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ABSTRACT

Acid mine drainage (AMD) is a biorecalcitrant and toxic wastewater matrix that causes serious
environmental, ecotoxicological, carcinogenic, and socio-economic stresses. It is typically
encountered in countries with strong mining industry, including South Africa, the USA,
Canada, and China. In recent decades, acid mine drainage (AMD) has been a topical issue of
prime concern, primarily due to the magnitude of its environmental, ecotoxicological, health,
and socio-economic impacts. Mining activities are notorious for their environmental footprint
and AMD is the acidic water effluent that typically originates from metal (primarily gold) and
coal mines. The problem persists in numerous countries with a strong mining industry. Even
though AMD has a low to very low (acid) pH, it also contains dissolved toxic metals (e.g.
copper and iron), both causing detrimental effects to receiving aquatic ecosystems. Practical
and cost-effective solutions for the prevention of negative impacts and particularly for its
treatment at large scale has yet to be introduced. Traditionally, active (driven by frequent input
of chemicals, energy, and equipment) and passive (typically based on oxidation or reduction)
treatment technologies have been employed. Active systems tend to be more efficient than
passive ones in contaminants removal; however, at the expense of process complexity, cost,
and energy consumption. More recently, and under the circular economy concept, the recovery
of valuable minerals from AMD has been a topical issue of prime interest particularly for mine
dominated regions that produce highly concentrated AMD. In light of the above, AMD in South
Africa is rich in elevated levels of Al, Fe, Mn and sulphate amongst miniscule levels of heavy

metals, metalloids, rare earth metals and radionuclides.

This study was developed with the aim of using activated magnesite for the recovery of Al, Fe,
Mn, and sulphate from AMD. Batch experimental procedures were used to fulfil the goals of
this study, specifically the one factor at a time (AFAAT) whereby one factor was varied with
the rest fixed. The optimised parameters include contact time, and feed stock dosage on the
recovery of valuable minerals. The metals were recovered through sequential and fractional
precipitation at varying pH gradients. The obtained results were analysed using the state of the
art analytical techniques, such as Inductively coupled plasma mass spectrometry (ICP-MS),
Gallery™ Plus Discrete Analyzer photo spectrometer, HANNA Multi-parameter probe,
Inductively coupled plasma - optical emission spectrometry (ICP-OES), Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and X-ray fluorescence (XRF), which

were used along with a high resolution scanning electron microscope (HR-SEM) coupled with
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energy dispersive X-Ray spectroscopy (EDS). The pH Redox Equilibrium (in C language)
(PHREEQC) was used to substantiate aqueous and solids experimental results. The
experiments were conducted in triplicate and results were reported as mean values. The
samples were analysed in an ISO/IEC 17025:2017 accredited laboratory, i.e., at Magalies
Water Services Laboratory, Brits, North West, South Africa.

Findings from this study confirmed the feasibility of recovering Al, Fe, Mn and sulphate from
real AMD and their relativity to solution pH. PHREEQC confirmed that prevalent species
existed as di-valents, tri-valents, and oxyanions in aqueous solution. The sensitivity study
registered Fe to have been recovered at pH >3 - 3.5, gypsum at pH >4 - 9, Al at pH > 6.5, Mn
at pH > 9.5, Cu at pH > 7, Zn at pH > 8, Pb at pH > 8 and Ni at pH > 9. Essentially, greater
than 99% removal efficiency was achieved for all the metals (Al Fe and Mn) for given pH
regimes except for sulphate that attained 40% removal efficacy. Other metals such as Zn, Cu,
Ni, and Pb were also removed from AMD. The reduction of chemical species in the treated
AMD further confirmed the attenuation of chemical species. This corroborated the sludge
results. The experimental results corroborated the geochemical modelling and characterisation
results. The fate of chemical species were verified using a synergy of HR-SEM equipped with
EDS and PHREEQC amongst other analytical techniques. Lastly, but not least, the PHREEQC
geochemical model suggested that chemical species were removed as (oxy)-hydroxides, (0xy)-
hydro-sulphates, and metals hydroxides. Ca and SO4>” were removed as gypsum (CaSOa-2H-0)
and Pb, Fe, and Al as hydroxyl sulphate minerals. Mg formed a complex of MgSQg in solution
and it was removed as Mg(OH)2 at pH > 9.5. Overall, this study proved the pragmatism and
feasibility of recovering valuable minerals from AMD. Finally, feasible and practical avenues
for minerals harvesting from AMD for potential valorisation and beneficiation were confirmed
and scientifically proven. Future research studies should focus on the enhancement of the purity
of minerals recovered from AMD and the beneficiation of the product water for drinking

purposes.

Keywords: Acid mine drainage; thermal activation; cryptocrystalline magnesite; treatment;

sequential recovery; and PHREEQC geochemical model.
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CHAPTER ONE

INTRODUCTION

1.1  Background information

Post-industrial revolution, ubiquitous mining of valuable minerals for myriads of industrial
application gained immense attention and massive momentum. This has contributed to
economic growth of different countries and afield. Primarily, the observed progress was
underpinned to notable impacts of mining activities towards job creation, poverty alleviation
and enhancement of the through-put rate for gross domestic products (GDP) (Tutu et al., 2008).
Albeit, the legacy of mining activities results in numerous secondary impacts and devastating
effects that degrade the environment and its suitability to foster life. In the Republic of South
Africa (RSA), intensive mining of coal and gold for myriads of industrial application has
gained much attention (Masindi, 2016, Masindi et al., 2019a). In counter of its much-needed
benefits, vicious impacts that led to the wake of serious environmental problems that require
urgent attention to curtail their potential ecological impacts and footprints commenced to teeth-
up. Of prime concern is the ruthless generation of acidic and metalliferous drainage known as
acid mine drainage (AMD) (Park et al., 2019, Rambabu et al., 2020). This effluent stream
results from the oxidation of sulphide bearing minerals on contact with water and oxygen. In
this case, pyrite (FeS,) will be used as an example to illustrate the formation of AMD as
denoted below (Eqn. 1.1-1.4) (Simate and Ndlovu, 2014, Kefeni et al., 2018):

bacteria

2FeSy(5) + 7054 + 2H, 0 —— 2Fefyy) + 4HGg) + 450554 (1.1)
4Felyy + Oy + 4H{q — 4Fels;) + 2H,0q, (1.2)
FeSy(s) + 14Fe3* + 8H,0 — 15Fe?* + 25073 + 16H* (1.3)
Fefyy + 3H,0; = Fe(OH)3) + 3H{ (1.4)

The formation of AMD is meticulously mediated by iron and sulphur oxidising bacteria hence
leading to a self-perpetuating reaction as denoted in Egn. 1.1 — 1.4. This microbial community
is characterised of Thiobacillus ferrooxidans, ferrobacillus sulphooxidans and T. thiooxidans
(Baker and Banfield, 2003, Sheoran et al., 2011c). The outlined reactions (Eqn. 1.1-1.4)
summarise the conversion of Fe(ll) to Fe(lll) and sulphate formation including acidity
production. The acidic nature of the product water encourages the dissolution of metals from
the surrounding rocks and lithologies. This leads to high electrical conductivity (EC) due to

elevated levels of total dissolved solids (TDS). According to documented studies, AMD has
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been reported to be predominated by Al, Fe, Mn and sulphate amongst traces of other chemical
species such as Cu, Zn, Ni, Pb, Co, Cr, As, rare earth metals, and radionuclides but this is site
and geology dependent. The composition of AMD can drastically vary but this is primarily due
to the weathered rocks and lithologies and the surrounding mineral phases (Sheoran et al.,
2011c, Simate and Ndlovu, 2014, Kefeni et al., 2017b, Skousen et al., 2017, Park et al., 2019).

