals of

interest, thereby preventing metal ions from getting into the solution for further processing.
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CHAPTER THREE

MATERIALS AND EXPERIMENTAL
METHODOLOGY

“The environment is no one’s property to destroy; it’s everyone’s responsibility to protect.” —
Mohith Agadi

—
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CHAPTER 3: MATERIALS AND EXPERIMENTAL METHODOLOGY

This chapter details the general description of materials and experimental methods used to
achieve the objectives of the research in the thesis. The specific experimental conditions,

methodology, and mathematical tools are presented in the relevant chapters.

3.1 Materials

3.1.1 Microbial culture analysis

Mesophilic microorganisms were employed in this research. The mesophilic mixed culture
was obtained from the Centre for Bioprocess Engineering Research (CeBER) at the
University of Cape Town (UCT), Cape Town, South Africa. The mixed mesophiles collected
from the stock culture contains the following microorganisms: Ferroplasma acidiphilum —
0.1%, Cuniculiplasma divulgatum — 3.5%, Archaea (JTC1/2 — Thermoplasmatales) — 3.9%,
Acidithiobacillus cupricumulans — 4.7%, Acidithiobacillus caldus — 32.2%, and predominantly
Leptospirillum ferriphilum — 55.5%. The microorganisms present were confirmed by a
quantitative Real-Time Polymerase Chain Reaction (qPCR) with species-specific primers
(or primer sets) (Ngoma, 2015). The microbial distribution of the stock culture is displayed
in Figure 3.1. The microorganisms were maintained in a 1 L batch stirred tank reactor at 35
°C and 550 rpm on a ferrous ion substrate supplied as 5 g/L of FeSO4.7H:0 of total iron.
Once the microorganisms reached their exponential phase (> 600 mV), they were
subcultured to ensure their continued viability. This was accomplished by withdrawing

100 mL of stock and replacing it with 100 mL of growth medium.

56

——
| —



m Leptospirillum ferriphilum
» Acidithiobacilluzs caldus

» Acidithiobacillus cupricumulans
Ferroplasma acidiphilum

® Archaea (JTC1/2 - Thermoplasmatales)

» Cuniculiplasma divulgatum

Figure 3.1: Microbial distribution of the stock culture

3.1.2 Growth media composition

The ferrous media contained 5 g/L of Fe?* (added as FeSO..7H:0), 5.55 g K:SOs, 9.15 g
(NH4)2S0s4, 2.65 g (NH4)2HPOs, and 50 mL of Vishniac trace element solution (Vishniac and
Santer, 1957) (Appendix A). The trace element solution contained 50 g/L EDTA
(C10H1sN2Na20s.2H20, M = 372.24 g/mol), which was dissolved in 200 mL of 6% (w/v) KOH
solution (Chowdhury, 2012). In a separate container, the following chemicals were added
in succession: 22 g ZnSO+.7H20, 9.24 g CaCl2.2H20, 5.06 g MnCl2.4H-0, 5.0 g FeSO4.7H-0,
1.1 g (NH4)eM07024.4H20, 1.58 g CuSO4.5H20, 1.62 g CoCl2.6H20, and thereafter dissolved
in 400 mL distilled H2O. The EDTA solution was added after the contents were fully
dissolved. Following that, the Vishniac solution was added and diluted to 1 L with distilled
H-O (Chowdhury, 2012). Afterwards, the pH of the growth medium was adjusted to the
desired value (0.9 < pH < 1.3) using concentrated H2504(98%). This is detailed in Appendix
A. There was no attempt to keep sterile conditions. The resultant solution was refrigerated
to prevent ferrous ion oxidation. All studies were conducted using reagents of analytical

grade.
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3.2 Experimental methodology

3.2.1 Experimental rig

A schematic diagram of the experimental rig for the batch culture experiments is depicted
in Figure 3.2. It was fabricated of borosilicate jacket glass and featured a lid with four
openings, each for the condenser, blade agitator, air sparger, and sample point. The
bioreactor had a 1 L working volume (Table 3.1). An SMC water-bath was connected to the
reactor to maintain the desired temperature of the reactor by circulating water through the
bioreactor jacket. Agitation and gas dispersion was attained using an inclined (60°) three-
blade turbine impeller operated at 550 rpm which was placed a little distance from the
basement of the reactor. Air was delivered from the laboratory via an outlet line and
regulated at a flow rate of 3 mL/s using a Dwyer bubble airflow meter (Rotameter).
Evaporation was decreased by connecting a condenser to a refrigerator (Julabo, FL300) set
at 7 °C. The redox potential and pH of the reactor were determined using a CRISON GLP
21 redox and pH meters that were readily available in the laboratory. The typical

experimental set-up is shown in Figure 3.3.

Motor
C'on]pressed air Smnphng pon = @ COﬂdellSCr “"ith
y circulated
£ > & cooling solution
Lead to cover reactor
Rotameter s
B Baffles : =
Water bath @ 35°C
Impeller [
Sparger

Figure 3.2: Schematic representation of the stirred tank reactor
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Table 3.1: Stirred tank reactor specifications

Parameter Specification

Total volume 1300 mL

Working volume 1000 mL

Total height 200 mm

Vessel diameter 100 mm

Impeller design Axial 3 pitched blade propeller
Impeller diameter 57 mm

Impeller clearance 10 mm

CONTINUOUS ExPEmME
EASE KEEP OFF |

XPERIMENT
PLEASE KEEP OFF

414 Box

To

Figure 3.3: Stirred tank experimental set-up for ferrous ion bio-oxidation

3.2.2 Experimental study on the effect of initial pH on iron precipitate formation

Strictly speaking, for copper solubility, industrial heap copper bioleaching is performed at
pH 2.0 or lower to maintain a high concentration of the principal bioleaching agent-Fe(III)
(Ruan et al,, 2011; Gentina and Acevedo, 2013). Thus, in this present study, batch
experiments on ferrous ion bio-oxidation experiments would be performed at initial pH

values of 1.7, 1.9, and 2.2 to generate iron precipitates.
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Batch culture studies with the mixed mesophiles were conducted in a CSTR bioreactor,
while the working temperature was maintained at 35 °C using a temperature-controlled
water bath. The cell suspension was agitated at 550 rpm while being aerated with dry air
at a flow rate of 3 mL/s. The bioreactor was allowed to run for 14 days, and pH and redox
potential measurements were taken daily. Three reactors were operated under identical
conditions, and the mean value was computed. To begin new experiments, 20% of the
inoculum (with redox potential > 600 mV) was mixed with 80% of the growth media. After
each experiment, the bioreactor was cleaned with concentrated HCl (32%), to ensure that
all the precipitates and any wall growth were completely removed. After that, the
bioreactor was rinsed with dilute H2SOs (50%) to eliminate the HCI, which is toxic to
bacteria. Finally, the pH in the reactor was neutralized by rinsing the bioreactor with
distilled H20. Every experiment was repeated three times to ensure that the results were

reproducible.

During the studies, the following assumptions were made:

> Effects of shear forces and hydrodynamic conditions were constant throughout the
experiments.
There was minimal cell loss due to adhesion to the reactor walls.

> There was a negligible temperature differential between different sets of

experiments.

3.3 Preparation of iron precipitate for analysis

After the completion of the experiment at the pre-defined time, iron precipitates were
collected by sedimentation, followed by Biichner filtration with a vacuum pump utilizing
Whatman polycarbonate filters. The precipitates on the filter paper were washed back into
the reactor with distilled H20. This was done to merge the filtered precipitates with those
adhering to the reactor wall. Following that, approximately 100 mL of 0.1 N H250: was
added to dissolve both the suspended precipitate and those on the wall. Additionally, the
precipitates clinging to the air sparger and impeller surfaces were removed. After allowing

the filtrate containing the cells and precipitate to settle, it was decanted, and the precipitate-
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containing part was filtered (Mabusela, 2017). The precipitates were dried to a constant
weight at 80 °C. Following the drying phase, the solids were gently crushed to a fine

powder using a porcelain mortar and pestle. The final product was then sent for analysis.

3.4 Characterization of iron precipitate

To have a good understanding of the nature of the precipitates, numerous techniques based
on different properties such as thermal stability, morphology, surface chemistry, elemental
composition, textural property, and crystalline structure were used to characterize the iron

precipitate produced in this study (Figure 3.4).

Thermal stability l Morphology

(TGA) \ / (SEM, TEM)

Iron precipitate
characterization

Textural property / T \ Surtace chemistry

(BET) (FTIR, XPS, pHrzc)

Figure 3.4: Iron precipitate characterization determined by various techniques

3.4.1 X-ray diffraction (XRD)

XRD analysis, in order to study the crystal structure, was performed to identify the
crystalline phases present in the precipitate samples under investigation, thus, revealing
the chemical information of the sample. Measurements were performed using a multi-
purpose X-ray diffractometer D8-Advance from BRUKER AXS (Germany), operated in a

continuous 0-0 scan in locked coupled mode with Cu-K« radiation (AKu1=1.5406A). The
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sample was mounted in the centre of the sample holder on a glass slide and leveled up to
the correct height. The measurements ran within a 20 range of 5 — 80° with a typical step
size of 0.034° in 20. The tube voltage and tube current were operated at 40 kV and 40 mA
respectively. A position-sensitive detector (PSD), LYNXEYE, was used to record diffraction
data at a typical speed of 0.5 sec/step, which was equivalent to an effective time of 92
sec/step for a scintillation counter. Data were background subtracted so that the phase
analysis was carried out for diffraction patterns with zero background after the selection of
a set of possible elements from the periodic table. Phases were identified from the match of
the calculated peaks with the measured ones until all phases were identified within the

limits of the resolution of the results.

The crystallite size of the iron precipitate which is the smallest, most likely single-crystal in
powder form, was measured by X-ray diffraction broadening. Scherrer’s equation was used

for the determination of the crystallite size as follows (Holzwarth and Gibson, 2011):

kA
pcosé

3.1)

where d is the crystallite size (nm) in the direction perpendicular to the lattice planes, k is
the crystallite-shape factor (0.9), A is the wavelength (0.15406 nm) of the X-rays; f is the
width (full-width at half-maximum intensity-FWHM) of the X-ray diffraction peak in

radians, and 0 is the Bragg angle (radians).

3.4.2 Fourier transform infrared (FTIR) spectroscopy

FTIR was employed for qualitative and quantitative analysis of the precipitate samples. It
helped to identify the functional groups present in the samples. Measurement of samples
was carried out with a universal attenuated total reflectance (UATR) Two PerkinElmer
spectrophotometer (Llantrisant, UK) and recorded over the range of 4000 and 400 cm™! in
ambient conditions. The crystal area of the instrument was cleaned with isopropanol before
analysis and background corrections were made. The samples were placed directly on the
crystal area of the diamond UATR top plate. The pressure arm was positioned over the

crystal-sample area, then locked into a precise position above the diamond crystal. A force
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was applied to the sample, pushing it onto the diamond surface. The sample was thereafter

scanned to obtain the spectrum.

3.4.3 Scanning electron microscope (SEM)/Energy-dispersive X-ray spectroscopy

(EDS)

SEM analysis was done to study the surface morphology of the precipitate samples. Images
were taken with the Tescan MIRA SEM. The equipment has an in-beam secondary electron
(SE) detector which is placed in the objective lens that allows imaging at very short working
distances for better resolution. A small amount of the sample was mounted on carbon glue
on a 12 mm aluminium SEM stub. The stubs were then carbon-coated in an evaporation
coater before being loaded into the SEM. The operating conditions are SEM high voltage
(HV) of 5.0 kV with different SEM magnifications (5, 10, 20, and 50 kx). Image], a Java-based

open-source software was used to process the SEM images for particle size measurement.

EDS was performed to provide the elemental composition of the precipitate samples. EDS
was done on the Nova NanoSEM at 20kV using an Oxford X-max 20mm? detector

(Oxfordshire, UK) and patterns were recorded using Oxford INCA software.

3.44 Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)

The textural properties (surface area, total pore volume, and pore size) of the precipitate
samples were determined using automated TriStar II 3020 (Micromeritics Corp.) surface
area and porosity analyzer equipment. The samples were degassed overnight under a
vacuum in an oven operated at 383 K to remove moisture before N2 adsorption-desorption
analysis at =195.8 °C bath temperature. MicroActive 5.02 software (TriStar II Version 2.00)
was employed to generate the BET surface area and the BJH pore distribution of the

samples.
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3.45 Thermogravimetric analysis (TGA)

TGA was used to study the thermal stability of the precipitate samples with the percentage
of weight loss at different phases of the sample decomposition. The TGA was carried out
using an SDT 650 simultaneous thermal analyzer (TA Instruments, Inc. USA). A sample
mass of 20 mg was introduced and measurement was performed at the process condition
of a dry airflow rate of 50 mL/min and a heating rate of 10 °C/min between 20 to 900 °C

temperature range.

3.4.6 X-ray photoelectron spectroscopy (XPS)

The XPS spectra of the precipitate samples were collected using a PHI Versaprobe 5000
Scanning ESCA Microprobe. A 100 pm diameter monochromatic Al Ka X-ray beam (hv =
1486.6 eV) generated by a 25 W, 15 kV electron beam at constant pass energy of 187 eV and
step width of 1 eV was used to analyze the different binding energy peaks. The spectra

were recorded in the range 0 — 1400 eV.

3.4.7 pH at point of zero charge (pHp) determination

The pHpz is the value at which the surface charge density equals zero. The experiments
were carried out using the salt addition method (Bakatula et al., 2018). In different 250 mL
Erlenmeyer flasks, 40 mL of 0.1 M NaNO:s solutions were prepared, with initial pH (pH:)
readings adjusted to an initial pH range between 2 — 11 (0.1 pH unit), using either 0.1 N
NaOH or 0.1 N HNOs. Samples of 0.2 g were then added to the flasks and were shaken at
150 rpm and 303 K for 24 h. On completion, the suspensions were centrifuged, and the final
pH (pHy) measurement of the supernatants was determined. The pHpz. was determined
from the plot of ApH (= pHy — pHi) versus pH: values. The pHi at which ApH is zero was
taken to be the PZC.
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3.5 Batch adsorption studies

The variations in ore composition across habitats differ due to the diversity of geological
and environmental conditions of the source of location. This was the case as presented in
Table 2.5 of Chapter 2. Thus, in this study different initial concentrations of copper would

be investigated for the adsorption studies.

The retention capacity of iron precipitate was tested with Cu(II) ions. Stock solutions of
1000 mg/L of Cu(Il) were prepared by dissolving predefined quantities of CuSO4.5H-0 in
Milli-Q ultrapure water with a resistivity > 18 MQ cm. The initial concentration range (150—
500 mg/L) was further prepared from the stock solutions by dilution. Solution pH was
adjusted with 0.1 N NaOH or 0.1 N HCl to give desired values. Laboratory experimental
runs were performed in several 250-mL Erlenmeyer flasks, which were placed inside a
thermostatic temperature-controlled shaker until equilibrium was attained. A working
solution of 50 mL Cu(Il) at the studied initial concentrations (150, 300, 400, and 500 mg/L),
contact time (5, 10, 15, 20, 40, 60, and 120 min), and sorption temperature (30, 40, 45, 50, and
55 °C) were all investigated at pH 5, 150 rpm mixing speed and 1 g adsorbent dosage. All

chemicals employed were of analytical reagent grade.

3.5.1 Analysis of solution

After equilibrium time, suspensions were passed through a 0.45 ym syringe filter. The
concentrations of Cu(ll) were carried out calorimetrically on a CE 2021 UV/VIS
spectrophotometer (2000 series). The percentage removal of Cu(Il) (%Rcx) in solution was

estimated below:

%R, = -G,

x100 (3.2)
where Ci denotes initial Cu(Il) concentration (mg/L) and C. represents equilibrium Cu(II)
concentration (mg/L) in solution. The amount of Cu(Il) adsorbed onto iron precipitate

powder at equilibrium, g. (mg/g), was determined below:
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_ (CI — Ce)v

(3.3)
m

e

where m (g) is the mass of dried iron precipitate residue and V' (L) is the working solution
volume. For the validity of data results, adsorption experiments were performed three

times and mean values were recorded.

3.6 Adsorption kinetics

An adsorption kinetics investigation was performed to evaluate the contact time needed to
reach equilibrium. For the adsorption kinetic study, 1 g adsorbent was added to 50 mL
working solutions of initial Cu(II) concentrations (150, 300, 400, and 500 mg/L) at contact
times (5, 10, 15, 20, 40, 60, and 120 min), at process condition of 30 °C temperature, 150 rpm
stirring speed and pH 5. Pseudo-first-order, pseudo-second-order, and Elovich models
were appraised for the process kinetic studies. These models were described in Section 2.9.1

of Chapter 2.

3.7 Adsorption isotherms

Adsorption isotherms are useful in explaining the interaction between the adsorbate and
the adsorbent, and in defining optimal adsorbent application (Oladipo et al., 2021b). The
adsorption isotherms were examined with the Langmuir and Freundlich models for initial
Cu(II) concentrations (150, 300, 400, and 500 mg/L) and temperatures (30, 40, 45, 50, and 55
°C) using 1 g iron precipitate powder in a 50 mL working solutions of Cu(Il) at 60 min
contact time, 150 rpm shaking speed and pH 5. The models employed were described in
Section 2.9.2 of Chapter 2.

3.8 Activation energy and adsorption thermodynamics

Adsorption thermodynamic experiments were conducted under the same process
conditions for the adsorption isotherm study. Thermodynamic parameters, namely
standard enthalpy change (AH®), standard entropy change (AS°), and free energy change
(AG®) were all studied. The equations used for estimating the activation energy and

adsorption thermodynamics were described in Sections 2.9.3 and 2.9.4 of Chapter 2.
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The goodness of fit of the applied models to experimental data was checked by the
coefficient of determination (R?). Microsoft Excel and OriginPro 2018 (OriginLab Corp.,

Northampton, MA) graphing software were used to plot and analyse the data generated.

The general approach of the research methodology in the thesis is summarised in Figure

3.5.
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CHAPTER FOUR

INFLUENCE OF INITIAL SOLUTION pH
ON IRON PRECIPITATION DURING
FERROUS ION BIO-OXIDATION

“The greatest threat to our planet is the belief that someone else will save it.” — Robert Swan

—
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CHAPTER 4: INFLUENCE OF INITIAL SOLUTION pH ON IRON
PRECIPITATION DURING FERROUS ION BIO-OXIDATION

4.1 Introduction

Mineral sulfides, such as chalcopyrite ore, require an oxidizing agent for dissolution, and
adequate concentrations of ferric ion are typically used for this purpose. Bio-oxidation of
ferrous ion produces precipitated ferric ion, which is pH and solution-chemistry-
dependent (Kaksonen et al., 2019). High concentrations of ferric ions generate various forms
of precipitate on the surface of ore particles which reduces the accessibility of the leaching
agent and bacteria cells to the mineral surfaces (Nazari et al., 2014). In the bioleaching
process, oxidation of ferrous ions results in precipitates containing schwertmannite,
ferrihydrite, and various forms of jarosite minerals, which may reduce bioleaching
efficiency due to their ability to entrap desired metals. Thus, the management of iron

precipitates during operation is important.

Studies aimed at quantifying iron precipitates have been undertaken over the last decades
(Daoud and Karamanev, 2006; Mousavi et al., 2006; Sasaki et al., 2006; Liu et al., 2009).
Nonetheless, these investigations were performed in shake flasks that do not accurately
represent typical heap operations. The findings of these investigations are not relevant on
an industrial scale, where reactor volumes range between 440x10° and 21.6x10° L with
operations that can last up to a year (Rawlings et al., 2003; Watling et al., 2009). It has been
reported that the parameters affecting microbial oxidation of ferrous ions would have a
direct effect on ferric ion precipitation, among which factors is reactor configuration
(Daoud and Karamanev, 2006; Mabusela, 2017). Notably, heaps and stirred tank reactors
are two distinct techniques primarily used in bioleaching and bio-oxidation (Tao and
Dongwei, 2014), thus, quantification of iron precipitate in systems such as a CSTR is

necessary.

Microorganisms are widely used as biocatalysts during microbial oxidation of ferrous ions

(Mazuelos et al., 2010; Mabusela, 2017). It is worth noting that most of the quantification
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experiments used Acidithiobacillus ferrooxidans to mediate the process. However, the high
ferric-ferrous ion ratio present in bio-oxidation tanks inhibits A. ferrooxidans (Meruane and
Vargas, 2003). Thus, it is necessary to investigate the characteristic of another oxidizing
microbe. Leptospirillum ferriphilum is a gram-negative, mesophilic, thermotolerant (up to 45
°C) ferrous ion oxidizer. It uses ferrous ions as its sole electron donor and oxygen as its
electron acceptor. L. ferriphilum is less inhibitory to ferric ions and has a kinetic advantage
over A. ferrooxidans due to its prevalence in stirred bioreactor operations. In fact, it has been
reported that optimum leaching efficiency is obtained at lower substrate concentrations for
an L. ferriphilum mediated process than for A. ferrooxidans (Coram and Rawlings, 2002; Gao
et al., 2007; Kaksonen et al., 2014a). L. ferriphilum has risen in importance and is now
routinely employed to study the kinetics of ferrous ion oxidation (Nurmi et al., 2009; Ojumu
et al., 2009; Penev and Karamanev, 2010; Ojumu and Petersen, 2011; Mabusela, 2017).
Therefore, quantification studies using L. ferriphilum as a biocatalyst in a CSTR are of great

interest.

4.2 Objective

This chapter discusses the quantification of iron precipitate generated during bio-oxidation
of ferrous ion in a CSTR mediated by mesophilic culture dominated by L. ferriphilum as a
function of pH (1.7 — 2.2) and process time (14 days). The goal of this part of the study was
to understand how initial pH and time influenced the amount of iron precipitate produced
during bio-oxidation, and thus provide insight into the management of greater scales
encountered in biohydrometallurgical processes. It is important to state that this part of the
study was very significant because it would provide the precipitate required to carry out

further studies in this thesis.

4.3 Methodology

The experimental design, quantification, and analysis of data were described in detail in

Sections 3.1 and 3.2 of Chapter 3.

70

——
| —



44 Results and discussion

4.4.1 Variations in the redox potential with time

The time-dependent variations of the redox potential at the initial pH values investigated
are illustrated in Figure 4.1. The changes in the redox potential were directly related to the
bio-oxidation of ferrous ions and reflected the relative concentrations of ferrous and ferric
ions present at different times (Smith and Johnson, 2018). Given that increase in redox
potential is associated with an increase in ferrous oxidation (Ojumu and Petersen, 2011),
the pH values examined in this study resulted in high oxidation rates as well as high ferric
ion production rates. Thus, iron precipitation is dependent on the redox potential of the
solution and accelerates when it exceeds a critical point, around 450 mV. This is due to the
tendency of Fe*/Fe? solutions to reach a state of chemical equilibrium in which the
activities of both ions are equal (Coérdoba et al., 2008b). Additionally, at the investigated
initial pH values, maximum oxidation occurred in less than 4 days. In all the pH values
studied, ferrous ion was oxidized rapidly and the redox potential values increased to > 650

mV and remained as such for the duration of the experiment.
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Figure 4.1: Time-dependent variations of redox potential at the studied initial pH values
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4.4.2 Variations in the pH values with time

The changes in solution pH over time for the initial solution pH values are illustrated in
Figure 4.2. The typical pattern observed is an increase in the pH of the solution followed
by a decrease in pH. The increase in pH is caused by the consumption of hydronium ions
during ferrous ion oxidation, whereas the decrease is due to ferric ion precipitation, which
causes the release of hydronium ions. The sharp decrease in pH 1.7 on the 5th day is
probably a result of a high amount of precipitated iron on the day. Similar to the changes
in the redox potential, the increase in solution pH can be correlated with the extent of
ferrous ion oxidation, since it is the only reaction responsible for the increase in solution
pH (Qiu et al., 2005). Due to the fact that a high concentration of ferric ion is required to
cause a decrease in solution pH (Jin et al., 2013), it can be affirmed that at the studied initial
pH values, ferrous ion was almost completely oxidized on day 2, leaving the medium rich

in ferric ion.

1.8 4
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Figure 4.2: Variation of solution pH with time during ferrous ion bio-oxidation
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4.4.3 Effect of initial solution pH on the amount of iron precipitate

The mass of iron precipitate formed as a function of the initial pH values after 14 days of
operation is depicted in Figure 4.3. The results indicate that the mass of iron precipitate
increased with an increase in the initial solution pH. This observation corroborates with
previous studies (Daoud and Karamanev, 2006; Liu et al., 2009, Wanjiya et al., 2015;
Mabusela, 2017). At an initial pH of 1.7, the lowest amount of iron precipitate (7.34 g) was
obtained, followed by 9.62 g generated at the initial pH of 1.9, and finally, the initial pH of

2.2 produced the largest amount of iron precipitate (11.49 g).
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Figure 4.3: Mass of iron precipitate obtained at the studied initial pH values

The amount of iron precipitated at the pH values investigated correspond to high redox
potential values that are within the threshold range for significant precipitation (Cérdoba
et al., 2008b). Based on this, it is hypothesized that the amount of iron precipitated is
proportional to the time allowed for a solution medium rich in ferric ions to continue when
the redox potential remains within critical levels. According to Figure 4.2, the decrease in

solution pH as the bio-oxidation progresses was ascribed to the ensuing precipitation of
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ferric ions. From Figures 4.2 and 4.3, it is possible to deduce that the intensity of the

reducing pH gradient was proportional to the amount of iron precipitated.

This study obtained a higher amount of iron precipitate than most of the previous

investigations (Table 4.1).

Table 4.1: Comparison of literature studies in relation with precipitate formation during ferrous

ion bio-oxidation

Bacteria Reactor Experimental Precipitate References
employed type conditions amount
Thiobacillus Packed-bed 23°C, pH 1.35 0.24 g after Grishin et al.
ferrooxidans reactor 1 month (1988)
Acidithiobacillus Erlenmeyer 260 rpm, 35 °C, 0.17 g after Daoud and
ferrooxidans flask pH 2.0 46 h Karamanev
(2006)
Acidithiobacillus Erlenmeyer 180 rpm, 30 °C, 2.64 g after Liu et al.
ferrooxidans flask pH 2.0 46 h (2007)
Thiobacillus Erlenmeyer 110 rpm, 28 °C, ~13.00 g Liu et al.
ferrooxidans flask pH 1.99 after 7 days (2009)
Acidithiobacillus Packed- 38.6 °C, 20 7.08 g after Wanjiya et
ferrooxidans column mL/s, 0.05 h-, 10 days al. (2015)
bioreactor pH 1.7
Leptospirillum Continuous 350 — 400 rpm, 13.26 g after Mabusela
ferriphilum stirred tank 35 °C, pH 2.0 14 days (2017)
reactor
Leptospirillum Continuous 550 rpm, 35 °C, 11.49 g after This study
ferriphilum stirred tank pH?22 14 days

reactor

For example, in the work of Daoud and Karamanev (2006), it was reported that no iron

precipitate formation was observed at pH 1.6. The most likely explanation for this is that
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their study was conducted over a short period and smaller working volume, which is quite
typical of most literature studies. In addition to this, A. ferrooxidans used by the authors is
not as effective as a biocatalyst when compared with L. ferriphilum employed in this present
study. This is probably because L. ferriphilum has higher affinity for ferrous ions and is more
tolerant to high ferric ions (Petersen and Ojumu, 2007; Johnson, 2009). In a very strong
oxidizing condition such as in high redox potentials (> 650 mV), Leptospirillum spp. are
known to be significantly more efficient iron oxidizers than A. ferrooxidans (Johnson,
2009). Another key factor could be the temperature and pH of the operating environment.
L. ferriphilum is more tolerant of lower pH and higher cultivation temperature than A.
ferrooxidans (Rawlings, 2002; 2005), which explains why it is more important in stirred tank
operations, which typically operate at 40 °C. Elsewhere, it was reported that a significant
iron loss was reported at pH 1.3 in a process mediated by L. ferriphilum (Ojumu and

Petersen, 2011). Figure 4.4 shows the precipitate obtained in this study.

Figure 4.4: (a) Sample of the iron precipitate obtained after filtration and drying processes,
(b) iron precipitate powder, and (c) traces of precipitate present in bioreactor

However, substantial precipitation occurred on the fifth and eighth days of operation,
when the highest redox potential fluctuated between 403 and 624 mV. This range

corresponds with the exponential phase of the microorganism. This indicates that to avoid
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the accumulation of iron precipitate in batch systems operating for an extended period, the
redox potential should be either above or below the critical levels. If this could be possible,

the difficulty associated with iron precipitation management might be alleviated.

4.5 Conclusions

This chapter aimed to quantify iron precipitate generated as a result of initial solution pH
and reaction time. The findings indicate that the amount of iron precipitate increased with
an increase in the initial solution pH. The mass of precipitated iron in this study exceeded
the amount documented in previous studies. This is due to the large reactor capacity
utilized in this study and the bacteria strain employed, which was less susceptible to high
concentrations of ferric ions than other microorganisms. The findings of this study will aid
in estimating the quantity and in the minimization of iron precipitate on an industrial level

where processes span for days, months, and even years.
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CHAPTER FIVE

EFFECT OF INITIAL SOLUTION pH ON
THE SURFACE PROPERTIES OF
BIOGENIC JAROSITE FORMED FROM
THE BIO-OXIDATION OF FERROUS ION
IN A CSTR BY Leptospirillum ferriphilum

“The optimal use of natural resources can be made only if there is a well-thought-out policy
framework for their exploitation towards a particular end-use.” — Kapil Sibal

(7]



CHAPTER 5: EFFECT OF INITIAL SOLUTION pH ON THE SURFACE
PROPERTIES OF JAROSITE FORMED FROM THE MICROBIAL OXIDATION
OF FERROUS ION

5.1 Introduction

During bio-oxidation of ferrous ion, ferric precipitate is formed and ferric ion solubility has
been reported to be solution pH dependent (Drouet and Navrotsky, 2003; Gramp et al.,
2008; Mabusela and Ojumu, 2017; Kaksonen et al., 2019). pH is a critical operating
parameter since it has a substantial effect on the chemical reactions occurring in solution,
particularly in the formation of iron precipitates. Studies have demonstrated the recovery
of a significant quantity of metal trapped in some iron precipitate minerals, which may
reduce the overall extraction efficiency of a typical bioleach operation (Ju et al., 2011; Liu et
al., 2017; Wang et al., 2018). Thus, the mobility of desired metal ions in the bioleaching
system is limited by the nature of the iron precipitate formed on the surface of the mineral
ore as the bioleach operation proceeds. This necessitates further research into the surface

characteristics of biogenic iron precipitates.

5.2 Objective

The main goal of the study in this chapter is to investigate the surface properties of biogenic
iron precipitate produced from the mixed mesophile mediated oxidation of ferrous ion
under different initial solution pH in a CSTR. The biogenic precipitates were characterized
using surface-specific analytical techniques, namely XRD, SEM/EDS, FTIR, XPS, TGA, and
BET. The results of this study may provide more insight into understanding the retention
of metal ions onto iron precipitates in hydrometallurgical and bio-hydrometallurgical
processes. The information obtained from this present chapter may be applicable in the

design and implementation of iron bio-oxidation for minimal iron precipitate formation.
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5.3 Methodology

The biogenic iron precipitate was obtained from the experiments carried out in Chapter 4.
The characterization procedures used in this study have been previously described in
Section 3.3 and 3.4 of Chapter 3. In this thesis, the precipitate samples synthesized at the
investigated solution pH values of 1.7, 1.9, and 2.2 are code-named Jar-1.7, Jar-1.9, and Jar-

2.2 respectively.