The mine drainage formation concept depends on the principle of acidity and alkalinity, where,
the product drainage is dependent on those factors and the underlying geology. The drainage
which results from an area that is rich in base minerals such as limestone and magnesite will
be circum-neutral. However, if the drainage results from alkalinity free region, the product
effluent will be acid mine drainage (AMD) (Sheoran et al., 2011c, Simate and Ndlovu, 2014,
Nordstrom et al., 2015b, Kefeni et al., 2017b). The discharge of this effluent to different
receiving ecosystems has posed numerous ecological impacts and renders the environment
unfit to perform its intrinsic values. As reported in ecotoxicological studies (Neculita et al.,
2008, Netto et al., 2013, Talukdar et al., 2016), chemical species in AMD can result to
numerous effects towards living organisms. It can also affect the food security in a given
country and afield due to contamination of water resources. Aquatic life will also diminish due
to high acidity and toxic chemical species, including the deposition of “yellow boy” at the
bottom of riverine ecosystem hence affecting the habitat of benthic organisms. The magnitude
of its ecological, social and economic impacts justifies the need to come-up with pragmatic and
prudent technologies to treat AMD and curtail its ecological impacts (Zumaran Farfan et al.,
2003, Naidoo, 2014, Park et al., 2014, Simate and Ndlovu, 2014, Truter et al., 2014, Nordstrom
et al., 2015b, Jain et al., 2016).

In light of what has been mentioned above, a wide array of technologies has been developed
for the management of AMD. This includes abatement of its generation and its treatment post
generation (Naidu et al., 2019, Park et al., 2019). These treatment technologies include active,
passive, hybrid and integrated technologies. Over numerous decades, these initiatives have
been employed for the treatment of AMD. The advantage was with their good ability in
removing contaminants but the generation of sludge that incurs additional costs on disposal
becomes problematic and renders most technologies undesired. These technologies rely on
different mechanisms such as precipitation, filtration, ion exchange, adsorption,
phytoremediation and freeze crystallization (Nleya et al., 2016, Kefeni et al., 2017b, Fernando
et al., 2018, Agboola, 2019, Neculita and Rosa, 2019, Park et al., 2019). Lately, although in
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response to conventional challenges, majority of technologies are focusing on minerals

recovery using different approach (Buzzi et al., 2013, Masindi et al., 2019a).

The filtration techniques have significantly contributed in the reclamation of drinking water
but they generate brine which becomes an ecological issue of concern. In addition, the
technique require a lot of energy to purify water with limited recovery at time (Agboola, 2019).
Adsorption and ion exchange have been effective in removing contaminants but their
selectivity and limitation of quick saturation in high concentration limit its application (Masindi
et al., 2019a). Phytoremediation has also received massive attention but the challenges with
their limited efficacy due to high sensitivity and demands for space and adequate time limit its
application (Rojas et al., 2014, Gu, 2018, Kiiskila et al., 2019). However, precipitation has
received massive attention recently. This is attributed to the ability to be independent of
concentration and high efficacy in removing metals at different pH levels as a benign approach.
To fulfil that, different alkalinity generating materials (Ca, Mg, and Na) such as lime,
limestone, hydrated lime, magnesite, periclase, brucite, soda ash, and caustic soda amongst
others (Masindi et al., 2017a). Different researchers have employed these materials to recover
valuable minerals from AMD and valorised them (Kefeni et al., 2017b, Masindi et al., 2019a).

Specifically, Hedrich and Johnson (2014) investigated the use of bio-reactors for the recovery
of minerals from AMD and its holistic treatment whilst Akinwekomi et al. (2017a)
demonstrated the feasibility of recovering Fe (111) and Fe(Il) from AMD and explore its facile
use in the synthesis of magnetite. Seo et al. (2017) evaluated the use of hydrated lime, soda ash
and caustic soda for the recovery of Fe, Al, and Mn in AMD by sequential selective
precipitation with pH control. A study by Oh et al. (2016) reported that sodium sulphide has
the potential to selectively recover Cu and Zn in drainage discharged from an operating mine.
Park et al. (2015) investigated the recovery of metals from acid mine drainage through electro-

reactions.

The Republic of South Africa has been perceived to be well-endowed by natural resources such
as magnesite. This mineral has been documented to have high alkalinity. Geologically, it has
been documented to comprise the cryptocrystalline nature (Masindi, 2020). A study by Masindi
et al. (2015a) reported that a maximum pH of = 10.2 can be reached using cryptocrystalline
magnesite. It has been successfully evaluated for the treatment of acid mine drainage in both
coal and gold mine effluents (Masindi et al., 2015a, Masindi et al., 2017a). However, it has not

been explored for sequential recovery of metals from AMD. Therefore, this study explored
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sequential recovery of chemical from AMD using the thermo-mechano-chemically activated
cryptocrystalline magnesite. The fate of chemical species was further determined using the
state-of-art and advanced analytical instruments. Results from the laboratory experiments were

complemented with PHREEQC geochemical modelling.

1.2 Problem statement

In order to safeguard the community and minimize ecotoxicological effects associated with
different waterborne contaminants, the regulatory frameworks require water to comply with
different water quality guidelines, specifications, and standards. This ensures that water which
is fit for a defined purpose and end-use is produced (SABS, 2015, EPA, 2017, WHO, 2017).
According to the United Nations (UN) report, majority of people in low- and middle-income
communities (LMIC) lack safe water that is suitable for utilisation. This also affects the food
security in those countries since water is a fundamental resource in agricultural production (The
United Nations., 2018). South Africa is a water scarce country due to it being located between
arid to semi-arid regions. The ever-increasing contamination of the environment with AMD
further compounds the water availability challenges and it has been an issue of prime concern.
This is mainly caused by the toxicological effects posed by chemical species present in AMD.
According to documented studies, AMD has been reported to be predominated by Al, Fe, Mn
and sulphate amongst traces of other chemical species such as Cu, Zn, Ni, Pb, Co, Cr, As, rare
earth metals, and radionuclides. These chemical species can cause harm to living organisms on
exposure. With reference to pot assays, eco-toxicological studies and epidemiological reports,
contaminants embodied in AMD can pose carcinogenic, teratogenic and mutagenic effects to
living organism from different compartment of the environment (Seo et al., 2010, Talukdar et
al., 2016, Liao et al., 2017, Talukdar et al., 2017). As such, these chemical species need to be
managed prior to release in the environment. A wide array of active and passive technologies
have been developed to remove contaminants from AMD; however, the new focus is mainly
on minerals recovery (Sahoo et al., 2013, Simate and Ndlovu, 2014, Park et al., 2019). This is
usually done in an attempt to advocate the concept of circular economy and minimize
ecological footprints of mining activities. This study, therefore, intends to explore the use of

activated cryptocrystalline magnesite for the treatment of AMD.
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1.3  Aim and specific objectives
1.3.1 Aim of the study

The overall aim of this study was to explore sequential recovery of valuable minerals from acid

mine drainage using activated cryptocrystalline magnesite.

1.3.2 Specific objectives
To fulfil the main objectives of this study, the following specific objectives were pursued:

e Toassess the chemical characteristics of acid mine drainage before and after contacting
different dosages of calcined cryptocrystalline magnesite;

e To determine the physicochemical properties of calcined cryptocrystalline magnesite
and the recovered mineral resources using different analytical techniques;

e To optimise the optimum dosage for fractional and sequential recovery of metals and
minerals from AMD;

e To use PHREEQC geochemical model to numerically model the process to
complement the laboratory tests and to inform about the mechanisms thereof; and

e To assess the quality of product water against different water quality guidelines,

standards, and specifications.
1.4  Significance of the study

The extraction, exploitation, and processing of metalliferous ores from underground and
surface mineral reserves played an indispensable role in advancing the economy of the country
(Masindi, 2016). However, mining and related activities could potentially, contaminate the
soils, sediments and water, in many cases, leaving a legacy of environmental impacts long after
mine closure. Often, metal-rich leachates and surface runoffs that result from the weathering
of sulphide rich minerals could potentially alter the physical and chemical compositions of the
receiving environments (streams, rivers, and groundwater) (Aaron et al., 2014, Park et al.,
2019). Eventually, toxicological effects can affect living organisms that live in those streams,
and in some cases, almost all species are lost from the receiving environment at least for some
kilometres downstream (Zumaran Farfan et al.,, 2003). The proposed study will play a
significant role in recovering valuable minerals from AMD; thereby minimizing potential
environmental impacts and footprints associated with AMD. Specifically, this study explores

the possibility of using the lixiviates generated by sulphide mining in the AMD as a source of
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economic interest elements, estimating the available metal reserves and discussing the
economic gains that would result from the recovery of this potential source of critical raw
materials and other economic interest elements. This will foster the concept of circular
economy due to its unique ability to recover minerals that can be beneficiated to harness some

economic returns.