5.4 Results and discussion

5.4.1 XRD analysis

The XRD patterns of the iron precipitate are illustrated in Figure 5.1. The patterns matched
the International Centre for Diffraction Data (ICDD) indexed to potassium jarosite (K-
jarosite), KFes3(SOs)2(OH)s (PDF: 22-0827 and 71-1777) with (113) being the favoured
orientation. A comparison of all the XRD patterns revealed that, regardless of the increase
in pH in this study, all the diffraction peaks were of similar structure, suggesting that an
increase in pH does not probably affect the strain of the crystal visibly, which may have
influenced the stability of their crystallinity. All the jarosite samples exhibited the
rhombohedral structure that belongs to the space group of R3m. The lattice parameters
obtained are shown in Table 5.1. With an increase in the influent solution pH, a slight
increase in peak intensity was observed. In addition, a slight decrease in the unit cell
parameters (2 and c) of the jarosites was also observed as the pH increased from 1.7 to 2.2.
The crystallinity of the biogenic jarosites was well-defined and there was no other detection
of poorly crystalline or crystalline phases (such as hematite, goethite, etc) associated with
jarosite forms or products related to precursor residues. Thus, it demonstrates that solid
precipitates of potassium jarosites were produced. The crystal size reflects growth
conditions and determines the surface area which in turn, is important for all types of
surface reactions. The average crystallite sizes were calculated using Scherrer’s equation
(Equation 3.1) (Holzwarth and Gibson, 2011) and were found to be 8.68, 8.42, and 8.08 nm
for pH 1.7, 1.9, and 2.2 respectively (Table 5.1). A decrease in the average crystallite size as

the influent solution pH increased was observed. This is likely because, at higher pH, the
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presence of OH- ions is less dominant than SO3™ ions in the jarosite structure owing to its
smaller ionic radius (rog- = 0.119 nm < rggz- = 0.244 nm) (Shannon, 1974). This may be
attributed to having facilitated the decrease in crystallite size. The decrease in lattice
parameters and the crystallite sizes as the synthesis pH values increased observed in this
study corroborates well with the recent findings of Herndndez-Lazcano et al. (2021). During
the precipitation process, smaller crystallites came closer and grew larger due to kinetics.
Thus, the pH of the solution influenced the crystallite size, which depends on the nucleation

and growth kinetics during iron precipitation.
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Figure 5.1: XRD patterns of biogenic potassium jarosites
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Table 5.1: Crystallite size and lattice parameters of biogenic jarosite synthesized at different pH

values
Jarosite sample Average crystallite size (nm) a=b (A)* ¢ (A)
Jar-1.7 8.68 7.32 17.22
Jar-1.9 8.42 7.29 17.16
Jar-2.2 8.08 7.29 17.16

*a=b trigonal (hexagonal) lattice

5.4.2 SEM analysis

There exists a similar but evident variation in the surface morphology (external shape) of
the jarosite crystal formed, as shown in Figure 5.2(a—c). All the jarosites formed are dense
light ochreous yellow residues. The morphologies are typical of K-jarosite, composed of
aggregates of round, elliptical and/or tabular, and granular particles, with no pronounced
sharp edges. The well-defined crystallinity of the tabular and round shapes observed could
be attributed to the presence of large cell concentrations (Sasaki et al., 2006) used in the
study. To further explain the morphology, the pH of the prepared solution (inoculum and
growth medium) was acidic, and as the pH of the solution was raised by adding a strong
concentration of base (NaOH); mainly K* and OH- ions were liberated, increasing the
solubility of the solution. These OH- ions are located on the facets of the produced nuclei
(Basciano and Peterson, 2008; Hernandez-Lazcano et al., 2021). Subsequently, OH- ions
inhibit development and agglomeration, resulting in some elliptical and/or tabular
particles of the produced jarosite at all pH values tested, which are well pronounced at pH
2.2. It is worth noting that some voids emerged on the surface of the particles, which could
be a result of the melting of hydroxysulfates after electron beam interaction (Jiménez et al.,
2019). However, the poor crystallinity of some crust-like small/tiny particles was observed
as clusters on the surface of the individual particle, especially on precipitate formed at pH
1.7. This might have been a result of slow precipitation time and some smaller
concentration of the cell numbers, which may have led to the unripened crystal units
(Sasaki and Konno, 2000; Kaksonen et al., 2014a). The proportion of poorly crystallized

particles decreased with increasing solution pH, thus, enhancing the formation of distinct
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particles. It has been observed that the morphology of jarosite is impacted by the type of
the monovalent cation and/or the rate of Fe* supply (Sasaki and Konno, 2000).
Interestingly, it should be noted that even though NaOH was used to control pH values in
this study, Na-jarosite was not formed during the microbial synthesis. The preferential
precipitation of K-jarosite over other types of monovalent jarosites could be attributed to
its thermodynamic stability (K* > Na* ~ HsO* > NH{) and ionic radius (rg+ = 1.64 A > ry,+ =
1.39 A) (Gaboreau and Vieillard, 2004; Sasaki et al., 2006; Aguilar-Carrillo et al., 2018). In
conclusion, it can be said that changes in surrounding pH had a significant role in the
nucleation and development of jarosite crystallites, which determined the final

morphology of the precipitate. Thus, the surface morphology was pH dependent.

Particle size analysis provides information on the size distribution of particles. The size
distribution of the precipitated particles obtained at different initial pH values is shown in
Figure 5.2(d—f). The average particle size decreased as the pH of the influent solution
increased. For the initial solution pH of 1.7, 1.9, and 2.2, the average particle size
distribution was 726.83 + 43.13, 641.84 + 37.17, and 597.76 + 28.95 nm respectively. The
observation of an increase in pH leading to a decrease in particle size has also been reported
elsewhere (Mabusela and Ojumu, 2017; Herndndez-Lazcano et al., 2021). The obtained
particle size fell within the values reported in a recent study. In a study by Herndndez-
Lazcano et al. (2021) on the effect of pH and aging time on jarosite synthesis in the chemical
oxidation of ferrous ion, a particle size range of ~1000 — 200 nm was observed between 0 —
7 days aging time, for jarosite synthesized at pH 2.1. In this present study, the distribution
of particles at pH 2.2 revealed the formation of distinct smaller particles whereas
precipitates generated at pH 1.7 showed the formation of large particles. The smaller
particles formed at pH 2.2 are attributed to rapid precipitation while the large particles
formed at pH 1.7 are attributed to the relatively slow precipitation reaction rates. The
particle size distribution of jarosite has been reported to be affected by the rate of
crystallization (Sasaki and Konno, 2000) and the level of agglomeration (Kaksonen et al.,
2014a). The effect of crystallization was visible from SEM results in Figure 5.2(a—c).
Crystallization became more significant with an increase in initial solution pH as evidenced

by the well-developed crystals formed at pH 2.2. By comparing SEM particle sizes to XRD

82

——
| —



crystallite sizes, it is evident that the particles identified in SEM were made up of smaller

crystallites. Therefore, the initial pH value could be used to obtain the desired particle size

distribution range.
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(F) Jar-1.7 Mean Diameter = 726.83 £ 43.13 nm
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Figure 5.2: SEM images (a—) and corresponding particle size distribution (d—f) of biogenic

potassium jarosite formed at different pH values

5.4.3 EDS analysis

EDS was employed to identify the elemental composition and specific cations of the
jarosite. The results are presented in Figure 5.3(a—c) and Table 5.2. The signals of iron,
sulfur, oxygen, and potassium pronounced in K-jarosite were also found on the EDS
spectra. The appearance of the P element was further confirmed, which shows that
phosphate may be integrated into the structure of jarosite (Table 5.2). It has previously been
reported that phosphate is frequently chemisorbed to the surfaces of Fe minerals,
particularly at pH values where the surface functional groups are positively charged
(Bigham et al., 2010). At pH 2.2, the Fe/S molar ratio of 1.42 obtained in this present study
is closer to the Fe/S standard stoichiometric ratio of 1.5 for K-jarosite, than the Fe/S molar
ratios of 1.35 and 1.04 obtained at pH 1.9 and pH 1.7 respectively. This result also
demonstrated that there may be a direct relationship between an increase in initial pH and
Fe/S ratio. According to the EDS results, a trend was observed with regard to the increase
in both the total content of Fe, S, and K, and the Fe/S molar ratio as the synthesis influent

pH increased. However, the extent to which this tendency relates to K-jarosite is unknown.
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Figure 5.3: Figure 5.4: EDS spectra of biogenic potassium jarosite formed at different pH values

Table 5.2: Elemental weight composition (F, S, and K) and ratios in biogenic potassium jarosite

Elemental composition (%) Molar ratio
Jarosite F S K Fe/S Fe/K S/K
Jar-1.7 11.21 6.21 2.73 1.04 2.88 2.78
Jar-1.9 14.94 6.34 2.86 1.35 3.66 2.71
Jar-2.2 16.45 6.63 293 1.42 3.94 2.76

5.44 XPS analysis

To validate the chemical composition and surface species of the produced biogenic K-
jarosite, the samples were further studied via the XPS analysis. The wide survey scan of the
XPS spectra is shown in Figure 5.4a. It can be seen that the major presence of iron, sulfur,
and oxygen are revealed which are peculiar to jarosite. According to the high-resolution
XPS spectra, the peaks at binding energies of 531.40 eV (pH 1.7), 531.47 eV (pH 1.9), and
531.55 eV (pH 2.2) observed in the spectra of O 1s (Figure 5.4b) indicate the elemental
oxygen of the hydroxides (Dupin et al., 2000) present in the crystalline network of jarosite.
In the Fe 2p spectra (Figure 5.4c), two doublets, i.e., Fe 2p,/, and Fe 2p;z/,, (of an

approximate area ratio of 2:1) were observed with a spin-orbit splitting energy of 13.19 eV
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(pH 1.7), 13.45 eV (pH 1.9), and 13.39 eV (pH 2.2). The peaks of the Fe 2p;/, is the most
intense peak of the Fe 2p doublet, thus revealing peaks at 711.29 eV (pH 1.7), 711.03 eV (pH
1.9), and 710.78 eV (pH 2.2), which are all assigned to the binding energy of the Fe(III)-O
chemical state. This further confirmed Fe(III) bulk presence in the biogenic jarosite (Wang
et al., 2014; Deng et al., 2020). While in the spectra of S 2p (Figure 5.4d), the appearance of
two doublets was also observed for the K-jarosite. The peaks with intense signals at 168.87
eV (pH 1.7), 168.76 eV (pH 1.9), and 168.72 eV (pH 2.2) are all attributed to the presence of
sulfate ion (SO3™) (Fantauzzi et al., 2015; Deng et al., 2020). The characteristic peaks in the S
2p spectra with lower energies of 162.25 eV (pH 1.7), 162.74 eV (pH 1.9), and 162.85 eV (pH
2.2) are all attributed to contributions from polysulfide (S?7) in the jarosite samples
(Fantauzzi et al., 2015; Zhang et al., 2021b). The peaks at binding energies of 133.46 eV (pH
1.7),133.58 eV (pH 1.9), and 133.61 eV (pH 2.2) identified in the spectra of P 2p (Figure 5.4e)
are indicative of the presence of phosphate ion (PO3~) (Siow et al., 2018). The high-
resolution XPS spectra of K 2p are also depicted in Figure 5.4f. The slight shifts in the
binding energies and intensities can be attributed to changes in the oxidation states of the
elements present in the jarosite (Rao et al., 1980). The higher binding energies correspond
to higher oxidation states. Table 5.3 summarises the binding energies and their

corresponding chemical state.

—— Jar 17 -
— Jar19 o) (a) —lar-1.7 (b)
—Jar-2.2
&
— o -
° o 3
g @
2 >
= £
8 5
= =
v T v T v T v T v T v T v T T 1 T
1400 1200 1000 800 600 400 200 0 540 535 530 525
Binding energy (eV) Binding energy (eV)
(]



—Jar-17 —lar-1.7

—Jar-19 (©) Y (d)

—Jar-22 —ar-2.2

Fe2p S2p
5 E
& &
2 2
® @
[ c
2 2
= £
I i I M I i I i I i I i I T T T T
735 730 725 720 715 710 705 175 170 165 160
Binding energy (eV) Binding energy (eV)
—Jar-1.7 —lar-1.7
(e) —Jar19 ()
—Jar22
K2p
3 3
= £
2 2
@ @
c c
L L
= £
I I I I I I I I
145 140 135 130 125 305 300 295 290
Binding energy (eV) Binding energy (eV)

Figure 5.4: (a) XPS survey spectra of biogenic potassium jarosite at different influent solution pH;
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Table 5.3: Binding energies (eV) of element lines of biogenic jarosite formed at different solution pH

values
Element line Binding energy (eV) Chemical state (group)
Jar-1.7 Jar-1.9 Jar-2.2
O1s 531.40 531.47 531.55 OH™ (hydroxide)
P2p 133.46 133.58 133.61 P03~ (phosphate)
Fe 2p3/, 711.29 711.03 710.78 Fe(III)-O
S 2p3/, (D) 162.25 162.74 162.85 S2~ (polysulfide)
S 2p3,, (IT) 168.87 168.76 168.72 S0Z~ (sulfate)

Diffusive processes can also induce a shift in intensity since the depth distribution of the
atoms affects the intensity (Wiltner and Linsmeier, 2008). An increase in intensity was
observed when the atoms diffused towards the surface and a decrease in intensity was
observed when the atoms diffused towards the bulk, which could all be linked to the

changes in the investigated influent solution pH values.

5.4.5 FTIR analysis

FTIR spectra obtained to identify the functional groups of the biogenic jarosite are
illustrated in Figure 5.5. The peak positions in the spectra are nearly the same. The v, v,
and v, of sulfate (S037) modes are indicated, where v; and v; are the stretching modes,
while v, is the bending mode. The bands identified between 3362 — 3369 cm™ for the spectra
are ascribed to vOH stretching vibrational mode in jarosite originating from water and
hydroxyl groups (Sasaki et al., 1998; Aguilar-Carrillo et al., 2018). Bands detected between
1624 — 1637 cm™ could be attributed to the d(H20), water-bending vibrations. The bands
present in the region 1189 — 1196 cm™ and 1077 — 1080 cm could be linked to the v3(S037)
stretching vibration (Bishop and Murad, 2005). Specifically, the bands near ~1100 cm™ are
cation sensitive. The bands observed at 1077 — 1080 cm™ in this study are in strong
agreement with the reports of Spratt et al. (2013) and Aguilar-Carrillo et al. (2018) for K-
jarosite. Identification of strong bands located in the region of 997 — 1000 cm™ is on account

of the stretching vibrational modes of v;(S0%~) and OH deformation (don) (Aguilar-Carrillo
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et al., 2018). The sharp bands identified at 629 cm™ showed the bending vibrational mode
of v,(S0%7) in jarosite-group. The bands at lower energies found between 470 — 506 cm™ on
the spectra are attributed to the Fe—O lattice stretching vibrational mode of FeOs octahedral
component in jarosite crystal (Breitinger et al., 1997; Aguilar-Carrillo et al., 2018). It should
be noted that v,(S0%™), which is a bending vibrational mode, was not observed, most likely
owing to its overlap with other neighbouring high absorption modes (Zhu et al., 2013). A

summary of the absorption peaks detected in the FT-IR spectra is given in Table 5.4.
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Figure 5.5: FTIR spectra of biogenic potassium jarosite
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Table 5.4: Infrared bands of biogenic jarosite formed at different solution pH values

Wave numbers (cm™) Functional group Mode of vibration

Jar-1.7 Jar-1.9 Jar-2.2

3362 3365 3369 vOH stretching

1624 1624 1637 O(H=0) bending

1189 1189 1196 v3(S0%7) stretching

1077 1080 1080 v3(S0%") stretching

997 1000 998 v1(S0%7), don stretching

629 629 629 1,(S037) bending

505 506 503 Fe-O stretching

470 471 471 Fe-O stretching

5.4.6 TGA analysis

The thermal stability of the biogenic K-jarosites was tested by the TGA technique. The TGA
and the first derivative thermogravimetry analysis (DTA) curves are depicted in Figure
5.6(a—c). The TGA/DTA profiles are similar, although with observable narrow differences

in the positions and intensities of some endothermic peaks.
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Figure 5.6: TGA/DTA analysis of biogenic potassium jarosite

All the profiles showed three distinct mass loss phases marked notably with four
endothermic peaks. Pronounced first mass losses of 8.02% (pH 1.7), 7.90% (pH 1.9), and
8.33% (pH 2.2) are observed with weak endothermic peaks at 230 and 320 °C for pH 1.7;
226 and 319 °C for pH 1.9; and lastly, at 225 and 327 °C for pH 2.2. These two endothermic
temperature peaks are attributed to the removal of adsorbed water molecules and
dehydroxylation of potassium jarosite respectively (Drouet and Navrotsky, 2003; Zhu et al.,
2013). This led to the formation of a yavapaiite compound, KFe(SOs), and the
crystallization of hematite (a-Fe20s) in all the jarosite samples. The process is described as

follows:
KFe,(SO,),(OH), — KFe(SO,),+Fe,0,+3H,0 (5.1)

The second mass losses of 18.18% (pH 1.7), 18.23% (pH 1.9), and 19.04% (pH 2.2) with sharp
endothermic peaks observed at ~708 °C (pH 1.7), ~707 °C (pH 1.9), and ~716 °C (pH 2.2),
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are all attributed to the complete thermal decomposition of yavapaiite (Zhu et al., 2013) and

the release of sulfur oxides (Jiménez et al., 2019), as given by the following expression:

KFe(SO,), —>1/2Fe,0,+1/2K,S0, +SO (5.2)

3(9)

Furthermore, the maximum endothermic peaks at ~852 °C (pH 1.7), ~861 °C (pH 1.9), and
~864 °C (pH 2.2), which show the third mass losses of 6.25%, 5.95%, and 5.65% respectively,
are indicative of the decomposition of some intermediate products. In addition, they
demonstrate the major presence of @-Fe20s and K250: (Drouet and Navrotsky, 2003). In the
work of Kubisz (1971) on jarosite decomposition, it was noted that SOs can stay in the
system up to 1000 °C, whereas K25Os decomposes only above 1000 °C. The slight changes
in decomposition over the temperature range observed in Figure 5.7(a—c) could be due to
particle size distribution and kinetic control effect during the bio-oxidation process, which

can probably be influenced by the solution condition, such as the initial pH.

5.4.7 BET analysis

The specific surface area (SSA) and porosity of a crystal are highly influenced by the
conditions in which it grows. BET technique was used to estimate the SSA, while the BJH
method was employed to determine the pore size distribution and pore volume of the
jarosite samples. Because adsorption is a surface phenomenon, SSA is one of the most
essential parameters of an adsorbent material because it shows the required active sites for
adsorption. The adsorptive performance of a material is directly related to its surface area
(Lv et al., 2018; Yin et al., 2020). Porosity (pore volume) is the sum of all the pores in an
adsorbent and contributes to the internal surface area of the material, which might affect
the kinetics of adsorption. The jarosite obtained at pH 1.7, 1.9, and 2.2 showed BET surface
areas of 8.32, 8.58, and 11.00 m?/g with total pore volumes of 0.03, 0.03, and 0.04 cm?®/g
respectively. The observed increase in surface area as solution pH increases could be
attributed to smaller particles formed at pH 2.2 compared to the large particles formed at
pH 1.7. This also demonstrated that the degree of agglomeration affects particle size and,
consequently, the surface area of the jarosite particles. This is consistent with the

morphology and particle size results reported in section 5.4.3. The SSA of biogenic K-
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jarosite obtained in this present study are higher than the reported values of 1.62 m?/g at
pH 3.0 (Bhaskar et al., 2019) and 7.27 m?/g at pH ~2.5 (Wei et al., 2020). Even though the
investigated pH values in this present study are lower than those reported in the cited
literature, the higher SSA obtained in this present work could be linked to the technical and
microbial advantages of the reactor type and the bacteria strain employed here. N2
adsorption-desorption isotherms are depicted in Figure 5.7(a—c). The plots revealed type-
IV isotherm and H3 hysteresis loop patterns (Sing, 1985), showing that the biogenic K-
jarosites are mesoporous in structure. The pore size of a material is defined as the gap or
stretch of its pores. The average pore sizes of the jarosite were estimated to be 16.15, 13.36,
and 10.45 nm, for initial solution pH of 1.7, 1.9, and 2.2 respectively. These values are
consistent with the Brunauer-Deming-Deming-Teller (BDDT) classification methodology,
which classifies pores with a diameter of 2 — 50 nm as mesopores (Sing, 1985). According
to the adsorption pore-size distribution plots (Figure 5.7(d—f)), the majority of the average
pore sizes were within the range of 2 — 25 nm, confirming that the jarosites are composed
predominantly of mesoporous particles. Jarosite samples generated at a higher pH readily
become loose and porous, which facilitates metal ion diffusion and transport (Guo et al.,
2020). The increased surface area of jarosites as influent pH increases is another surface
property influenced by the overall solution conditions for metal scavenging in bioleaching

processes. Table 5.5 gives the summary of the surface areas and pore size distribution.
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Table 5.5: Surface area, pore volume, and pore diameter of biogenic potassium jarosite

Jarosite BET surface area Total pore volume  BJH average pore
(m?/g) (cm?®/g) size (nm)
Jar-1.7 8.32 0.03 16.15
Jar-1.9 8.58 0.03 13.36
Jar-2.2 11.00 0.04 10.45
55  Conclusions

In this chapter, the effect of pH on the surface properties of biogenic jarosite generated at a
temperature of 35 °C and an aging time of 14 days was successfully investigated. The
results indicate that the surface properties of biogenic jarosite have a strong dependency
on the pH of the solution. All the precipitates formed are dense light ochreous yellow
residues. The XRD patterns of the precipitates were identified as potassium jarosite (K-
jarosite), KFe3(SOs)2(OH)s, with (113) being the favoured orientation. There was no other
detection of other poorly crystalline or crystalline phases (such as hematite, goethite, etc).
A slight decrease was observed in the unit cell parameters (a and c) of the jarosites as the
pH increased from 1.7 to 2.2. Likewise, with an increase in influent solution pH, a decrease
in the average crystallite sizes was observed and was found to be 8.68, 8.42, and 8.08 nm
for pH 1.7, 1.9, and 2.2 respectively. The SEM morphologies are composed of aggregates of
spherical/round, tabular, and granular particles. The proportion of poorly crystallized
particles decreased with increasing solution pH, thus, enhancing the formation of distinct
particles. The EDS results revealed a trend with the decrease in the total content of Fe, S,
and K as the synthesis influent pH increased. Most importantly, the changes in the solution
pH impacted the BET surface area analyses of the K-jarosites, which ranged from 8.32, 8.58,
and 11.00 m?/g; while the pore size distribution ranged from 16.15, 13.36, and 10.45 nm for
pH values 1.7, 1.9, and 2.2 respectively, confirming that the jarosite residues are composed
mainly of mesoporous particles. In conclusion, it can be said that changes in surrounding
pH have a significant role in the crystallite size, growth kinetics, nucleation and
development of jarosite crystals, which determine the final morphology, pore size

distribution, porosity, and surface area of the precipitate.
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CHAPTER SIX

KINETICS, THERMODYNAMICS AND
MECHANISM OF Cu(II) ION SORPTION
BY BIOGENIC IRON PRECIPITATE

This chapter has been published in ACS Omega (ACS), doi: 10.1021/acsomega.1c03855 as

Oladipo, B., Govender-Opitz, E. and Ojumu, T. V. (2021). Kinetics, thermodynamics and
mechanism of Cu(II) ion sorption by biogenic iron precipitate: using the lens of

wastewater treatment to diagnose a typical biohydrometallurgical problem

“If you are fearful of the destruction of the environment, then learn to quit being an environmental
parasite.” — Wendell Berry
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CHAPTER 6: KINETICS, THERMODYNAMICS, AND MECHANISM OF
CUdI) ION SORPTION BY INDUSTRIAL BIOGENIC PRECIPITATE
PRODUCED FROM BIOLEACHING

6.1 Introduction

Extensive literature studies have shown that iron precipitation during the dissolution of
sulfide minerals using hydro- and bio-hydrometallurgical treatment, is an inevitable
phenomenon (Qiu et al., 2005; Nurmi et al., 2010). Authors have suggested that precipitate
formation serves as the outlet path for unwanted iron, alkali ions or sulfate ions from the
processing circuit (Dutrizac and Jambor, 2000; Malenga et al., 2015). While precipitate
formation can be minimised (Van Hille et al., 2010; Wu et al., 2016), significant accumulation
over continuous long term operation may lead to slow kinetics and reduce the efficiency of
bioleaching processes, by occluding desired metals within the precipitate residue (Deveci
et al., 2004; Nurmi et al., 2010). In recent times, due to the absence of efficient technology to
treat these iron residues, they are stored in waste dams, occupying large areas of land (Ju
et al., 2011). This poses an environmental risk with the potential for heavy metal pollution

of the soil and groundwater systems (Oladipo et al., 2020).

Due to the continuous increase in industrialization and urbanization, the world’s copper
mining capacity has been on the increase, with approximately 20% of the global copper
production through biohydrometallurgy (Yin et al., 2018). It is well-known that the
production of iron precipitate is unavoidable and will continue to persist in
biohydrometallurgical operations; however, there is an opportunity to harness these waste
residues as a low-cost precursor for the recovery of heavy metal ions. The large surface
area, enhanced porosity and good surface chemistry and reactive properties (Gramp et al.,
2008) make the precipitate a good sorption candidate for the removal of heavy metal

contaminants such as copper from wastewater systems.

Since the toxic metals present in the iron residues have an intrinsic value, the opportunity
for recovery of desired metal will also result in the mitigation of environmental pollution.

A few studies have shown the recovery of heavy metals from iron precipitate-metallurgical
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byproducts, such as goethite (Rodriguez et al., 2020) and jarosite (Ju et al., 2011; Liu et al.,
2017). Ju et al. (2011) reported that 97% Zn and 87% Cu, could be directly recovered from
jarosite waste produced during zinc hydrometallurgical operations. In the work by Liu et
al. (2017), the authors found that 89.4% Fe, 80.7% Zn, 90.7% Cu and 48.8% Cd could be
recovered from jarosite using microwave-assisted sulfuric acid roasting and water
leaching. In another study, Li et al. (2015) reported that 95.4% In and 95.5% Cu could be

extracted from zinc residue leach liquor by solvent extraction.

Although there are several studies (Dou et al., 2013; Jaiswal et al., 2013; Castro et al., 2018;
Liu et al., 2018) on sorption isotherms with respect to the use of synthesized and/or biogenic
iron compounds in the treatment of wastewater systems, none investigated the nature of
the sorption at solid/liquid interfaces. For example, Castro et al. (2018) studied heavy metal
adsorption from aqueous solutions using biogenic iron compounds (mainly siderite and
magnetite) obtained from a natural microbial consortium of an abandoned mine; Jaiswal et
al. (2013) synthesized goethite mineral as an adsorbent for the uptake of copper and
cadmium from synthetic wastewater; while Dou et al. (2013) experimented on the sorption
of arsenate on different types of granular schwertmannite from aqueous solutions.
However, the mode of sorption may provide some understanding of how
biohydrometallurgical operation can be better managed at least in the context of

minimising copper losses in bioleach operation.

6.2 Objective

The objective of this chapter is to investigate the kinetics, thermodynamics, and mechanism
of the sorption of copper ions from an aqueous solution by industrial biogenic iron
precipitate. The influence of several sorption factors namely, solution pH, temperature,
contact time and initial metal ion concentration were investigated. The aim is to provide an
understanding of sorption mode which may be explored to improve and manage a typical
biohydrometallurgical operation more efficiently. The result may also help to reduce

environmental pollution caused by biogenic iron precipitate residue disposal.
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6.3 Methodology

Iron precipitate residue was obtained from a pilot plant used for bioleaching pyrite
concentrate using mixed mesophilic cultures. The residue was dried in a temperature-
controlled Labcon incubator with a shaker (Labcon 5081U) at 80 °C for 18 h, to ensure a
constant weight. The oven-dried powder was then preserved in a desiccator for further use.
To demonstrate the adsorption capacity of the precipitate for Cu(ll), the residue was
utilized with no physical or chemical modification. The characterization methods used in
this study were previously described in Section 3.4 of Chapter 3. The details of the methods
used for the batch adsorption studies and the analysis of solution for Cu(II) concentrations
in this study are described in Section 3.5 of Chapter 3. The adsorption kinetics, isotherms,
and thermodynamics studies are described in Sections 3.6, 3.7, and 3.8 respectively of

Chapter 3.

6.4 Results and discussion

6.4.1 Characterization of iron precipitate

The procured iron precipitate residue was characterized with FTIR, SEM/EDS, XRD, TGA,

and BET analyses, to demonstrate its adsorption capacity for Cu(Il) in an aqueous solution.

The N2 adsorption-desorption isotherm of the sample is depicted in Figure 6.1(a).
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Figure 6.1: Plots of (a) N2 adsorption/desorption isotherms; and (b) adsorption pore-size distribution

The plot displays principal type-IV pattern and hysteresis loop-type (Sing, 1985), signifying
that the powdered residue was mesoporous. The BET surface area and BJH pore volume
analyses of the sample were evaluated to be 4.74 m?/g and 0.014 cm?/g respectively, whereas
the average pore diameter value was determined to be 11.61 nm. In comparison with the
iron precipitate powder used in this study, Cu(Il) ion has an ionic diameter of 0.072 nm
(0.72 A) (Tang et al., 2017), indicating that Cu(Il) ions could easily be adsorbed by ion-
exchange onto the pores of the adsorbent in a given pore volume. In the context of
physisorption, pore size between 2 — 50 nm is referred to as mesopore (Sing, 1985). Based
on the adsorption pore-size distribution curve (Figure 6.1(b)), it was observed that most of
the average pore sizes are ranged between 2 — 15 nm, which confirmed that the powdered
iron precipitate consisted mainly of mesopores. This suggests there would be easy access
for Cu(Il) ion adsorption into the active sites of the adsorbent due to favourable surface

area and pore size.

The XRD pattern of iron precipitate powder is depicted in Figure 6.2. The result showed
that the powdered sample was heterogeneous in composition and mainly dominated by
talc. Other phases identified were quartz, cronstedtite and potassium jarosite. The peaks at

20 =11, 23 and 33° were assigned to the characteristic peaks of talc (MgsSisO1(OH)z2) with
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an average crystallite size of 290 nm. The peaks at 20 = 24 and 31° corresponded to the
characteristic peaks of quartz (SiO2) with an average crystallite size of 284 nm. The
appearance of peaks at 20 = 14 and 29° were indexed to the peculiar peaks of cronstedtite
(Fes((Sio11Feo280)205)(OH)4) with an average crystallite size of 172 nm. The peaks identified
at 20 = 33 and 34° was ascribed to the characteristic peaks of potassium jarosite
(KFe3(SO4)2(OH)s) with an average crystallite size of 143 nm. The strong presence of talc is

an indication of the high surface area and ion-exchange properties of the biogenic iron

precipitate.
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Figure 6.2: XRD pattern of iron precipitate residue sample

The thermal behaviour of iron precipitate residue powder was checked with the TGA curve

is displayed in Figure 6.3.
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Figure 6.3: TGA curve of iron precipitate residue sample

The plot revealed four distinct weight loss phases. Noticeable at 180 and 425 °C were the
first two weight losses of 0.44 and 2.78% respectively, which can be ascribed to loss of
physically adsorbed water and inter-layered water within the lattice crystals respectively.
Mass loss of Fes((Sio711Fe0280)205)(OH)s and KFe3(SO4)2(OH)s in the temperature range
between 425 and 625 °C could be attributed to the likely formation of y-Fe2Os and loss of
SO: respectively. The third mass loss of 4.04% at 625 °C is assumed to be due to the
transformation of SiO: present in the residue sample, while the final weight loss of 2.38%
is linked to the decomposition of MgsSi«O10(OH)2 observed at > 830 °C. Moreover, the loss
of weight at each stage is marked by an endothermic process. The negligible mass loss
observed at the high-temperature range of the TGA profile indicated that iron precipitate
powder has good thermal stability. Thus, it could be used as an adsorbent for high-

temperature adsorption processes.

FTIR spectra obtained to check the qualitative attribute and modification of surface
functional groups of the iron precipitate powder, before and after adsorption, are

illustrated in Figure 6.4.
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Figure 6.4: FTIR spectra of iron precipitate samples

The broad peaks at 3398.67 and 3400.30 cm™, before and after Cu(Il) adsorption, are
ascribed to both the stretching vibrations of the hydroxyl (-OH) and symmetrical aliphatic
amine (-NH:) of polymeric compounds (Coates, 2000; Silverstein et al., 2014; Adebisi et al.,
2017). The slight shift in wavelength of the peak after adsorption is due to the attachment
of Cu? onto -OH and -NH: groups. The polar functional group identified on the top layer
of iron precipitate powder facilitates chemisorption process with cation exchange capacity.
The occurrence of out-of-plane C-H bending vibrations identified at 798.03 cm™ indicated
the presence of mononuclear aromatic hydrocarbons. Before adsorption, bands detected at
1078.51 and 1000.53 cm™ could both be ascribed to the stretching vibrations of silicate
(5i04+) and phosphate (PO+*) ions (Coates, 2000), suggesting the presence of silicon and
phosphorus compounds in the iron precipitate powder. A slight shift was observed in these
bands after adsorption. Identification of bands present in the region of 666.75-628.81 cm™!
before Cu(Il) adsorption were ascribed to the presence of sulfate ion (504*) of sulfur
functional groups or alkyne C-H bending vibration of alkynes group (Coates, 2000;

Silverstein et al., 2014). FTIR spectra of the samples showed either a slight increase or
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reduction in the wavelength of sorption peaks after adsorption, which indicates that an ion-
exchange mechanism could be the sorption pathway for the uptake of Cu(Il). Besides, the
major presence of the negatively charged ionizable functional groups of hydroxyl (-OH)
and amino (-NH2) located on the surface of the adsorbent has a strong ability to interact
with a proton or metal ion (Munagapati et al., 2010), whereby a covalent chemical bond is

established via the interaction of the adsorbed Cu(Il) ions with the adsorbent.