15 Structure of the thesis

This document comprises of five (5) chapters integrated together to form a thesis. The chapters
are assembled in a way that they give information of specific component of the thesis, of which,
chapter 1- 5 are detailed as follows:

Chapter One (1): This chapter gives a detailed background on the focus of the study, problems

that are encountered in the area of study and the objectives to address the identified problem in

the study area including the significance of the proposed study.

Chapter Two (2): This chapter focuses on the literature review. It unpacks the science behind

AMD and informs the readers about the progress and status quo as it pertains the recovery of
metals and sulphate from AMD. Thenceforth, it will also elucidate the formation, ecological

problems, toxicity and existing technologies for AMD treatment and management.

Chapter Three (3): This chapter gives insights on the materials and methods which were used

to achieve the outlined objectives of this study. Specifically, enumerates analytical techniques,
instruments, and quality control procedures which were utilised and followed during the

experiments.

Chapter Four (4): This chapter infers a detailed discussion on the results and discussions

which were obtained from the reported methodology and experimental studies. It will, to a
larger extent, endeavour to cover the enumerated objectives of this study in relation to the

findings. Quality control procedures and complementary findings will also be reported.

Chapter Five (5): Finally, this chapter concludes on key findings of this study in relation to

the outlined main and specific objectives of this study. Thenceforth, the identified gaps are
enumerated as recommendation for future research avenues. This will then be used to guide
future research in areas that were unveiled from the findings of this study. Subsequently, the

references for the used scientific studies will be included as the last section of the thesis.
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CHAPTER TWO
LITERATURE REVIEW

This in-depth literature review meticulously give insights into the state-of-art on
existing and newly developed technologies that have been used for abatement and
treatment of AMD. However, emphasis will be cascaded towards metals recovery since
this is the main focus of this novel study. Thenceforth, it will also elucidate the
formation, hydrogeology and environmental implications of acid mine drainage
(AMD).

2.1 Introduction

Coal and gold mining has been historically perceived as the backbone of the economy
of both developed and particularly developing countries and the main driver of
economic growth for the latter (Haldar, 2018, Masindi et al., 2021). Due to its high
calorific value, coal has been mined, towards using it for power generation, for more
than 140 years (Andri¢ et al., 2015), while gold has been mined and used for jewellery
since ancient times (Tutu et al., 2008). Revenue generated from coal and gold mining
largely contribute to job creation and to gross domestic product (GDP) growth, thus
also reinforcing, in the short-term at least, social welfare (Ramontja et al., 2011,
Masindi, 2016, Ahokpossi et al., 2018, Shengo et al., 2019); albeit with huge
environmental impacts, since mining activities are notorious for their environmental
footprint (Omotehinse and Ako, 2019). In addition, during and in the aftermath of
mining, by-products or waste minerals, such as overburden and metalliferous materials,
can lead to the production of drainage streams, grossly contaminating the receiving
environment with metalliferous and acidic drainage (Tutu et al., 2008). Specifically, if
not properly stored and managed, mining tailings will generate leachates, through
seepages or interaction with precipitations (typically rainwater), leading to the
production of very acidic and metalliferous drainage, popularly known as acid mine
drainage (AMD) or acid rock drainage (ARD) (Shu et al., 2017, Kotsiopoulos and
Harrison, 2018, Park et al., 2019). Shafts in abandoned or active mines can also lead to
AMD production, if not properly covered/managed. When AMD reaches different

receiving environments, it negatively affects them, leading to alteration of pH, changing
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the osmotic properties of the waterbodies, and increasing the dissolved irons among
others (Tutu et al., 2008, Bologo et al., 2012, Masindi et al., 2017a).

Apart from directly affecting the water quality, the minerals contained in AMD can also
settle at the bottom of the receiving water bodies, such as streams, thus also affect the
ability of the ecosystem to harbour benthic organisms (Hogsden and Harding, 2012,
Torres et al., 2014). According to literature, huge volumes of AMD are produced daily,
for example, the coal, and gold mines in the western basin and Mpumalanga coal fields
in South Africa produces enormous volumes of acid mine drainage into the
environment (Hobbs and Cobbing, 2007, Bologo et al., 2012, Masindi, 2016, Masindi,
2018). This perpetually contaminates the environment and diminishes its suitability to
foster life and render its intrinsic values (Equeenuddin et al., 2010, Chalkley et al.,
2019, Masindi et al., 2019a).

Studies informs that the AMD problem will persist in South Africa and other countries
afield hence calling for better management practices if mining still continues.
Moreover, it seems like AMD will be generated long into the future since some
countries like South Africa, heavily relies on electricity generated from combustion of
coal. Almost 80-90% of the electricity is fossil fuel-based and this is anticipated to
increase since the population is drastically increasing (Masindi et al., 2017c). In light
of that, there is an urgent need for interventions to be put in place to ensure sustainable
management of this product stream. The produced 735 ML/day of AMD can supply
three provinces, i.e. Northwest, Gauteng, and Mpumalanga, in South Africa. This
shows high economic viability and feasibility of minerals recovery. The reclaimed
water can be used for drinking purposes and agricultural processes and alleviate the
water challenges (Simate and Ndlovu, 2014, Masindi, 2018, Masindi et al., 2019a,
Akinwekomi et al., 2020).

2.2  AMD formation pathway

AMD is mainly formed by the weathering of sulphide-rich and sulphide -bearing
minerals, which are typically encountered in coal, copper, and gold deposits (Sheoran
et al., 2011b, Blowes et al., 2013, Amos et al., 2015, Nordstrom et al., 2015b). Such
minerals include FeSz, FexSx, FeAsS, (Fe,Ni)eSs, CuFeS;, Cu,S, CuS, MoS,, ZnS, NiS,
and PbS, among others, and they are typically exposed to the atmosphere through

mining activities (e.g. surface or deep mines, waste piles, and tailings). Iron sulfide
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minerals (typically pyrite) are the main source of AMD formation, with other sulphide
minerals only contributing to a limited extent (Sheoran et al., 2011a, Sheoran et al.,
2011b, Simate and Ndlovu, 2014, Amos et al., 2015, Nordstrom et al., 2015b, Nleya et
al., 2016, Kefeni et al., 2017b). The underlying reason for AMD formation is the
oxidation of suphide in the presence of air and water, as shown in equation (2.1)
(Masindi et al., 2015a):

microorganisms

4FeS, + 150, + 14H,0 ————— 4Fe(OH); + 8H,50,  (2.1)

The reaction is catalysed by certain microorganisms, particularly Fe-based bacteria
(e.g. acidithiobacillus (acidic) and thiobacillus (basic pH)) and S-based bacteria (e.g.
sulfolobus (acidic) and desulfovibrio (circum-neutral-basic)) (Johnson et al., 2002,
Baker and Banfield, 2003, Hallberg, 2010, Nordstrom et al., 2015b).