The sites accountable for the adsorption process can be expressed as shown in Equations

(6.1) — (6.2):
S—OH+M™ -»S—OM®"™* + H* (6.1)
S—NH, +M"™ - S—NM®"?" + 2H* (6.2)

where S represents the surface of the adsorbent.

The SEM/EDS surface morphology and identified elements on iron precipitate powder

before and after adsorption are displayed in Figure 6.5.
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Figure 6.5: (a) SEM image before Cu(Il) adsorption, (b) EDS image before Cu(ll) adsorption, (c) SEM

image after Cu(II) adsorption, and (d) EDS image after Cu(II) adsorption for iron precipitate residue

powder

Observed on the SEM image before adsorption (Figure 6.5(a)) is a smooth surface with
noticeable scattered, irregular and elongated flat pieces compared to the SEM image after
adsorption (Figure 6.5(c)). The EDS elemental composition of the sample before adsorption
is shown in Figure 6.5(b), with the presence of some metallic ions. In Figure 6.5(c), the
observed clusters of agglomerated particles on the surface of the biogenic precipitate may
be attributed to agitation and random site selection during the adsorption process. Iron
precipitate powder has a large surface area primarily due to its crystalline form which may
be ascribed to its ability to entrap metallic ions. After adsorption, there was a shift in
valencies of the metallic ions and the presence of Cu(Il) ions could be observed on the
surface (Figure 6.5(d)), indicating the feasibility of iron precipitate to adsorb metals. The
percentage elemental composition before and after copper adsorption is displayed in Table

6.1.

107

——
| —



Table 6.1: Elemental composition of iron precipitate residue before and after Cu(Il) adsorption

Element Before adsorption (%) After adsorption (%)

C 9.17 24.80

54.36 40.20
Mg 8.69 5.17

Al 0.81 0.57

Si 13.72 9.08

S 4.83 7.15
Cl 0.42 -

K 0.03 -
Ca 5.23 -
Fe 2.74 7.68
Cu - 5.35

6.4.2 Study of adsorption factors

Adsorption factors, namely initial solution pH, adsorption time, initial Cu(II)
concentrations and solution temperatures, as they influenced the batch adsorption process

in this study, are discussed below.

The pH of the solution governs the sorption affinity of the adsorbent by influencing the:
type of charge on the surface of the adsorbent, speciation of the metal in the solution, and
ionizing strength of the adsorbent. In this study, pH-dependent experimental runs were
not conducted at pH values > 5 to prevent Cu(ll) precipitating as insoluble copper
hydroxide, which can hinder true adsorption studies. The influence of pH could also be
described through the point of zero charge (PZC). pHrzc refers to the pH at which the
surface of the adsorbent has a net charge of zero. The value of pHrzc obtained in this study

is 4.02 (Figure 6.6).
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Figure 6.6: pHpzc of iron precipitate powder

This suggests that the surface of the adsorbent is positively charged and favours sorption
of anions for solution pHs < pHrzc (4.02), while it becomes negatively charged to favour
sorption of cations for solution pHs > pHrzc (4.02). This property of the adsorbent further
supports the finding that optimum Cu(Il) adsorption onto iron precipitate powder takes
place at pH 5 (> pHrzc), under which conditions the surface of the adsorbent is negatively

charged.

The impact of initial Cu(Il) concentration on the sorption capacity of iron precipitate
powder was investigated for adsorption time values from 5 — 120 min and concentration
values of 150 — 500 mg/L at 30 °C solution temperature, pH 5, 150 rpm agitation speed and
1 g dosage of iron precipitate powder. As presented in Figure 6.7, the increase in initial
Cu(II) concentration from 150 to 500 mg/L led to (i) an increase in the adsorption capacity
from 3.20 to 5.80 mg/g; and (ii) a decrease in adsorption rate and removal of Cu(Il)
efficiency from 42.73 to 23.20%. These observations suggest that at lower concentrations,
Cu(Il) ions in the reaction system experience higher interaction with the top layer of the

adsorbent due to the large ratio of unoccupied sorption sites to initial Cu(Il) concentration.
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In contrast, the ratio of available sites for Cu(Il) ions decreases at higher concentrations,

due to saturation of the binding sites.
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Figure 6.7: Influence of contact time on percentage Cu(Il) removal at various Cu(Il) ion

concentrations (data are expressed as the mean of three replicate + standard deviations)

The relationship between the adsorption of Cu(Il) onto the surface of the iron precipitate
and contact time is presented in Figure 6.7. It was observed that the adsorption capacity
and percentage removal of the adsorbent increased as the contact time increased, after
which equilibrium was attained at 60 min. Beyond this equilibrium point, the adsorption
capacity of iron precipitate was in dynamic equilibrium with the adsorbed quantity of
Cu(Il), as indicated by an insignificant increase in percentage Cu(lIl) uptake after 60 min.
The percentage removal of Cu(Il) was rapid at the beginning of the adsorption process
(Figure 6.6), due to the available rich active sites of the adsorbent and the small diameter of
Cu(Il) ion. After 60 min, the Cu(Il) ions could not easily penetrate the inner pores of the
adsorbent, which were assumed to be linked to Cu(Il) monomolecular saturation of the

surface pores as shown on the SEM image after adsorption (Figure 6.5d). The results shown
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in Figure 6.7 further demonstrate that equilibrium time was independent of the initial

Cu(II) concentration.

The influence of temperature on the sorption capacity of iron precipitate was examined for
temperature values between 30 — 55 °C at pH 5, 150 mg/L initial Cu(II) concentration, 150
rpm agitation speed, 1 g adsorbent dosage, and 60 min contact time. As shown in Figure
6.8, Cu(Il) adsorption onto iron precipitate powder is considerably affected by temperature
over the range of Cu(II) ion concentrations under investigation in this study. As observed
for the test with an initial Cu(II) concentration of 150 mg/L, adsorption efficiency increased
from 42.73 to 60.51% with an increase in temperature from 30 to 55 °C. This indicates that
higher temperatures enhanced the adsorption process for metal ion binding, suggesting
that Cu(ll) adsorption by iron precipitate is an endothermic process. Furthermore,
increasing the temperature could lead to an expansion in the pore size of the adsorbent,

which helps to ease the diffusion of Cu(Il) ions onto the sites difficult to access.
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Figure 6.8: Influence of temperature on percentage Cu(ll) removal at various Cu(ll) ion

concentrations (data are expressed as the mean of three replicate + standard deviations)
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6.4.3 Adsorption isotherms and model fitting

The adsorption isotherms were examined with the Langmuir and Freundlich models.

For the Langmuir isotherm model, the linear plots of Ce/g. versus C. are depicted in Figure

6.9, and the estimated constants of the equation are displayed in Table 6.2.
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Figure 6.9: Langmuir plots of Cu(Il) adsorption onto iron precipitate powder at the investigated

temperatures
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Table 6.2: Langmuir isotherm model correlations and separation factor (RL) values for Cu(II)

adsorption onto iron precipitate powder at the studied temperatures

Langmuir isotherm model

T (K) Langmuir correlations Rrat various initial Cu(Il) concentrations
gm (mg/g) b R? 150 mg/L. 300 mg/L 400 mg/L. 500 mg/L

303 7.541 0.0082  0.996 0.450 0.290 0.234 0.197

313 9.091 0.0083  0.993 0.446 0.287 0.232 0.191

318 10.593 0.0074 0.967 0.474 0.310 0.252 0.213

323 11.086 0.0083 0.974 0.445 0.286 0.231 0.194

328 12.937 0.0079  0.965 0.457 0.296 0.240 0.202

High values of R? obtained were within the range of 0.965 — 0.996, with R? value obtained
at 303 K to be 0.996. The high R?values suggest that the model predictions are accurate
within the variance of the experimental data. Langmuir maximum adsorption capacity of
7.54 mg/g was obtained at 30 °C, 150 mg/L, 1 g adsorbent dosage and pH 5 within 60 min.
It was also observed that the values of gn increased with increasing temperature, signifying

that Cu(Il) adsorption by iron precipitate powder is indeed an endothermic process.

The calculated R: values in this study ranged between 0 and 1 (Table 6.2), indicating that
the adsorption system of Cu(II) ions onto iron precipitate powder is favourable. Adsorption
is unfavourable, linear, irreversible or favourable when Rt > 1, Rt=1, Rt=0or 0 < Rr<1

respectively (Weber and Chakravorti, 1974; Tran et al., 2017).

For the Freundlich isotherm model, the linear plots of log g. versus log C. are depicted in
Figure 6.10. Very high R?values within the range of 0.991 — 0.999 were estimated, with the
R2 value obtained at 303 K to be 0.999. These values are listed in Table 6.3, which also
provides the model correlations for nrand Krat each temperature investigated. The increase
in Krvalues with increasing temperature also demonstrates the endothermic nature of

Cu(Il) adsorption process.
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Figure 6.10: Freundlich isotherm plots of Cu(Il) adsorption onto iron precipitate powder at the

investigated temperatures.

Table 6.3: Freundlich isotherm model correlations for Cu(II) adsorption onto iron precipitate powder

at the studied temperatures

T (K) Freundlich model
Ky 1/ny ny R2
303 0.549 0.397 2.518 0.999
313 0.570 0.426 2.346 0.985
318 0.632 0.428 2.336 0.991
323 0.701 0.425 2.351 0.990
328 0.730 0.444 2.254 0.991

The values of nrindicate the feasibility of the adsorption process. Adsorption is deemed
easier when 2 < 1y < 10, mildly difficult when 1 < ny< 2 and unfavourable when ns<1 (Ali et
al., 2016). Since ns> 2 for all conditions covered in this study, it suggests that utilising iron

precipitate powder as a sorbent of Cu(II) recovery is a technically feasible process. Also, the
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values of 1/ns<1 signify a more heterogeneous adsorption site and a feasible chemisorption

process (Kumar et al., 2016; Tang et al., 2017).

Based on the comparison of R? values, both Langmuir and Freundlich models fit the
experimental data well. The very high R? values obtained according to the Freundlich
model indicate that the iron precipitate powder is highly heterogeneous, which is
corroborated by the XRD analysis of the sample. It further suggests that, at high Cu(II)

concentration, adsorption probably occurs at the multilayer surface of the iron precipitate.

6.44 Adsorption kinetics and model fitting

The kinetics of Cu(Il) adsorption by iron precipitate powder was investigated with the

pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich kinetic models.

For the PFO model, the linear plots of In (g—g¢) versus t are depicted in Figure 6.11.
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Figure 6.11: Pseudo-first-order kinetic plots at the studied Cu(ll) concentrations for Cu(Il)

adsorption onto iron precipitate powder
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The estimated model parameters in the studied conditions are summarized in Table 6.4.
Although the fitted model gave high R? values between 0.957 — 0.998, the calculated ge, ca
values of the model differed greatly from the experimental ge exp values at initial Cu(II)
concentrations. This deviation indicates that the pseudo-first-order equation may not
adequately explain the adsorption pathway of Cu(Il) onto the surface of iron precipitate

powder, which suggests the need to assess the efficacy of another kinetic model.

Table 6.4: Pseudo-first-order estimated model parameters for Cu(II) adsorption onto iron precipitate

powder at studied initial Cu(Il) concentrations

Co(mg/L)  qgeexp (Mg/g) Pseudo-first-order

Qecal (Mg/g) ki (min™) R?

150 3.205 2.049 0.049 0.992
300 4.633 2.454 0.041 0.980
400 5.252 2.765 0.051 0.998
500 5.800 2.717 0.043 0.957
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For the PSO model, the linear plots of t/q: versus t are shown in Figure 6.12.
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Figure 6.12: Pseudo-second-order kinetic plots at the studied Cu(ll) concentrations for Cu(ll)

adsorption onto iron precipitate powder

The very high R? values obtained were in the range of 0.990 — 0.999, with the calculated
model parameters presented in Table 6.5. The results indicate a better fit with the pseudo-
second-order equation than the pseudo-first-order model. This may be observed by the
negligible differences between the model estimated ge «al values and the experimental ge, exp
values for the initial Cu(Il) concentrations being studied. Thus, pseudo-second-order being
the best fit suggests that both the concentration of Cu(Il) in solution and the amount of
available active sites on the iron precipitate powder can be used to mathematically describe

the intrinsic kinetic adsorption constant (Tran et al., 2017; Hevira et al., 2020).
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Table 6.5: Pseudo-second-order estimated model parameters for Cu(Ill) adsorption onto iron

precipitate powder at studied initial Cu(Il) concentrations

Co(mg/L)  geexp (Mg/g) Pseudo-second-order

Qecal (Mg/g)  k2(g/mg min) R?

150 3.205 3.392 0.042 0.990
300 4.633 4.640 0.041 0.997
400 5.252 5.429 0.038 0.998
500 5.800 5.821 0.041 0.999

For the Elovich model, the plots of g: versus In t for Cu(ll) removal by iron precipitate

powder is displayed in Figure 6.13, and the estimated constants of the equation are

presented in Table 6.6.
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Figure 6.13: Elovich model kinetic plots of Cu(Il) adsorption onto iron precipitate powder at the

studied initial Cu(Il) concentrations
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Table 6.6: Pseudo-second-order estimated model parameters for Cu(II) adsorption onto iron

precipitate powder at studied initial Cu(Il) concentrations

Co(mg/L)  Qeex (Mg/g) Elovich

B (g/mg) «a(mg/gmin) R

150 3.205 1.591 1.523 0.952
300 4.633 1.261 3.662 0.978
400 5.252 1.123 5.355 0.997
500 5.800 1.006 5.677 0.978

The high R’ values obtained for the Elovich model signify the involvement of a
chemisorption mechanism in the system, which may involve valence forces via the sharing
or exchange of electrons between Cu(Il) ions and iron precipitate powder. The expected
interactions with the -OH and —-NH: functional groups further validate the FTIR results,
suggesting that the ion-exchange mechanism also plays a vital part in the adsorption

process.

6.45 Activation energy and thermodynamic parameters

The value of the activation energy (E.), was estimated from the slope of the plot of In k,

versus 1/T (Figure 6.14).

119

——
| —



1T
0.00305 0.00310 0.00315 0.00320 0.00325 0.00330
1 M 1 M 1 M 1 M 1 M 1

-2.5
n
2264

-2.7 4

-28 -

In Ky
]

-29 4

-3.0 -

-3.1

-3.2
Figure 6.14: Arrhenius plot at 303-328 K and 150 mg/L, for Cu(Il) adsorption onto iron precipitate

powder

The type of adsorption can be determined by the magnitude of the activation energy. A
chemical adsorption process has an activation energy in the range of 4 — 40 kJ/mol (Maleki
et al., 2017). In this study, the activation energy was evaluated to be 20.61 k]/mol, indicating

a chemical adsorption process.

The relationship between k and T can be expressed in an Arrhenius form as follows:

(6.3)

k =154.28 exp(— 20.61 j

8.314T

The positive value obtained for the activation energy also implies that an increase in
temperature favours the adsorption process. This further supported that the adsorption of

Cu(Il) ions onto iron precipitate powder is endothermic in nature.
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After adsorption equilibrium of the studied systems was established, thermodynamic data,
namely AG®, AS°, and AH° were evaluated for Cu(ll) adsorption onto iron precipitate

powder.

The respective values of AH° and AS° were estimated from the slope and intercept of linear

van't Hoff plots of In K versus 1/T (Figure 6.14). A summary of the model predictions for

AH°and AS° are provided in Table 6.7.
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Figure 6.15: van’t Hoff plots at various Cu(Il) concentrations for Cu(Il) adsorption onto iron

precipitate powder
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Table 6.7: Thermodynamic parameters for Cu(Il) adsorption onto iron precipitate powder

Initial Cu(II) AH AS AG (kJ/mol) at investigated temperatures

concentrations (mg/L) (kJ/mol) (kJ/mol K) 303K 313K 318K 323K 328K

150 23.57 0.050 8.37 7.87 7.61 7.36 7.11
300 20.07 0.034 9.61 9.27 9.10 8.92 8.75
400 23.81 0.044 10.33 9.88 9.66 9.44 9.22
500 23.59 0.043 1064 1021 10.00  9.79 9.57

AH (kJ/mol) is the enthalpy change, AS (kJ/mol K) is the entropy change and AG (kJ/mol) is Gibb’s

free energy change.

The positive values of AH® further support the finding that the adsorption process is
endothermic, which is unequivocally attributable to chemisorption. The positive values of
AS° demonstrate increased dissociation and randomness at the solid/liquid boundary
during the adsorption process. This suggests that Cu(ll) ions replaced some water
molecules in the solution earlier adsorbed on the surface of the adsorbent. Likewise,
positive values of AG® is an indication of the non-spontaneity and ion exchange process in
the adsorption system. This suggests that energy and agitation are required for the
adsorption process to be carried out in this study. The decrease in AG® values observed as
the temperature increased show that a higher sorption rate occurred at elevated

temperatures.

6.4.6 Implications of Cu(II) adsorption in biohydrometallurgical process

It has been demonstrated in this study that biogenic iron precipitate adsorb Cu(II) ions via
combined mechanisms of chemisorption and ion-exchange, with the adsorption process
requiring estimated activation energy of 20.61 kJ/mol. In the bioleaching of low-grade
copper sulfide, such as chalcopyrite, high temperature (60 — 80 °C) operation promotes
rapid adsorption of copper onto iron precipitate, thereby preventing the release of the
entrapped copper into solution for further processing (Vilcaez et al., 2008; Soki¢ et al., 2009).

In this study, it has been shown that during Cu(Il) adsorption onto iron precipitate, there
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appears to be competition for the active sites between the ionic Cu(Il) (radius (0.72 A))and
the hydrated Cu(Il) (radius (4.19 A)) (Tang et al., 2017), with the former easily adsorbed to
the pores of the biogenic precipitate due to its smaller radius. This entrapment of copper
during the high-temperature dissolution of copper-bearing chalcopyrite mineral is
expected to affect the overall extraction and recovery of the process. Given that it has been
shown in Chapter 5 that operating conditions such as pH affect the particle size of iron
precipitate, it may be important also to investigate whether there is a relationship between
solution pH and particle pore sizes; such that process conditions in bioleaching operations
may be used to manipulate pore size with a view to limit Cu(Il) sorption in the pores (if
this exists at all). This could thus provide a better route for increasing copper extraction in

biohydrometallurgical processes.

6.5 Conclusions

The intrinsic mechanism of biogenic iron precipitate entrapment of desired metals,
produced during biohydrometallurgical operation, was investigated in this study through
the lens of its sorption in the removal of Cu(II) from aqueous solutions. Analyses of the iron
precipitate sample showed it is highly heterogeneous in terms of composition, has a large
surface area and possesses negatively charged functional groups for the uptake of Cu(lIl),
demonstrating a chemisorption process via an ion-exchange mechanism. The pseudo-
second-order model best fits the experimental data, signifying its high precision in
describing the kinetic constant for Cu(ll) adsorption onto biogenic iron precipitate.
Thermodynamic parameters showed that the process is non-spontaneous and
endothermic. More importantly, the lessons gleaned from this study provide new insights
into the rationale for the management of a typical biohydrometallurgical operation to
minimise copper losses for efficient mineral processing. Moreover, the results would help

reduce land and water pollution caused by the disposal of iron precipitate residues.
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CHAPTER SEVEN

EFFECT OF OPERATING CONDITIONS OF
JAROSITE PRODUCED DURING FERROUS
ION BIO-OXIDATION ON SORPTION
CAPACITY AND KINETICS OF METAL
ION UPTAKE

“We won’t have a society if we destroy the environment.” — Margaret Mead
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CHAPTER 7: EFFECT OF OPERATING CONDITIONS OF JAROSITE
PRODUCED DURING FERROUS ION BIO-OXIDATION ON SORPTION
CAPACITY AND KINETICS OF METAL ION UPTAKE

7.1 Introduction

In sulfate-rich environments, ferric ion precipitates mostly as jarosite. Jarosites are seen in
the oxidized areas of sulfide ore deposits, acid sulfate soils, bioleaching processes, as well
as contaminated fluvial surroundings from acid mine drainage (Craddock, 1995; Becker
and Gasharova, 2001; Welch et al., 2008). Precipitates of comparable nature are also
prevalent in cultures of iron-oxidizing bacteria like Acidithiobacillus ferrooxidans (Li et al.,
2021; Zhan et al.,, 2021) and Leptospirillum ferriphilum (Chowdhury and Ojumu, 2014;
Mabusela and Ojumu, 2017). In bioleaching of mineral sulfides, the accumulation of jarosite
precipitate may cause slow kinetics, impart negatively on process dynamics (Nazari et al.,
2014), and lower the efficiency of bioleaching operations by occluding desired metals
(Keeling et al., 2005; Rouchalova et al., 2020), with an extensively described underlying

sorption mechanism (Oladipo et al., 2021a).

It has been shown recently that the presence of -OH and -NH: functional group initiated a
chemisorption mechanism through an ion-exchange pathway for the adsorption of copper
ions to the active sites of an industrially generated biogenic precipitate (Oladipo et al.,
2021a). Since adsorption is a surface phenomenon, the specific surface area is one of the
most essential parameters of iron minerals, often seen to be directly related to its adsorption
capacity. The surface area of such minerals is contributed by pores of varying sizes which
can also influence the availability of active sites for adsorption. Depending on the size of
the pores as well as their arrangement, their accessibility for metal ions could be affected,

which in turn can affect the adsorption kinetics.

It has been shown above (in Chapter 5) that an increase in initial solution pH led to an
increase in the surface area of the generated ferric ion precipitate. Likewise, the pH of the

solution influenced the sorption affinity of the adsorbent by influencing the type of charge
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on the surface of the adsorbent, speciation of the metal in the solution, and ionizing strength
of the adsorbent. The point of zero charge (PZC) could be used to describe the effect of pH.
The PZC is the pH value (pHrzc) at which the surface of an adsorbent has a net charge of
zero (Mahmood et al., 2011; Bakatula et al., 2018), and it is an important factor in

determining the pH sensitivity spectrum, surface form, and adsorption capacity.

7.2 Objective

This chapter aims to give insights into the influence of initial pH of jarosite produced
during ferrous ion bio-oxidation on its sorption capacity and kinetics for copper ion uptake
from aqueous solutions. The results of the investigation in this chapter will help to clarify
if the adsorption capacity of jarosite for metal is consistently sensitive to increase and/or
decrease its surface area. It also seeks to identify if a pore-filling mechanism occurs in the
adsorption process. In addition, the chapter compares the surface properties of precipitate
produced from mineral bioleaching and the precipitate generated from ferrous ion bio-

oxidation.

7.3 Methodology

The jarosite precipitates used in this present chapter were obtained from the experiments
carried out in Chapter 4. The characterization procedures for the precipitates are described
in Section 3.4 of Chapter 3. The methods utilized in this chapter for batch adsorption
experiments and solution analysis for Cu(Il) concentrations are described in Section 3.5 of
Chapter 3. The adsorption  kinetics, isotherms, and  thermodynamic

methods are documented in Sections 3.6, 3.7, and 3.8 respectively of Chapter 3.

The jarosite obtained at pH 1.7 (Jar-1.7) and 2.2 (Jar-2.2) were used for the adsorption
studies to understand the influence of surface area and porosity of the precipitate on the
adsorption of copper. The Jar-1.7 and Jar-2.2 samples were reported (Section 5.4.7 of
Chapter 5) to have BET surface areas of 8.32 and 11.00 m?/g with total pore volumes of 0.03
and 0.04 cm?/g respectively.
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7.4 Results and discussion

7.4.1 Point of zero charge (PZC) analysis

The pH at PZC of the biogenic jarosite generated at initial pH values of 1.7 and 2.2 is
illustrated in Figure 7.1 and was determined within pH ranges of 2 to 11. It was observed
that the pHerzc for the jarosite samples decreases with an increase in initial solution pH
synthesis. The values of pHrzc obtained for the jarosite samples, Jar-2.2 and Jar-1.7 are 2.14
and 2.37 respectively (Figure 7.1). This implies that the net surface charge on the jarosite
would be positive for a solution pH value less than the pHrzc value, and negative for a
solution pH value above the pHrzc value. When the net surface charge is positive,
electrostatic repulsion exists between the jarosite particles and cations whereas when the
net surface charge is negative, electrostatic attraction exists (Smith, 1999). In other words,
this connotes that the surface of the jarosite particles is positively charged and favours
anion sorption for solution pHs < pHrzc (2.14 for Jar-2.2 and 2.37 for Jar-1.7), but becomes
negatively charged and favours cation sorption for solution pHs > pHrzc. Xu et al. (2013)
reported pHrzcvalue of 5.6 for biosynthesized jarosite. The difference in pHrzc between the
jarosite precipitate formed in this study and that synthesized by Xu et al. (2013) could be
due to differences in PZC analysis method, medium, and solution chemistry in which the
precipitates were formed (which may have contained a variety of anions and cations), and
the bacteria strain used. It has previously been reported that conducting adsorption
experiments for copper at pH values > 5 can lead to the precipitation of Cu(Il) as insoluble
Cu(OH)2, which can hinder true adsorption studies (Ali et al., 2016; Oladipo et al., 2021a).
Thus, in this study, pH-dependent experimental runs for the sorption process were

conducted at pH 4.
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Figure 7.1: pH point of zero charge (pHPZC) of biogenic jarosite

7.4.2 Parametric study on jarosite sorption capacity

The effect of adsorption variables on copper removal is investigated in parametric studies.
A parametric study is a critical component of process systems engineering that studies the
impact of various parameters on processes and aims to establish optimal levels for these

parameters.

7.4.2.1 Effect of contact time

The effect of contact time (5 — 140 min) on the removal of Cu(Il) by biogenic jarosite was
studied at an initial copper concentration of 150 mg/L Cu(Il), 1 g jarosite dosage, 150 rpm
stirring speed, pH 4, and at a solution temperature of 30 °C. The Cu(Il) uptake increased
rapidly from 10 — 40 min and a further slow increment was observed with time until
equilibrium was achieved at 80 min (Figure 7.2). The rapid uptake of Cu(Il) at the start of
adsorption was due to the presence of more active sites. Due to the saturation of these active
sites, the jarosite uptake of copper decreased over time. Additionally, the high Cu(Il)
concentration at the onset of sorption promoted a strong mass transfer driving force,

resulting in a faster sorption rate. The mass transfer driving force helped to overcome the
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diffusion constraint at the liquid film surrounding the jarosite adsorbent. The maximum

time for the uptake of Cu(Il) was 80 min and this was used for other experiments.
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Figure 7.2: Effect of contact time on Cu(Il) removal on biogenic jarosite

7.4.2.2 Effect of copper initial concentration

The effect of initial concentration (150 — 500 mg/L) on the uptake of Cu(Il) onto jarosite was
examined at pH 3, 1 g jarosite dosage, 150 rpm stirring speed, and 80 min contact time. The
percentage of copper adsorbed decreased with increasing initial concentration. As
presented in Figure 7.3, it can be observed that the copper uptake by jarosite decreased
from 69.08 to 48.53% for Jar-2.2 and from 65.90 to 40.72% for Jar-1.7 when the copper initial
concentration increased from 150 to 500 mg/L. These observations imply that the ratio of
surface active sites to total metal ion concentration was higher in lower metal ion
concentrations than in higher metal ion concentrations. A similar finding was made in our

prior investigation (Oladipo et al., 2021a).
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Figure 7.3: Effect of initial concentration on Cu(II) removal on biogenic jarosite

7.4.2.3 Effect of solution temperature

The effect of temperature (30 — 50 °C) on the uptake of Cu(II) onto jarosite was investigated
using an initial Cu(Il) concentration of 150 mg/L at pH 4, 1 g jarosite dosage, 150 rpm
stirring speed, and 80 min contact time. As shown in Figure 7.4, the adsorption efficiency
increased from 69.08 to 83.68% for Jar-2.2 and from 65.90 to 77.97% for Jar-1.7 as the
temperature increased from 30 to 50 °C, indicating that the sorption process is endothermic.
This rise in percentage removal with increasing temperature could be attributed to the
copper molecules” mobility increasing as their kinetic energy increased (Igwegbe et al.,
2020). Additionally, the increased temperature and mobility associated with it assisted the
cationic copper in overcoming the boundary layer limitation at the solid-solution film. The
findings in this section are further corroborated by the thermodynamic study, which

revealed an endothermic adsorption process.
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Figure 7.4: Effect of solution temperature on Cu(Il) removal on biogenic jarosite

7.4.3 Equilibrium isotherm modeling

In adsorption investigations, adsorption isotherm modeling is significant because it depicts
how the adsorbate will interact with the adsorbent and provides an estimate of the
adsorption capacity of the adsorbent. It also provides the most appropriate correlations for
the design and optimization of an adsorption system. The adsorption isotherms were
studied under the following conditions: 1 g jarosite dosage, pH 4, 80 min, 150 rpm, 303 K,
and different initial Cu(II) concentrations (150 — 500 mg/L). The Langmuir (Langmuir, 1916)
and Freundlich (Freundlich, 1906) models were used for the equilibrium isotherms that

described the interaction between Cu(Il) uptake onto jarosite.

For the Langmuir isotherm, the slope and intercept of the linear plot of Ce/g. vs C. (Figure
7.5a) give the values of g» and Ki respectively, while for the Freundlich isotherm, the slope
and intercept of the linear plot of log g. vs log C. (Figure 7.5b) give the values of 7 and K

respectively. The results of the isotherm analysis are summarized in Table 7.1.
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Figure 7.5: (a) Langmuir and (b) Freundlich isotherm model plots for Cu(Il) adsorption onto biogenic

jarosite

Table 7.1: Isotherms model data for Cu(II) adsorption onto jarosite at 303 K

Isotherms Constants Jar-2.2 Jar-1.7

Langmuir model gm (Mg/g) 17.12 13.32
b (L/mg) 0.011 0.013
Re 0.378 0.342
R? 0.9568 0.9734

Freundlich model nr 1.904 2.246
K 0.748 0.898
R? 0.9057 0.9233

According to the R? values, the Langmuir isotherm (R?= 0.9568 for Jar-2.2 and R?= 0.9734
for Jar-1.7) was the best fit for representing the adsorption data. This indicates that the
surface of jarosite was covered by the monomolecular layer, thus demonstrating monolayer
adsorption. The monolayer layer of adsorption has been reported to be a good indicator of
chemical adsorption (Ruthven, 1984; Tran et al., 2016). The monolayer adsorption capacity
(qm) at 303 K was 17.12 mg/g for Jar-2.2 and 13.32 mg/g for Jar-1.7. The calculated R: value

in this study ranged between 0 and 1, showing that the adsorption system of Cu(II) ions
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onto the biogenic jarosite was favourable. Adsorption is favourable when 0 < Rr < 1

respectively (Weber and Chakravorti, 1974; Tran et al., 2017).

7.4.4 Adsorption kinetics modeling

Studies of kinetics are useful for the design, optimization, and scale-up of adsorption
processes. The adsorption kinetics result was presented under the following investigated
conditions: 1 g jarosite dosage, pH 4, 150 rpm, 303 K, 150 mg/L initial Cu(II) concentration,
and contact time intervals of 5 — 80 min. The kinetic data necessary for designing and
optimizing the removal of Cu(Il) ions by jarosite were modeled using pseudo-first-order
(Lagergren, 1898), pseudo-second-order (Blanchard et al., 1984), and intra-particle diffusion
(Weber and Morris, 1963) models.

For the pseudo-first-order, the slope and intercept of the linear plot of In (g-q:) vs t (Figure
7.6a) give the value of ki and g. respectively. For the pseudo-second-order, the slope and
intercept of the linear plot of t/g: vs t (Figure 7.6b) give the value of g. and k: respectively.
The intra-particle diffusion, the slope and intercept of the linear plot of g: vs t'? (Figure 7.6c)
give the value of kiz and C respectively. The estimated kinetic model parameters in the

studied conditions are summarized in Table 7.2.
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Table 7.2: Kinetic model data for Cu(II) adsorption onto jarosite

Parameters Jar-2.2 Jar-1.7
Experimental data e, exp (ME/) 5.23 4.87
Pseudo-first-order k1 (min-?) 0.0727 0.0484
qe,cal (mg/g) 3.89 3.34
R? 0.9966 0.9927
Pseudo-second-order k: (g/mg min) 0.0230 0.0259
Jecal (ME/E) 5.34 5.71
R? 0.9974 0.9942
Intra-particle diffusion Kis (mg/g min®%) 0.435 0.418
C 2.0096 1.648
R? 0.9530 0.9867

The data confirms its best compliance with the pseudo-second-order model for the
adsorption process due to its comparatively higher coefficient of determination values (R?
=(0.9974 for Jar-2.2 and R? = 0.9942 for Jar-1.7) than the values for other models (Table 7.2).
This is also evident from the insignificant disparities between the pseudo-second-model
estimated (ge, .= 5.34 for Jar-2.2 and ge, 1= 5.71 mg/g for Jar-1.7) and experimental (ge, exp =
5.23 mg/g) values. This indicates that the adsorption kinetics are affected by both the
availability of active sites and the concentration of Cu(Il) in the solution. The finding
suggests that the rate-limiting step in the examined system occurs via chemisorption, which
involves the exchange of electrons between the jarosite and Cu(lI) ions. It is often assumed
in the literature that if the adsorption process is well represented by the pseudo-second-
order model, the (adsorbate-adsorbent) chemical reaction at the surface can be thought to
constitute the rate-limiting step (Paredes-Quevedo et al., 2021). On the other hand, since
non-zero intercepts exist (the lines do not intersect the point of origin) of the plots of the
intra-particle diffusion model (Figure 7.6c), this suggests that the adsorption mechanism of

Cu(Il) onto biogenic jarosite does not include internal diffusion and is therefore
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independent of the mass transfer in interior pores. There is no pore-filling mechanism.