In general, the chemical reactions that govern AMD formation are described in equation
(2.2) to (2.5) (Kefeni et al., 2015a, Kefeni et al., 2015b, Masindi et al., 2016b, Masindi
et al., 2018c):

2FeS, + 70, + 2H,0 — 2Fe?* + 4S0,2 + 4H* 2.2)
4Fe?* + 0, + 4H* — 4Fe3* + 2H,0 2.3)
4Fe3* + 12H,0 — 4Fe(OH); + 12H* (2.4)
FeS, + 14Fe3* + 8H,0 — 15Fe?* + 250,%” + 16H* (2.5)

Where, equation 2.2 demonstrates the oxidation of the sulphide (S2°) to sulphate
(S04, ferrous iron (Fe?* or Fe (11)), and acidity (H"), when exposed to air (O2) and
water (H20). Ferrous iron will then be oxidised to ferric iron (Fe** or Fe (I11)) and
hydrogen, as shown in equation 2.3. Thenceforth, in equation 2.4 the hydrolysis of
Fe(lll), in the presence of water, is shown, which leads to the formation of ferric
hydroxide (4Fe(OH)3) or yellow-boys (Figure 2.1) and acidity (H*). These reactions
typically occur spontaneously and are also catalyzed by microorganisms that obtain
energy by oxidation reactions, as shown in Equation 2.1. Finally, Equation 2.5 shows
how the oxidation of additional pyrite by ferric iron occurs. The net effect of these
reactions is the release of H*, which lowers the pH and maintains the solubility of the
ferric ion and other metals contained in the AMD. Overall, the abovementioned
chemical reactions, which govern AMD formation, are well-known and relatively
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simple; however AMD composition can vary depending on local characteristic, such as
climatic conditions, water quality, existence of microorganisms, and local geology,
among others (Sheoran et al., 2011a, Sheoran et al., 2011b, Simate and Ndlovu, 2014,
Amos et al., 2015, Anawar, 2015, Masindi et al., 2016a, Masindi et al., 2018c). These
reactions affect the physicochemical characteristics of the receiving water matrices,
affecting the pH, colour, and leading to the formation of “yellow —boy”, among others,

as shown in Figure 2.1.
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Figure 2.1: Acid mine drainage effluent from underground shaft in Witwatersrand
basin. (a) and (b): Initially the effluent is colourless with the “yellow—boy” (i.e. the
yellowish-orange deposits at the bottom of the effluent discharges) shown in the nearby
aquatic ecosystem, (c) after oxidation by atmospheric air in the presence of sulphide
minerals and waterborne bacteria and the effluent gradually turns red.

Once formed, AMD typically finds its way to receiving waterbodies through: (i)
flooding of mines (primarily abandoned) from precipitation and groundwater seeping,
(i) open surface mining activities, (iii) seepage from mine residue deposits, (iv) mine
water losses, and (v) sewage and storm water reticulation effluents and (vi) drainages
(Johnson and Hallberg, 2005, Sheoran et al., 2011b, Masindi et al., 2017a, Park et al.,
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2019). In several regions of South Africa around 1100 m® of AMD are being daily
released (Table 2.1), highlighting the serious nature and extent of the problem (Maree
etal., 2013). To reduce the flow of water into the underground mine area and also curtail
AMD releases to the environment, various engineering interventions can be employed,
such as storage of mine waste and improved mine closure practices (Parbhakar-Fox and

Lottermoser, 2015), as will be discussed in Table 2.1.

Table 2.1: Indicative volumes of AMD generated in mining fields situated in several
regions of South Africa (Hobbs and Cobbing, 2007, Bologo et al., 2012, Masindi, 2016,
Masindi, 2018)

Region Indicative AMD volume (ML day™?)
Mpumalanga Coalfields 200
KwaZulu Natal Coal mining sites 10
Okiep Copper District 5
Witwatersrand Basins
e Eastern (Springs) 120
e Central (Boksburg) 90
e Western 60
e Far West Rand 160
KOSH 50
Evander 30 (coal mine drainage)

10 (gold mine drainage)
Total AMD 735

2.2.1 Physicochemical characteristics

AMD physicochemical characteristics largely vary, depending on the host minerals and
local geology, which, along with the local climatic conditions and bacterial
concentrations, will dictate the final type of mine drainage to be formed, giving it
distinctive physical and chemical properties (Sheoran et al., 2011b, Amos et al., 2015,
Nordstrom et al., 2015b).
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2.2.1.1 Physical properties

Depending on the predominant elements in its matrix, AMD physical properties can
grossly vary, making it distinctive at a spatial level. The colour is among the most
distinctively physical properties of AMD, since this can range from colourless,
blackish, greenish, bluish, and reddish, principally depending on the dissolved chemical
species in its matrix. In most instances, AMD is reddish in colour and this is mainly
linked to the oxidation of Fe(ll) to Fe(l11). On the other hand, the greenish colour is
mainly linked to the presence of copper in its matrix; however, this is not the typical
case. The presence of bluish colour is attributed to Fe(ll), while white and black colour
suggest the predominance of Al(111) and Mg, respectively. For example, in South Africa
the majority of AMD originates from the oxidation of pyrite and arsenopyrite, which
results to a reddish colour, whilst in streams with pH in the range of 5 to 6.5, orange-
yellow ferric iron-rich sediments are formed (i.e. the yellow-boy shown in Figure 2.1a
and b) (Cheng et al., 2009, Zhao et al., 2012, Amos et al., 2015, Masindi et al., 2018c).
Overall, the oxidation of minerals species from different geological materials leads to
their colouring, which imparts colour to receiving waterbodies. Moreover, sulphate
imparts a salty or bitter taste to water, while the presence of AMD accelerates the
erosion rate of pipes. Hardness and total dissolved solids also increase, leading to bad
taste, skin dryness, scum in water and high soap consumption, among others (SABS,
2015, EPA, 2017, WHO, 2017).

2.2.1.2 Chemical properties

AMD chemical composition depend on a wide range of factors, including the formation
conditions, local geological setting, underlying geology, hydrogeology, and mineral
phases being mined. As such, the chemical composition of the resultant mine drainage
is bound to drastically vary and thus also making it distinctive at a spatial level (Sracek
et al., 2004, Sheoran and Sheoran, 2006, Natarajan, 2008, Peretyazhko et al., 2009,
Sheoran et al., 2011c, Zhao et al., 2012, Nordstrom et al., 2015b). Based on the existing
body of knowledge, AMD can be classified as acid mine drainage, circumneutral
drainage, and basic drainage (Madzivire et al., 2010, Madzivire et al., 2011, Nordstrom
et al., 2015a). This classification is based on the pH value of the drainage, typically in
the range 2 to 12, (Madzivire et al., 2010, Madzivire et al., 2011). The pH influences
the drainage chemical composition, with metals predominating the acidic pH and base
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metals the basic pH (Langmuir, 1997). Specifically, with reference to Masindi et al.
(2017a) and other authors (Maree et al., 2013, Akinwekomi et al., 2016, Akinwekomi
et al., 2017b, Akinwekomi et al., 2020), AMD has been reported to be predominated
by metals and sulfate. On the other hand, Madzivire et al. (2010) and Nordstrom et al.
(2015b) reported that the circumneutral to basic drainage (or both popularly known as
neutral mine drainage (NMD)) are rich in metals, oxyanions (e.g. sulfate and
metalloids), and base metals. However, the metal concentrations in NMD are much
lower than in AMD, since metals precipitate at high pH values, which also suggests that

metals can be removed from AMD with an increase in pH (Masindi et al., 2018c).

The mean chemical properties of AMD and NMD are listed in Table 2.2 and it is clear
that in both cases the chemical species concentrations are well above the prescribed
limits for water intended for human consumption or for other defined uses, such as
irrigation (SABS, 2015, EPA, 2017, WHO, 2017).

Table 2: The chemical composition of acid and neutral mine drainages.