Thus, external (surface) adsorption occurs.

7.4.5 Activation energy and thermodynamic analysis

The activation energy (E.) enables the estimation of the energetic barrier that copper ions
must overcome before adsorption occurs. The activation energy was calculated using the

Arrhenius expression.

The slope of the plot of In k2 vs 1/T (Figure 7.7) was used to estimate the value of E.. The
activation energy of physical adsorption is usually less than 4.184 kJ/mol (Hill and Root,
2014) and no more than 17.573 KJ/mol (Saha and Chowdhury, 2011). The activation energy
required for chemical adsorption is in the range of 4 — 40 kJ/mol (Maleki et al., 2017) since
greater force is required for the adsorption process. The activation energy in this
investigation was calculated to be 21.01 kJ/mol for Jar-2.2 and 23.39 kJ/mol for Jar-1.7,

implying that the rate-limiting step is chemically controlled for both adsorption processes.
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Figure 7.7: Arrhenius plot for Cu(Il) adsorption onto biogenic jarosite
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The determination of thermodynamic parameters enables the feasibility and real nature of
an adsorption system to be determined. After establishing the adsorption equilibrium of
the examined systems, thermodynamic data were calculated, namely Gibbs free energy

change (AG°®), entropy change (A5°), and enthalpy change (AH®).

The slope and intercept of the linear van't Hoff plot of In Kp vs 1/T (Figure 7.8) were used
to estimate the values of AH° and AS° respectively. Table 7.3 summarizes the

thermodynamic and activation energy data.
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Figure 7.8: van’t Hoff plots for Cu(II) adsorption onto biogenic jarosite

Table 7.3: Thermodynamic and activation energy parameters for the adsorption process

Jarosite  AH° (kJ/mol)  AS° (kJ/mol K) Ea (kJ/mol) AG® (kJ/mol)

303K 313K 323K

Jar-2.2 33.83 0.094 21.01 5.50 4.56 3.63
Jar-1.7 24.65 0.062 23.39 5.85 5.22 4.60
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The positive values of AH° confirm that the adsorption process is endothermic. This
supports the finding of the parametric analysis, where an increase in adsorption was
observed with increasing temperature. The positive values of AS° imply enhanced
dissociation at the solid/solution interface. This proved that biogenic jarosite has a high
affinity for copper ions during the adsorption process. Similarly, positive values of AG®
indicate that the adsorption is non-spontaneous and that ion exchange occurs. The decrease
in AG® values with increasing temperature indicates that higher temperatures resulted in a

higher sorption rate.

74.6 Adsorption mechanism

This section discusses the likely sorption mechanism of copper ion onto jarosite based on

the various analyses performed in the study.

Above the pHzrc values (2.14 and 2.37), the biogenic jarosite powder possessed a net
negative surface charge and the adsorption process takes place through electrostatic
attraction between the copper ions in solution and the functional groups present on the
surface of the adsorbent. Since the pH of the solution (pHs 4) used throughout the
adsorption study is higher than the pHrzc, the deprotonation reactions of the hydroxyl
groups available on the surface of the biogenic jarosite occurred as shown in Equation 7.1
and the electrostatic attractions thus occur between the negatively-charged sites on the

surface of the biogenic jarosite and Cu(II) cations in the solution as shown in Equation 7.2.

=S—O0H +—— =S—0" + H* (7.1)

=5—0" + 2+ =S—0—(Cuy?*
S—0 Cus” «— =S—0 Cu (7.2)

where S represents the surface of the adsorbent
Moreover, the hydroxyl group present on the surface of the biogenic jarosite is a

representative surface acidic functional group and could attract the copper molecules

through a possible ion-exchange mechanism.
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Strictly speaking, industrial heap copper bioleaching is performed at pH 2.0 or lower to
maintain a high concentration of the principal bioleaching agent, Fe(IIl), for copper
solubility (Ruan et al., 2011; Gentina and Acevedo, 2013). In fact, microbial activity causes
the pH of sulfur-containing leachates to decline more during the duration of a bioleaching
run (Mccarthy et al., 2018). Even at these extremely low pH levels (< 2), iron precipitates,
particularly jarosite, have been shown in the literature to scavenge metal ions and prevent
them from getting into solution (Ju et al., 2011; Liu et al., 2017; Kaksonen et al., 2018; Wang
et al., 2018). This was reviewed in Section 2.7 of Chapter 2. As a result, in this present
chapter, additional sorption studies were conducted at pH value of 1.5 and solution
temperature of 50 °C. These might provide a glimpse of the sorption mechanism that occurs
in a typical bioleach heap system at a pH values lower than the pHrzc values (2.14 and 2.37)
of biogenic jarosite as demonstrated in this study. To ascertain this, a short investigation
was carried out under the following conditions: pH 1.5 and 2, solution temperature of 50
°C, jarosite dosage of 1 g, and contact time of 80 min. The result of the study is illustrated

in Figure 7.9.
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Figure 7.9: Effect of initial pH on biogenic jarosite for copper adsorption
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As illustrated in Figure 7.9, the adsorption process of copper still functioned when the pHs
was lower than the pHrzc of jarosite. This result implies that, in the acidic solution for the
sorption process, there seems to exist an interaction between the abundant hydrogen (H*)
and the copper ion (Cu?). This further suggested that certain chemical interactions such as
ion exchange, with sufficient energy could overcome the surface-electrostatic repulsive
force (Van et al., 2019). The low copper uptake by jarosite (at pH 2: 47.49% for Jar-2.2 and
35.4% for Jar-1.7; at pH 1.5: 40.51% for Jar-2.2 and 31.62 for Jar-1.7) in the investigated
conditions could be that the contact time used (80 min) for this sorption process might not
have reached equilibrium for the uptake of copper. The adsorption mechanism of copper

onto biogenic jarosite is summarised in Figure 7.10.
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Figure 7.10: Possible mechanism of copper adsorption onto biogenic jarosite

7.5 Implications of surface charge and surface area of jarosite in bioleaching

The impart of iron precipitate (most especially jarosite) on biohydrometallurgical
operations was carefully reviewed in Section 2.7 in Chapter 2. While the use of jarosite was
demonstrated in this present study to be a promising adsorbent for remediating cationic
pollutants from wastewater systems, this adsorbing attribute is quite detrimental during
the bioleaching of sulfide minerals. Of notable effect is the scavenging of desired metals by
jarosite during bioleaching operations. Based on the findings in this study, to minimize the
sorption of metals by jarosite for efficient metal extraction in biohydrometallurgical

processes, it is recommended that:
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(i) The surface charge of jarosite should be given utmost consideration. In this study, the
jarosite formed at pH 2.2 had less positive charge (i.e., more negative charge) which was
responsible for its ability to adsorb more copper ions due to the strong electrostatic
attraction, as compared to the jarosite formed at pH 1.7. This indicates that the metal
adsorption by precipitated iron (jarosite) during bioleaching is caused by the surface charge
of such precipitate. Highly positively charged (i.e., less negatively charged) precipitates
demonstrated lower adsorption capacity due to the high electrostatic repulsion forces in
comparison to less positively charged precipitates, which exhibited high electrostatic
attraction forces. Therefore, to increase bioleach efficiency and metal recovery, bioleach
conditions should be maintained in such a way that the resulting surface charge on the
formed precipitate is more positive. This will aid more sorption of undesirable anions (such

as sulfate ions) and less of cationic metals (such as copper).

(ii) The experiments revealed that adsorption of copper is sensitive to the increase in surface
area but not sensitive to porosity (pore volume); consequently, for understanding the
sorption capacity of jarosite for metal ions, porosity may be considered less important in
itself. The kinetic models additionally corroborate this conclusion. Pseudo-second-order
kinetic model indicated that the adsorption process occurred via an adsorbate-adsorbent
reaction of copper onto the external surface of biogenic jarosites, while the intra-particle
diffusion revealed the adsorption process was initiated without mass transport in internal

pores.

For proper examination of the scavenging nature of jarosite for metals during bioleaching,
it is more important to conduct holistic studies that take into account the interactions (ion
exchange and electrostatic attraction) that may occur between adsorbate and the adsorbent

surface.

7.6 Surface properties comparison of the precipitates obtained from industrial pyrite

bioleaching and laboratory ferrous ion bio-oxidation

The XRD patterns of biogenic iron precipitate samples are shown in Figure 7.11. The jarosite

compound formed during the ferrous ion bio-oxidation at the pH levels investigated does
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not contain crystalline byproducts. Whereas, in addition to jarosite, secondary minerals (as
gangue minerals) such as talc (MgsSisO1(OH)2) and quartz (5iO2) were identified on the
sample of the industrial precipitate which could be because pyrite mostly occurs at the

contact between talc and magnesite bodies (Petrasova et al., 2007; Hredzak et al., 2014).

J-Jarosite
T-Talc
Q-Quartz

Intensity (a.u.)

JT  Industnal

10'20'30'40'50'50
2-Theta (degree)

Figure 7.11: XRD patterns of biogenic industrial precipitate from pyrite concentrate and biogenic

precipitate produced from ferrous ion oxidation

FTIR spectra for biogenic precipitate (identified as jarosite) generated at pH 1.7 (Jar-1.7), 1.9
(Jar-1.9), 2.2 (Jar-2.2), and the industrial biogenic precipitate samples are illustrated in
Figure 7.12. It was observed that the industrial precipitate sample had an additional peak
at 1421 cm! assigned to the bending vibrational mode of v,(NHJ), which suggests that it
contained traces of ammoniojarosite (Sasaki et al., 1998). This observed peak was absent in

the spectra of the biogenic jarosites generated from the oxidation of ferrous ion at all the
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pH levels investigated. Furthermore, the stretching mode of the v(Si-O-Si) band was found
at 798 cmin the industrial iron precipitate sample (Capeletti and Zimnoch, 2016). This
may be due to the presence of talc and quartz as identified from the XRD analysis of the
sample. The bands at 667 and 447 cm™ present in the industrial precipitate sample are
attributed to v,(S05”) and v,(SO37) bending vibrational modes respectively, of jarosite-
group compounds (Sasaki ef al., 1998). However, it should be noted that the v,(S03™) peak
was not observed in the biogenic jarosites produced from the ferrous ion bio-oxidation
process. There are no peaks assigned to the vibrational modes of the Fe-O bond at 400-
4000 cm™! in the spectrum of the industrial precipitate sample, which might be due to its
overlap with multiple absorption modes of other compounds that are present. All peak

assignments are summarized in Table 7.4.

Jar-1.7 o .
—A..,‘W__
Industrial Vv\\/_\[

Transmittance (a.u.)

v | v | v | v | v | v | v |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 7.12: FTIR spectra of biogenic industrial precipitate from pyrite concentrate and biogenic

precipitate produced from ferrous ion oxidation
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Table 7.4: Assignments of infrared wavenumbers of biogenic industrial iron precipitate from pyrite

concentrate and biogenic jarosite formed from ferrous ion oxidation

Wave numbers (cm) Functional group Mode of vibration

Jar-1.7  Jar-19  Jar-2.2  Industrial

3362 3365 3369 3399 vOH stretching
1624 1624 1637 - 0(H:20) bending
- - - 1421 v,(NH}) bending
1189 1189 1196 1176 v3(S0%") stretching
1077 1080 1080 1079 v3(S0%") stretching
997 1000 998 1000 v1(S037), don stretching
- - - 798 v(5i-O-5i) stretching
- - - 667 v,(S037) bending
629 629 629 629 v,(S037) bending
505 506 503 - Fe-O stretching
470 471 471 - Fe-O stretching
- - - 447 v,(S0%") bending

The elemental composition of the samples as identified from the EDS is presented in Table
7.5. The industrial iron precipitate has lower weight fractions of the F, S, and K elements as
compared with the biogenic jarosite obtained from the ferrous ion oxidation. Additional
elements, namely Mg, Al, Si, Cl, and Ca were detected on the biogenic industrial precipitate
sample. This shows that the precipitate is highly heterogeneous in composition and
contains the presence of other phases and/or compounds besides K-jarosite. The Fe/S molar
ratio obtained for the industrial precipitate is far below the Fe/S standard stoichiometric

ratio of 1.5 for K-jarosite (Table 7.5).
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Table 7.5: Elemental composition and molar ratio of biogenic industrial iron precipitate from pyrite

concentrate and biogenic jarosite formed from ferrous ion oxidation at different pH levels

Element Elemental composition (%)
Jar-1.7 Jar-1.9 Jar-2.2 Industrial
C 20.99 15.17 28.24 9.17
56.69 57.70 43.43 54.36
Fe 11.21 14.94 16.45 2.74
S 6.21 6.34 6.63 4.83
K 2.73 2.86 293 0.03
P 2.17 2.99 2.33 -
Mg - - - 8.69
Al - - - 0.81
Si - - - 13.72
cl - - - 0.42
Ca - - - 5.23
Fe/S 1.04 1.35 1.42 0.33
Fe/K 2.88 3.66 3.94 63.52
S/K 2.78 2.71 2.76 187.68

The N2 adsorption-desorption isotherms for the samples are depicted in Figure 7.13a. The
plots all revealed a type-IV isotherm and H3 hysteresis loop patterns (Sing, 1985), showing
that the biogenic industrial iron precipitate and biogenic jarosite generated from ferrous
ion oxidation are all mesoporous in structure. The adsorption pore-size distribution plots
are shown in Figure 7.13b. The majority of the pore diameters were between 2 and 25 nm.
This corresponds to the Brunauer-Deming-Deming-Teller (BDDT) classification approach,

which classifies pores with diameters ranging from 2 to 50 nm as mesopores (Sing, 1985).
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Figure 7.13: (a) N2 adsorption/desorption isotherm; (b) pore-size distribution of biogenic industrial

precipitate from pyrite concentrate and biogenic precipitate formed from ferrous ion oxidation

Table 7.6: BET/BJH parameters of biogenic industrial iron precipitate from pyrite concentrate and

biogenic jarosite formed from ferrous ion oxidation at different pH levels

Iron precipitate BET surface area Total pore BJH average pore size
(m?/g) volume (cm?/g) (nm)
Jar-1.7 8.32 0.03 16.15
Jar-1.9 8.58 0.03 13.36
Jar-2.2 11.00 0.04 10.45
Industrial 4.74 0.014 11.61

7.7 Conclusions

This chapter examined the relationship between surface area, pore size, and surface charge
of biogenic jarosite for its adsorption of copper from an aqueous solution. The point of zero
charge of the jarosite was observed to be 2.14 and 2.37 for jarosite samples synthesized at
pH 2.2 (Jar-2.2) and pH 1.7 (Jar-1.7) respectively. Under the same adsorption conditions,
Jar-2.2 with a smaller particle size (higher surface area) gave the highest sorption capacity

for copper. The best fit for the kinetic investigation of both biogenic jarosites for copper
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adsorption was the pseudo-second-order model. This result suggested that the rate-
limiting step was chemisorption involving valency forces through sharing or exchange of
electrons between jarosite and copper. The Langmuir model also provided the best fit for
the isotherm investigation. This suggested monolayer adsorption, indicating that the
jarosites have a homogeneous surface. Thermodynamic parameters for the adsorption
process obtained over a temperature range of 303 — 323 K revealed that the process was
non-spontaneous and endothermic. The mechanism of copper adsorption onto jarosite
powder was by cation exchange and electrostatic attraction with no pore-filling
mechanism. The result of this study is applicable in the design of iron bio-oxidation and
bioleaching processes such that iron precipitation and its scavenging attributes for metals

can be well managed.
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“If the conservation of natural resources goes wrong, nothing else will go right.” — M. S.
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS

This chapter summarizes the importance of the findings of this thesis in relation to the

specified research objectives and concludes with future work prospects.

8.1 Conclusions

This study applied surface chemistry tools to a typical bio-oxidation process to provide
new insights into the precipitation of iron and the fate of desired metals during
biohydrometallurgical processes. Apart from clogging pipes and heap beds, iron
precipitates are known to reduce the extraction efficiency of bioleaching operations by
scavenging valuable base metals of interest, and studies have demonstrated that a
significant amount of metals can be recovered from the iron precipitate residue of a
preceding bioleaching process. In this thesis, fundamental knowledge was obtained of
these precipitates regarding their interactions with desired metal ions in order to effectively
minimize the loss of metal in biohydrometallurgy. This was achieved by following the
approaches outlined below: (i) the influence of initial solution pH values on the amount of
iron precipitate generated during bio-oxidation of ferrous ion was examined; (ii) the effect
of changes in initial pH on the surface properties of iron precipitate were studied; (iii) the
sorption mechanism, kinetics, and thermodynamics of industrial iron precipitate for copper
ion retention from an aqueous solution were investigated; and (iv) the significance of
surface charge, surface area, and porosity of biogenic iron precipitate on the kinetics and
sorption capacity for metal ion was also investigated. In parallel, experiments were
conducted and the conclusions drawn below are based on the stated objectives met in

accordance with the research questions.

In the first study (Chapter 4), an investigation of the influence of initial solution pH and
aging time on the amount of iron precipitate in a CSTR was instigated. The main outcome
of the study indicated that the mass of iron precipitate generated increased as the initial

solution pH increased.
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In the second study (Chapter 5), the effect of initial solution pH was investigated on the
surface properties of the microbially synthesized iron precipitate. The XRD patterns of the
synthesised biogenic iron precipitates, within the pH values investigated (1.7 - 2.2), showed
the precipitate as mainly K-jarosite, KFe3(SO4)2(OH)s. The study revealed a decrease in the
average crystallite size (from 8.68 — 8.08 nm) as the influent solution pH increased (from 1.7
—2.2). The SEM analysis of the jarosite showed the surface morphology to be composed of
aggregates of round, elliptical, and/or tabular particles. A trend was observed in the EDS
analysis with a decrease in the total content of Fe, S, and K as the synthesis influent pH
increased. The XPS spectra for the surface species of the produced biogenic K-jarosite
revealed the presence of peaks for Fe(Il[)-O, hydroxide (OHT), sulfate ion (S0%7),
polysulfide (S?7), and phosphate ion (PO} ") chemical states. The FTIR spectra obtained are
consistent with the functional group peculiar in the K-jarosite crystal. In terms of thermal
stability, TGA studies showed the dehydroxylation of K-jarosite between 320 — 327 °C and
the complete thermal decomposition of yavapaiite between 707 — 716 °C. Most importantly,
the study revealed an increase in the surface area (from 8.32 — 11.00 m?/g) and a decrease in
the pore-size distribution (from 16.15—10.45 nm) as the influent solution pH increased from
1.7 — 2.2. The chapter concluded that jarosite generated at a higher pH is more porous, has
a smaller crystallite size, and higher surface area. This may facilitate metal ion transport
and adsorption onto the surface of jarosite particles during bioleaching, thereby hindering

the efficient extraction of the desired metal.

In the third study of this thesis (Chapter 6), the kinetics, thermodynamics, and mechanism
of copper ion sorption by industrial biogenic iron precipitate from an aqueous solution
were investigated. It was shown that the industrial iron precipitate sample was highly
heterogeneous in terms of composition and possessed negatively charged functional
groups for the uptake of a metal cation such as copper. Consequently, the interaction
between the functional ions and metal ions led to a chemisorption process via an ion-
exchange mechanism. The pseudo-second-order model best fits the experimental data,
signifying its high precision in describing the kinetic constant for Cu(Il) adsorption onto

biogenic iron precipitate. Thermodynamic parameters showed the process is non-
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spontaneous and endothermic. At higher temperatures, the adsorption process for metal
ion binding was enhanced, which revealed that increasing the temperature could lead to
an expansion in the pore size of the precipitate, helping to ease the diffusion of Cu(Il) ions
onto the sites difficult to access. The results of this study demonstrate that the entrapment
of copper during the high-temperature dissolution of metal-bearing minerals is expected

to affect the overall extraction of metal.

This final study (Chapter 7) investigated the relationship between surface area, porosity,
and surface charge of biogenic jarosite generated from ferrous ion bio-oxidation for the
adsorption of copper from an aqueous solution. Under the same adsorption conditions,
jarosite with a smaller particle size (higher surface area) demonstrated an increased
sorption capacity for copper compared to jarosite with a larger particle size (lower surface
area). The results also showed that in adsorption experiments under positively and
negatively charged conditions of pH, jarosite could both adsorb copper, with more copper
being adsorbed when the surface of the jarosite was more negatively charged (when the
pHs > pHezc). The kinetic investigation of both biogenicjarosites used for copper adsorption
in this study was best fit by a pseudo-second-order model. This result indicated that the
rate-limiting phase was chemisorption. The investigation of intra-particle diffusion
revealed that the adsorption mechanism is independent of mass transfer in the interior
pores (does not include internal diffusion). The Langmuir model offered the best fit for the
isotherm investigation, demonstrating monolayer adsorption and a homogeneous surface
for the jarosites. Adsorption thermodynamic analysis suggested that the process was non-
spontaneous and endothermic. The mechanism of copper adsorption onto biogenic jarosite

occurred through cation exchange and electrostatic attraction.

8.2 Recommendations for future research

The studies presented in this thesis have attempted to develop a better understanding of
the surface properties of iron precipitates formed during bio-oxidation of ferrous ion at
different initial pH levels. The thesis further presented the adsorption of copper ion by

industrial precipitate from bioleaching and bio-oxidation processes. The intention was that
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this knowledge would help to guide further research in the scavenging of valuable metals
by iron precipitates during biohydrometallurgical processes. Based on the major findings
and limitations identified in this thesis, the following recommendations for future work are

provided below:

> This thesis has established a relationship between surface properties and solution
pH conditions for ferrous ion oxidation mediated by mixed mesophilic cultures. It
is therefore recommended that studies should be carried out on ferrous ion bio-
oxidation mediated by thermophiles. This would help to understand if the
precipitate generated under thermophilic conditions follows the same trend as the
precipitate produced under mesophilic conditions, in terms of surface properties

and adsorption mechanism for metal ions.

> The coexistence of metal ions in different phases (e.g. Ni-Zn-Ca, Cu-Pb-Zn, etc)
exists in mineral sulfides due to the diversity of geological and environmental
conditions of mined ores. Metal affinities for iron precipitate during bioleaching
could be linked to the physicochemical properties of such metal ions (e.g. ionic
radius, hydration energy, solubility, electronegativity, etc) and site densities of the
precipitates, which can impede target metal extraction. It is recommended that
investigations be conducted to identify the distinct types of sites that may be present
on iron precipitates (oxides, oxyhydroxides, and hydroxysulfates). Such
investigation would address whether the presence of high-energy sites and low-
energy sites may explain the adsorption capacity of various iron precipitates for the

different metal ions that could be present in a given sulfide mineral.

> In addition to the extraction of base metals during mineral sulfide bioleaching,
anions (e.g., phosphate and sulfate) are also dominant ions in iron precipitate
residue as demonstrated in the case of jarosite in this study, the presence of which
is mostly due to the composition of the synthesis solutions. Thus, the influence of
multiple ions coexisting during mineral sulfide dissolution should be considered.
Furthermore, the retention of coexisting metal ions on bioleached iron residue can

suppress desired metal ions from being extracted during the bioleach operation.
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Thus, computer modeling is recommended for calculating the energy of the
chemical reactions that occur during the sorption of different ions into the structure
of iron precipitate. This would allow an evaluation of the incorporation of the target
metal ion into the precipitate crystal structure to be compared to other competing
ions. As a result, this would help to model the sorption mechanisms of multiple ions

during bioleaching.

While the findings of this thesis contribute to a better knowledge of the sorption
mechanism of iron precipitates in biohydrometallurgical processes, there was no
molecular-scale spectroscopic evidence supporting the adsorption mechanism
presented in this thesis. Thus, analysis of iron precipitate compounds using X-ray
absorption spectroscopy (XAS), extended x-ray absorption fine structure (EXAEFS),
and X-ray absorption near-edge structure (XANES) spectroscopic techniques that
provide direct molecular-scale information about adsorbed metal ions on the
surface of iron precipitates should be conducted further. This investigation would
provide structural information on the iron precipitate produced from bioleach

operation and in particular, its binding forms of metal ions.

It is also recommended that the kinetics of iron precipitate should be investigated
throughout a bio-oxidation and/or bioleaching operation. This would help reveal
the rate at which the precipitates are formed and how the change in the degree of
crystallinity of the precipitates during aging could influence their sorption capacity
for metal ions. The characterization data of the biogenic potassium jarosite from this

thesis could be used to guide the interpretation of such an analysis.
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APPENDICES

Appendix A: Reagents preparation and determination of concentration of iron species

Al1l.1 Reagents preparation
A1.1.1 Vishniac Trace Metal Solution

Vishniac Trace Metal Solution was prepared according to the method suggested by
Vishniac and Santer (1957).

Weigh the reagents accurately and dilute to 1 L volume with distilled water (dH20).
o Prepare 6% potassium hydroxide (KOH) by weighing 15 g KOH and diluting to 250
mL with dH20.
o Dissolve 50 g EDTA (Ethylenediaminetetraacetic acid disodium salt dihydrate) in
200 mL of 6% KOH using a magnetic stirrer.
o Ina separate 500 mL beaker weigh the salts listed below and dissolve in 400 mL

dH20 for 30 minutes using a magnetic stirrer.

Table A.1: Chemical list for Vishniac Trace metal solution

Chemical Amount (g)
ZnS04+.7H20 22.00
CaCl.2H:0 9.24
MnClz.4H:0 5.06
FeSO4.7H:20 5.00
(NH4)sM07024.4H20 1.10
CuSO4+.5H0 1.58
CoCl2.6H20 1.62
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o Transfer the solution prepared in Step 2 quantitatively into the solution prepared in
step 3 and makeup to 1 L with dH:0 by rinsing the 500 mL beaker with 400 mL

dH20. A deep greenish-brown solution should result.

A1.1.2 Spekker acid

The spekker acid solution was prepared by mixing equal volumes of concentrated sulfuric
acid (98% H:504) and phosphoric acid (85%) with water in a ratio of 3:4 (acid
solution:distilled water).

o Measure 600 mL distilled water using a 2 L beaker.

o Carefully add 225 mL of concentrated sulfuric acid (98%) and 225 mL of phosphoric
acid (85%) by slowly pouring the acid mixture against the wall of the beaker
(caution: rapid addition of the acid mixture to the distilled water will result in heat
of mixing which will cause localized boiling, especially when using concentrated
H250s).

o Allow the mixture to cool to room temperature before transferring into a storage

bottle.

A1.1.3 Ferric acid
The ferric acid solution was prepared from the spekker acid:
o Measure 600 mL distilled water using a 2 L beaker.
o Slowly and carefully add 150 mL of spekker acid and then 300 mL of concentrated
hydrochloric acid (32% HCI) to the distilled water.
o Agitate the mixture using a magnetic stirrer and allow to cool to room temperature

before transferring into a storage bottle.

A1.1.4 Stannous chloride solution (SnCl>)
o Weigh out 30 g stannous chloride in a 200 mL beaker.
o Add 100 mL concentrated hydrochloric acid (32%) and agitate at 50 °C until it
dissolves completely.
o Allow to cool to room temperature and dilute with 200 mL distilled water.

o Add a small amount of granular tin to the solution to retard precipitation.
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A1.1.5 Mercuric Chloride solution (HgCl>)

O

O

Weigh out 50 g mercuric chloride in a 2 L beaker.
Add 1 L of distilled water and agitate until the solute has dissolved completely
(about 2 hours).

Add a spatula tip of HgCl2 and stir for 2 h before storage.

A1.1.6 Potassium Dichromate solution (0.0149 M K:Cr207)

O

Dry approximately 10 g of K2Cr207 (molar mass, 294.20 g.mol) in an oven at 105 —
110 °C for 1 -2 h. Cool in a desiccator.

Accurately weigh out 8.78 g of the dried K2Cr207 into a 100 mL beaker.

Transfer quantitatively into a 2 L beaker.

Add 1.5 L of distilled water and agitate until dissolved completely.

Transfer quantitatively into a 2 L standard volumetric flask and fill to the 2 L mark

with distilled water.

A1.1.7 Barium Diphenylamine Sulphonate (BDS) solution (C2:H20BaN20sS:)

O

Al1.2

Weigh out 1.0 g of barium diphenylamine sulphonate in a 250 mL beaker and add
100 mL of concentrated sulfuric acid (98%). Agitate until the solute has dissolved

completely.

Determination of ferrous ion concentration by titration with potassium

dichromate solution

O

O

Pipette 5 mL of the required aliquot solution into a 125 mL conical flask.
Add 10 mL of spekker acid solution.

Add 2 -3 drops of BDS indicator.

Titrate the potassium dichromate (0.0149 M K:Cr20y) solution until the first

permanent colour change from yellow to intense purple is obtained.

Ferrous-ion concentration may be calculated using Equation A1.1:
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[K,Cr,0,]xV; x(55.84 x6)

2+
[Fe™]= Vo (AL1)
Where, [Fe?] = Ferrous-ion concentration (g.L)
KoCr207 = K2Cr207 concentration (i.e. 0.0149 M K2Cr20y7)
Vr = Titration volume (mL) (amount of 0.0149 M K2Cr207 added)
Vsotution = Solution aliquot volume (mL)
A1.3 Determination of total iron concentration by titration with potassium dichromate
solution

o Filter 5 mL aliquot of sample solution.

o Pipette the required amount of aliquot (i.e. 5 mL) into a 125 mL conical flask.

o Add 10 mL of spekker acid solution and heat until the mixture boils.

o Add stannous (SnClz) solution dropwise until the yellow colour disappears
completely. Add one extra drop and record the amount of stannous chloride added
(note: It is important to record this amount, especially when doing duplicate
titrations since it gives some an idea of the amount of SnClz required for the next
duplicate titrations).

o Allow the solution to cool to room temperature and add 10 mL of mercuric chloride
(HgCl) solution. A silky-white precipitate should appear. If no precipitate forms,
too little stannous chloride was added in step 4. If the precipitate is heavy and
grey/black, too much stannous chloride was added. In either case, abort the
experiment and start over.

o Add 3 -4 drops of barium diphenylamine indicator solution (BDS) and titrate with

the potassium dichromate solution until the first permanent colour change from

yellow to intense purple is obtained.

Total iron concentration may be calculated using Equation A1.2:

[Fe']=

[K,Cr,0,]x V; x(55.84x6)
V.,

solution

(A1.2)
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where, [FeT] = Total iron concentration (g.L")

KoCr207 = K2Cr207 concentration (i.e. 0.0149 M K2Cr20y7)
Vr = Titration volume (mL) (amount of 0.0149 M K>Cr207 added)
Volution = Solution aliquot volume (mL)
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Appendix B: Standard table and graph

Table B.1: Cu(Il) standard table

Concentration (mg/L) Absorbance
0 0
200 0.147
400 0.286
600 0.411
800 0.541
1000 0.668
0.8
0.7 1
05 y =0.0007x + 0.0102 /.
e R? = 0.9991
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Figure B.1: Graph of absorbance at 610 nm against initial copper concentration (mg/L)
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DNA concentration and relative abundance for microbial speciation at the start and completion of experiment

Universal  Leptospirillum Acidithiobacillus ~ Universal Acidiplasma  Ferroplasma Archaea Cuniculiplasma
Bacteria ferriphilum caldus Archaea cupricumulans  acidiphilum (JTC1/2) divulgatum
Start of 7.25E+06 4.60E+06 2.66E+06 4.76E+05 3.93E+05 1.04E+04 3.20E+05 2.93E+05
experiments
Completion of 3.77E+04 5.41E+03 1.79E+02 1.26E+05 0.00E+00 1.05E+03 3.02E+05 2.79E+06
experiments

Relative abundance of microorganisms

Leptospirillum  Acidithiobacillus ~ Acidiplasma  Ferroplasma  Archaea (JTC1/2 —  Cuniculiplasma Bacteria other

ferriphilum caldus cupricumulans  acidiphilum  Thermoplasmatales)  divulgatum
Start of 55.5 32.2 4.7 0.1 3.9 3.5 0.0
experiments
Completion of 0.2 0.0 0.0 0.0 9.7 89.1 1.0
experiments

—
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