Types of mine drainages References

Element Acid mine drainage | Neutral mine drainage | (Maree et al., 1999,

Units (mg L) Units (mg L) Maree et al., 20043,
pH 2-4 55-95 Maree et al., 2004c,
Al 500 0.016 Madzivire et al.,
Fe 8000 0.074 2010, Madzivire et
Mn 100 25 al., 2011, Pope and
S0%~ 4000-80000 4600 Trumm, 2015,
Cu 04 - Masindi et al., 20164,
Ni 021 0.21 Masindi et al., 2017a,
Pb 0.10 - Masindi et al., 2017d,
7n 0.2 0.16 Masindi et al., 2019a,
Ca 450 540 Park et al., 2019,
Mg 200 860 Masindi et al., 2021)

The values shown in Table 2.2 suggest the possibility of valorizing these effluents
through water reclamation and metals recovery. Nonetheless, Tutu et al. (2008)
reported that there are notable levels of radionuclides in drainages emanating from gold
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mining activities; however, this was not the case in coal mining drainage. As shown in
Table 2, NMD drainage has elevated levels of sulphate, Mg, and Ca. This can be
attributed to its elevated pH, which is above the precipitation potential of many metals
in water. Hardness in NMD is also high, due to the elevated levels of Mg and Ca. This
is primarily linked to dissolution of carbonates during the formation of the drainage,
leading to alkaline product water. As such, the only elements that could possibly be
recovered from NMD are sulphate and possibly Mg and Ca, depending on their
concentration, by means of softening techniques such as soda ash softening (Madzivire
etal., 2010, Madzivire et al., 2011, Masindi et al., 2014, Masindi et al., 2018a, Masindi
et al., 2019a). On the other hand, AMD has a huge potential for minerals recovery and
synthesis, due to the presence of elevated levels of Fe, Al, Mn and sulphate (Table 2.2).
For example, it has been shown that AMDs from coal mine areas are rich in Fe, Al, Mn
and sulfate, hence the recovery of Fe and sulfate minerals can be viable (Akinwekomi
etal., 2017b, Akinwekomi et al., 2020). As such, here focus is placed on AMD. Overall,
apart from the beneficiation of NMD and particularly AMD, their valorization is also
possible through water reclamation.

2.3  Ecotoxicological impacts

It has been well-documented that AMD chemical composition is responsible for a
number of social (Singh et al., 2020), economic (Hengen et al., 2014, Favas et al., 2016,
Singh et al., 2020), and ecological impacts (Netto et al., 2013, Talukdar et al., 2016,
Chalkley et al., 2019). Among them, the chemical species contained in the AMD matrix
pose devastating effects on living organisms, such as plants and animals, and affect the
agricultural industry and food security. Pollutants, and particularly toxicants contained
in AMD can cause teratogenic, carcinogenic, and mutagenic effects to living organisms
(in biosphere) on exposure (Jooste and Thirion, 1999, Balistrieri et al., 2007, Ivask et
al., 2015, Chu et al., 2018). As such, AMD can affect organisms living in different
spheres and environmental compartments, i.e. soil (terrasphere), water

(aquasphere/hydrosphere), and air (atmosphere).

Ecotoxicological studies and assays have reported various conditions that are associated
with elements present in AMD (Netto et al., 2013). In detail, acidity in AMD can lower
the pH of receiving ecosystems, thus possibly killing or forcing species to migrate, if
possible. Typically, fish and plants will die due to lack of tolerance in low pH, while
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also the ecological conditions are affected. Among others, the chemical species in AMD
affect plants via changing their osmotic conditions, while even though the majority of
those species can serve as nutrients for plants, their elevated concentrations cause toxic
effects. These toxic effects are typically measured using the lethal concentration (LC,
e.g. LC1o, LC20, LCsp, and LCi1g0) and lethal dosage (LD e.g. LD1o, LD2o, LDsp, and
LD100), and have been widely reported in the literature, focusing on pot assays,
aquarium studies, and toxicological tests, among others (Jooste and Thirion, 1999,
Balistrieri et al., 2007, Sobral et al., 2013, Ivask et al., 2015, Chu et al., 2018, Doyi et
al., 2018, Hu et al., 2019, Zhang et al., 2019).

Furthermore, exposure to toxicants contained in AMD can alter plants’ metabolic
activities, homeostasis, and induce toxic symptoms, as well as destabilise the salt
balance (Yadav, 2010, Vardhan et al., 2019). Furthermore, metals, metalloids, anions,
and radioactive materials in AMD can bio-accumulate in living organisms and
eventually bio-magnify through the food chain (Simate and Ndlovu, 2014, Vigneri et
al., 2017, Vardhan et al., 2019, Yuan et al., 2019). In addition, chemical species,
including heavy metals, contained in AMD are known to cause skin lesions,
hyperpigmentation, cancer, upper respiratory, pulmonary, gastrointestinal and
cardiovascular failure, along with nerve damage, sensory loss in the peripheral nervous
system, hypertension, gastrointestinal, irritation, nausea, vomiting, diarrhea, kidney and
multiple organ failure, which can be fatal (SABS, 2015, EPA, 2017, WHO, 2017). As
such, there is a pressing need to limit and manage the produced AMD quantities to
safeguard human health and the environment. To this end, various AMD pollution
abatement and/or treatment techniques have been employed and more recently the

beneficiation of such streams has been also studied, as discussed below.

2.4  Abatement techniques

Several technologies have been proposed to prevent the formation of AMD, focusing
in active and abandoned mine sites, with the underlying goal being to limit the main
factors that lead to AMD formation (Hughes and Gray, 2011, Sahoo et al., 2013, Kefeni
etal., 2017b, Park et al., 2019). These include oxygen (O), water, and microorganisms,
which are required for the oxidation of pyrite and of other metals contained in AMD
(Sheoran et al., 2011a, Sheoran et al., 2011c, Amos et al., 2015). Over the past decades,
AMD formation has been hindered through the elimination of at least one of those
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factors, typically by preventing water and oxygen from reacting with sulphide minerals
or by covering sulphide minerals with inert materials to prevent the oxidation reaction
to take place (Sahoo et al., 2013, Pozo-Antonio et al., 2014, Kefeni et al., 2017b).
However, in the long-term the sustainability of such systems, which are described

below, is challenging. Specifically, the main AMD abatement techniques include:

2.4.1 Utilisation of covering materials

This technique makes use of materials with limited to low water permeability, typically
clay minerals (e.g. bentonite) and polymeric plastic materials, to cover the exposed
minerals and prevent their oxidation from taking place. However, these cover materials
can react with the covered minerals and are also exposed to weather extremes and
environmental conditions, which lead to their degradation thus reducing their insulation
capacity. In addition, to form the required thick non-permeable layers, large amounts
of these materials are required, but this comes at the expense of the cost and

sustainability of this technique (Zipper and Skousen, 2014, Park et al., 2019).

2.4.2 Stabilization using alkaline materials

This approach involves the addition of alkaline materials on sulphide rich tailings,
minerals extraction voids, and other geological settings that are conducive for the
formation of AMD. These materials hinder the production of acidic and metalliferous
drainage since they increase the pH and also lead to metals precipitation. In most cases
tailings and sulphide rich minerals are mixed with alkaline materials such as brucite,
periclase, lime, limestone, dolomite, and soda ash as a mean of source neutralization
and curtailing the formation of acidic drainage (Skousen, 2014, Tripathy, 2014). This
technique is simple to apply and effective for AMD abatement; however, it is also
associated with drawbacks. Specifically, the neutralization potential of such materials
reduces over time, hence leading to the formation of acidic drainage (Tripathy, 2014).
As such, static tests for acid generation potential (AGP) and acid neutralisation potential
(ANP) are used to overcome this problem (Xenidis et al., 2002, Skousen et al., 2019).,
with the PHREEQC geochemical model typically employed (Simunika et al., 2013).

2.4.3 Passivation or microencapsulation

This technique is based on the use of hydrophobic coating materials to prevent the

reactive Sulphide fractions from oxidizing. Organic materials and their derivatives,
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such DETA, sodium aleate, phospholipids, and humic substances are typically used due
to their high hydrophobicity (Moodley et al., 2018, Park et al., 2019). However,
similarly to covering materials environmental conditions, substances from the outside
and from covered material, and organisms (e.g. bacteria) can degrade
microencapsulation materials rendering them unable to isolate the covered material

from the air and water thus leading to AMD formation (Villain et al., 2013).

2.4.4 Bactericide application

This abatement technique is based on the use of substances aimed to impede the
biological activities of the bacterial communities which are harbored in tailings and
mining voids. The main focus is to limit the bacteria that oxidise sulfur, such as
acidithiobacillus (acidophile), thiobacillus (basic pH) and other sulphur based bacteria
(e.g. sulfolobus (acidic) and desulfovibrio (circumneutral to basic), thus preventing
sulfate production and hampering AMD formation (Kim et al., 1999). The main
drawback of bactericides application is that environmental conditions can limit their
activity, thus not being able to prevent sulfur oxidation, and therefore the monitoring
of their levels and their timely and frequent addition play an important role towards this
end (Park et al., 2019).

2.4.5 Control of oxygen and water ingression

This concept involves preventing permeability of water and the rate of flooding of
sulphide bearing rocks and minerals and the eventual decant volumes of AMD. This
option is usually considered because pumping and treating AMD water is costly and
requires the use of raw materials, which are even getting depleted (Tripathy, 2014). As
such, it is imperative to reduce the volume of water, which is to be pumped and treated.
The pumping of clean uncontaminated water from deepest aquifer and preventing the
contamination of surface aquifers also aids in preventing the contamination of water
and the filling of the voids. This prevents the perpetual effects of AMD due to
elimination of water, which is a fundamental component of AMD formation (Tripathy,
2014, Park et al., 2019). This technique is ineffective during rainfall since rain water
can always finds its way to the voids. A rise in ground water level diminishes the

application of this approach.
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2.4.6 Backfilling of voids and opencast trenches

Mining activities entail the removal of minerals from different stratas and lithologies,
thus leaving voids or trenches that are exposed to water and air and therefore are prone
to AMD formation. As such, voids and trenches can be filled with the extracted
materials or alkaline materials to prevent the formation of AMD. The latter prevent
AMD formation due to in-situ neutralisation and include lime, fly ash, alkaline tailings,
and alkaline waste materials, which typically have been used for backfilling (Akcil and
Koldas, 2006, Sahoo et al., 2013, Pozo-Antonio et al., 2014, Kefeni et al., 2017b, Park
et al., 2019). Similarly, to covering materials, backfilling materials are prone to erosion
from weather and other environmental factors. Villain et al. (2013) evaluated the effects
of backfilling and sealing the waste rock on water quality at the Kimheden open-pit
mine, northern Sweden highlighted that this technique is effective and viable. Gitari et
al. (2008) evaluated the use of coal fly ash for mine void backfilling and column studies
that simulate the neutralisation potential suggested the feasibility of increasing the pH

and attenuate inorganic contaminants in the product mine water.

2.4.7 Application of abatement techniques in practice

The abovementioned abatement techniques have been found promising in preventing
AMD formation. However, they are, in general, expensive to apply and are vulnerable
to failure in the long run. Therefore, the mining industry, which has largely also not
adopted the principles of circular economy, has not been willing to adopt them at large
scale. This is mainly attributed to the deficiency of minerals mining and long-term
effects of AMD forming due to weathering and other natural processes. This prevents
mining of minerals from waste materials hence presenting secondary challenges of
waste materials in a form of tailing. This hampers the concept of circular economy and
valorization of waste materials. Modern research initiatives focus on the recovery of
minerals resources from AMD and product wastes hence fostering circular economy
and closed-loop mining initiatives. This process favors the cradle to grave concept
while the current focus of science is on the cradle-to-cradle approach where resources
are circulated in a closed-loop to foster sustainable development (Pozo-Antonio et al.,
2014, Kefeni et al., 2017b, Park et al., 2019).
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2.4.7 Beneficiation of tailings

Tailings from coal and gold mining can be valorized and beneficiated, particularly in
the context of circular economy which is a concept that has gained momentum in the
past few years. Similarly, to other wastewater streams, such as municipal wastewater
(Mavhungu et al., 2020), it is possible to valorize AMD effluents through water
reclamation. However, the main drawback of AMD, i.e. its high metal content, if
viewed under the circular economy concept could provide opportunities for its
beneficiation through metals recovery (Akinwekomi et al., 2020). Specifically, AMD
contains residues and fractions of various minerals that have commercial value and
therefore their recovery can be both economically viable and at the same time provide
a treatment solution. For example, recently Si has been recovered from mine tailing and
used for the synthesis of geo-polymer bricks and other related minerals (Obenaus-Emler
et al., 2020). Other minerals contained in AMD including pyrite, calcites, and sulphides
can be recovered and thus foster the concept of circular economy (Oliveira et al., 2016,
Taha et al., 2017, Figueiredo et al., 2019, Shengo et al., 2019, Skandrani et al., 2019).

This merely minimize the formation of AMD but water from the reclamation process
could lead to the production of acid mine drainage from the tailings. Moreover, the
heterogeneous nature of tailings hampers the feasibility minerals recovery since
sophisticated equipment and technically advanced engineering system are required for
this. Tailings are mainly taken for re-mining, mainly to ensure that the footprints of
mining activities are minimized via eco-sound initiatives that are considered as green
initiatives (Taha et al., 2017, Shengo et al., 2019, Skandrani et al., 2019). In developing
countries, particularly the low and middle-income countries (LMIC), artisanal mining
is very prevalent and informal miners expose themselves to very dangerous toxicants
in the tailings from coal and gold mining. This then induce numerous morbidity and
mortality to miners. This also increases the degree of pollution if the tailings material
is not properly managed. In light of that, methods such as the use of top covers,
application of bactericides, passivation, encapsulation, organo-stabilization, and co-
disposal are utilized to prevent the generation of AMD to the environment (Park et al.,
2019). Tailings also poses huge risk to surface and ground water resources.
Contamination by tailings also degrades the soil and its biodiversity due to alteration of

the physico-chemical properties of the soil. Such soil could then be unsuitable for
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various activities including agriculture, land development for residential purposes and
establishment of economic zones, rangeland, and wildlife activities. Furthermore, land
contaminated by tailings from acid mine drainage is no longer suitable for utilization
since its classification drops to a very vulnerable state that requires intensive

rehabilitation and restoration.

A schematic illustration of the AMD treatment process and products analysis is shown
in Figure 2.2.
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Figure 2.2: A schematic illustration of the AMD treatment process and products
analysis.

As illustrated in Figure 2.2, the treatment of AMD requires a sophisticated process and
materials characterisation. This is mainly done to determine the fate of chemical species
post the chemical reactions. Different techniques and methods are utilised to determine

the process of contaminants attenuation and their fate.
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2.5  Treatment technologies

After generation, AMD is treated typically by active or passive systems, while hybrid
approaches, where active and passive systems are combined have also been proposed
(Simate and Ndlovu, 2014, Nleya et al., 2016, Kefeni et al., 2017b, Park et al., 2019).
Below, the strengths and weaknesses of each treatment approached are summarised and
discussed. Active treatment is considered more reliable than passive; however it
requires infrastructure, such as tanks, mixers, and pumps, regular operation and
maintenance along with regular chemical and energy input to operate (Naidu et al.,
2019). As such, active treatment is perceived less eco-friendly than passive treatment
(Skousen et al., 2017). On the other hand, passive treatment typically does not require
frequent operation and maintenance (O&M), as well as power and chemical input, and
therefore is less expensive and more suitable for remote locations, albeit is not as
efficient as active treatment (Naidu et al., 2019). To overcome the limitations of both
systems, hybrid treatment has been proposed, where passive and active treatments are
combined under a multi-stage process making use of different mechanisms (Sheoran
and Sheoran, 2006, Sheoran et al., 2011c, Pozo-Antonio et al., 2014, Simate and
Ndlovu, 2014, Nleya et al., 2016, Kefeni et al., 2017b, Skousen et al., 2017, Park et al.,
2019).

2.5.1 Active processes

Active processes are typically based on the frequent energy, chemical, and other
material inputs to drive the treatment process. Due to the acidic nature of the mine
effluents, alkaline chemicals, such as Ca(OH)., CaO, NaOH, Na>COs, and NH3z, MgO,
and Mg(OH)2 are used, while energy and infrastructure is also required. As such, active
treatment tends to be expensive, while material and energy input leads to high
environmental footprints. Apart from the use of alkaline agents, filtration and
adsorption technologies are also included in active treatment. Different filtration
techniques such as ultra-filtration (UF), micro-filtration (MF), nano-filtration (NF),
reverse osmosis (RO), and membrane distillation (MD), have been employed for AMD
treatment, whereas adsorption techniques typically entail the use of different natural
and synthetic materials such as activated carbon, clay minerals and other synthetic
compounds for AMD treatment (Xingyu et al., 2013, Hong et al., 2014, Masindi et al.,
2015b). Specifically, Masindi et al. (2017a) compared the use of different alkaline

21|Page



materials for the treatment of AMD and identified that different materials achieve
different levels of AMD treatment via metals precipitation and adsorption, with lime
and calcined magnesite being the most promising materials. Similar results were
reported in Potgieter-Vermaak et al. (2006). Furthermore, Kefeni et al. (2018) explored
the use of Fe-based minerals for AMD treatment, which were found promising for
metals and sulphate attenuation through adsorption and other mechanisms. Various
filtration techniques have also been explored (Al-Zoubi et al., 2010, Sierra et al., 2013,
Aguiar et al., 2018, Lopez et al., 2018, Singh et al., 2020). However, membrane fouling
was a limiting factor, while the need for pre-treatment further constrains on the
feasibility of filtration for AMD treatment (Kefeni et al., 2017b, Masindi, 2017b,
Agboola, 2019, Rambabu et al., 2020). Finally, the retentate, typically brine, generation
is another drawback, for which management is costly and can lead to large
environmental footprints. The above concerns on filtration application for AMD
treatment have led to the research and development of Membrane Distillation (MD) for
AMD treatment. MD is perceived as an emerging technology to treat AMD, brine, and
retentate. It mainly softens the water using temperature different temperature gradients
through semi-permeable membranes (Amaya-Vias et al., 2019, Foureaux et al., 2019,
Ryu et al., 2019). Overall, active processes are typically employed in active mines,
rather than in abandoned ones, and are perceived as a promising treatment approach to
treat AMD and also supply water. A typical AMD active treatment train, along with the

analytical techniques employed for water and mineral analyses are shown in Figure
2.3.
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Figure 2.3: Schematic illustration of a typical AMD active treatment train, along with

the techniques for the recovered minerals and the reclaimed water analyses.

2.5.2 Passive processes

Passive treatment processes are typically employed in abandoned mines and areas
where the effluent requires minor, rather than major treatment. Wetlands have been
traditionally used for AMD passive treatment, by removing contaminants and
neutralising the pH through bioremediation and/or phytoremediation. More recently,
apart from aerobic and anaerobic wetlands, anoxic limestone drains, vertical flow
wetlands, open limestone channels, and alkaline leach beds have also been employed
(Sheoran et al., 2010, Skousen et al., 2017). Because frequent materials and energy
inputs are not required, passive treatment is considered more environmentally friendly
than active treatment (Skousen et al., 2017). However, different mechanisms play a
pivotal role in passive AMD treatment with bioremediation and phytoremediation, i.e.
contaminants are sorbed as nutrients by plants and bio-accumulate in different parts of
plants (Nguegang et al., 2021), used due to their high treatment efficiency. For example,
Kiiskila et al. (2019) evaluated the remediation of acid mine drainage-impacted water
by Vetiver grass and it was found promising for the removal of metals and oxyanions.
Moreover, if neutralisation materials, such as limestone, are used, AMD will be
neutralised and metals will precipitate. Nonetheless, the key challenge in passive
systems is their sustainability in a long run, primarily due to blockages from
precipitates, armouring of the reactive materials, and channelling. Wetlands (Figure

2.4) and limestone drains are two widely used passive systems.

Specifically, wetlands can be aerobic or anaerobic. Aerobic wetlands are floral systems,
which can be lined or unlined. They are primarily filled with soil or limestone gravel,
in the latter case pulverised to the desired particle size to enhance performance.
Through these systems, metals oxidation and precipitation (e.g. iron, manganese, and
other metals) from AMD is naturally achieved (Rambabu et al., 2020). Wetland plants
also absorb nutrients contained in AMD, which they use for their growth, but this
depends on affinity and tolerance. Anaerobic wetlands are also employed to neutralize
acidity and reduce metals as sulphide; however, in this case due to oxygen deficiency.
Anaerobic reactions consume H™, hence the reduction in acidity. Anaerobic wetlands

are mainly filled with organic matter, such as compost, and underlain by limestone
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gravel. Water percolates through the organic matter to the lime bed, thus achieving
anaerobic conditions. This encourages metals to precipitate as sulphides. Furthermore,
organic matter aerobic decomposition, achieved by different microorganisms contained
in the organic matter, consumes the dissolved oxygen leading to the production of
alkalinity and H.S (Skousen et al., 2017, Ben Ali et al., 2019, Rambabu et al., 2020).
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Figure 2.4: The schematic illustration of the AMD treatment process and products

analysis.

Anoxic limestone drains or channels consist of buried limestone gravel systems, where
the AMD flows through and is anaerobically treated. However, if oxygen or aluminum
are present within the channel, then iron and aluminum hydroxides that could clog the
system can be developed, causing its failure. Alkalinity producing systems can also be
a combination of an anaerobic wetland and an anoxic limestone drain. Other types of
passive treatment systems include various limestone treatment configurations, ranging
from limestone ponds to open limestone channels in which water flows down a steep
slope with limestone riprap. These systems oxidize and precipitate metals and add
alkalinity to the water (Gazea et al., 1996, Jung et al., 2014, Skousen et al., 2017,
Skousen et al., 2019, Rambabu et al., 2020).

2.5.2.3 Advantages and disadvantages of AMD treatment systems

Overall, passive treatment systems are typically used in remote locations, such as
abandoned mines since they are simple to operate because they do not require electrical
power, machinery, and addition of chemicals to operate. Their maintenance is fairly

simple, while they do not largely impose on the aesthetic quality of the area that they
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are installed on, since they are natural and can support plants and local wildlife. They

are also far less expensive than the active alternatives.

However, they are also associated with many drawbacks, compared to active systems,
since: i) they might not treat the AMD effluent to a high standard due to design issues
or weather extremes (e.g. low winter temperatures) , ii) blockages can be frequent, thus
regular monitoring is required,, iii) they cannot be employed in circular economy
concepts, since resource recovery is very difficult, and iv) highly mineralised sludge is
produced, which makes its use or its beneficiation practically unfeasible. To reduce the
effects of the disadvantages of both active and passive systems, hybrid systems which
combine both of these processes have been examined recently.

2.5.3 Hybrid processes

The term hybrid literary refers to the offspring of two plants or animals of different
species/varieties. As such, in this context, hybrid refers to the integration of active with
passive processes for AMD treatment. Typical hybrid processes include the use of
neutralisation with alkaline media and wetlands (bioremediation or phytoremediation
using plants or microorganisms respectively) for the synergistic removal of
contaminants from AMD (Groudev et al., 2008, Moodley et al., 2018, Naidu et al.,
2019). Hybrid treatment systems are typically effective under certain flow and acidity
conditions. The schematic illustration of the hybrid-AMD treatment process is shown
in Figure 2.5. It should be noted that even though this process appears promising
(Nleya et al., 2016), further research is required to find out if hybrid systems are suited

for large-scale applications.
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Figure 2.5: The schematic illustration of the hybrid treatment process.

2.5.4 Integrated or multi-staged approach

Apart from hybrid systems, the treatment of mine drainage can also follow an integrated
approach, where minerals are recovered step-wise, i.e. at different stages. As such,
contaminants are removed at different stages, using different mechanisms. In most
cases, integrated systems are based on the synergistic effects of precipitation,
adsorption, and filtration for the removal of contaminants from AMD and the recovery
of valuable minerals at different stages. Integrated systems can be used for the
valorisation and beneficiation of mine drainage, i.e. harbouring the circular economy
concept, and therefore focus is placed on such systems. A typical integrated AMD
treatment process, including AMD beneficiation (metals recovery) is shown in Figure
2.6. Some of the main proposed integrated technologies, for potential industrial

applications, are discussed below.
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Figure 2.6: Schematic of atypical integrated (multi-stage) AMD treatment system.

Karakatsanis (2010) proposed the High Recovery Precipitating Reverse Osmosis
(HIPRO) treatment plant (daily capacity 15 ML) for the treatment of circumneutral
mine drainage (rich in sulphate and notable amount of Fe and Mn), making use of lime
addition, ozonation, sand filtration, ultrafiltration, and reverse osmosis (RO), for
gypsum and sludge recovery, the latter having a number of industrial applications, and
drinking water reclamation. A few years later, the Magnesite Softening and Reverse
Osmosis (MASRO) system (daily capacity 3.5 KL) was proposed for AMD treatment
(Masindi et al., 2019a). This integrated system uses thermally activated (calcined)
magnesite for AMD neutralisation, followed by minerals precipitation and then effluent
is softened using lime and soda ash for sulphate and magnesium removal. The softened
effluent is then purified by means of RO to reclaim drinking water, while the RO
retentate was also treated by Membrane Distillation (MD). Apart from drinking water
reclamation, important minerals were also recovered, including Fe-based minerals,
gypsum, and limestone. However, the generated sludge from the Mg-reactor should be
properly managed (Masindi, 2017b, Masindi et al., 2017d, Masindi et al., 2018a,
Masindi et al., 2019a). Another integrated system is the Tshwane University of
Technology Magnesium Barium Alkali (TUT MBA), which employs magnesium for

AMD neutralisation and metals removal, apart from sulphate which is then removed
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using barium, i.e. barium sulphate is formed. Similarly to MASRO, the sludge produced
in the magnesium reactor, which is highly mineralised and heterogeneous, is costly to
manage (Bologo et al., 2012). Regarding that system, Masindi (2017a) reported similar
results for the integrated use of magnesite and barium for sulphate removal from AMD.

Another promising integrated process is the Council for Scientific and Industrial
Research alkali-based-calcium (CSIR ABC) process. This process entails the
neutralisation of AMD with lime and the subsequent treatment of the product water
with barium carbonate, to attenuate the residual sulphate. To minimise costs and make
the process self- sustaining minerals were recovered from the produced sludge and re-
fed to the system (Geldenhuys et al., 2003, Maree et al., 2004b, Hlabela et al., 2007).
In that regard, the GypSlim process was proposed to recover sulphur from the product
waste (Nengovhela et al., 2007). Finally, the SAVMIN process, which utilises lime
neutralisation to remove metals as hydroxides, gypsum precipitation, and ettringite
formation, has been recently proposed, with the added benefit of water reclamation and
mineral (sulphuric acid and gypsum), recovery (Abdrakhmanova et al., 2019).
Biological based processes, such as the Rhodes BioSure process and THIOPAQ
process, have also been proposed; however their primary focus was solely AMD
treatment, and not minerals recovery. This is the case for other sulphate technologies,
such as the EARTH ion exchange process and GYP-CIX (Simate and Ndlovu, 2014).
Overall, even though effective solutions for AMD treatment, with water reclamation
and minerals recovery have been proposed and tested, more research is required
towards this end. A summary on the main integrated process for AMD treatment and
water/minerals reclamation/recovery, along with their main advantages and

disadvantages is shown in Table 2.3.
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Table 2.3: Different piloted technologies, their advantages, and disadvantages

Recover valuable minerals such as gypsum

Generation of brine

Generation of Fe-sludge for beneficiation

Technology Advantages Disadvantages References
CSIR ABC Treat water to limit Generation of hazardous, heterogeneous | (Mulopo, 2015)
Recovery of sulphate and highly mineralised sludge.
Require precise barium dose to balance the
stoichiometry and residual barium.
CSIR MAS Treat water to limit Toxic sludge in Mg-reactor (Masindi et al., 2018a)
Recover gypsum and lime High cost due to COz ingression
Brine free
Good for discharge purposes
CSIR MASRO Treat water to limit Cost intensive (Masindi et al., 2019a)
Recover Fe-based minerals Generation of brine
Recover gypsum and lime
CSIR MASROE Treat water to limit Cost intensive (Masindi, 2017b)

SAVMIN process

Treat water to limit

Recover valuable minerals

Hazardous sludge
Generation of toxic sludge

Sophisticated process

(Abdrakhmanovaetal., 2019)
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TUT MBA

Recover valuable minerals such as barium
sulphate

Reclamation of product water that can meet
the discharge limits

Recover barium using GYP-SLIM for re-

use.

Generation of hazardous, heterogeneous
and highly mineralised sludge.
Require precise barium dose to balance the

stoichiometry and residual barium.

(Bologo et al., 2012)

ROC technology

Reclaim drinking water from acid mine
drainage using filtration

Recover valuable minerals from brine using
freeze technique

Recover Fe-based minerals for the synthesis
of goethite, hematite and magnetite

Generate zero-liquid into the environment.

Cost intensive

Still at pilot scale

Sophisticated process that requires high
level skills.

Challenges with the synthesis of Fe-based

minerals.

(Zvinowanda et al., 2014)

HiPRO

Can reclaim drinking water from the
treatment process.

Can synthesize gypsum from the treatment
process

Brine free and zero-liquid-discharge

Cost intensive
Hazardous sludge from the ozonation

process

(Karakatsanis, 2010)
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EARTH Uses ion exchange column. It can recover | Cost intensive (Simate and Ndlovu, 2014)
uranium and sulphate Generation of toxicants from ion exchange

The sulphate can be used to produce | regenerates

ammonium sulphate Requires acid for operation.
CSIR BOF-SRO Reclaim drinking water Voluminous sludge rich in Fe (Masindi et al., 2017d)
Recover gypsum Require high dosage of BOF slag

Generation of brine which is difficult to

dispose
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2.6 Mechanisms for contaminants removal, recovery and synthesis

Different mechanisms for the removal of contaminants from AMD have been used through the

years, with the main treatment processes including:

e Precipitation/oxidation/coagulation
e Adsorption/ ion exchange
e Filtration

e Bio- and phyto-remediation

A brief introduction on each process, along with their limitations in terms of minerals recovery

and factors that hamper their application for minerals recovery and synthesis is given below.

2.6.1 Precipitation/oxidation process

These mechanisms rely on the use of alkaline chemicals to increase the pH or oxidants to
convert metals to insoluble state, hence leading to precipitation, with the prevalently used
chemical species being oxides, hydroxides, sulfides, and carbonates (Blais et al., 2008, Lewis,
2010). Specifically, the addition of alkaline chemicals lead to the precipitation of the contained
chemical species in AMD as hydroxides, sulfides and carbonates sulfides (Lewis, 2010), with
the underlying mechanism being nucleation, followed by crystallization and settling (Blais et
al., 2008). This also depends on the saturation levels of the solution. The solution can be under-
saturated, saturated, and over-saturated. This also influences the homogeneity of the substance
formed from the chemical reaction (Blais et al., 2008, Fu and Wang, 2011).. The removal of

metals as hydroxides can be denoted by the following equation (Masindi et al., 2018a):
M™* + nOH~ - M(OH), | (2.5)

A wide array of alkaline materials has been examined for precipitation of metals from AMD,

as shown in Table 2.4.

Table 2.4: Different alkaline materials used for the precipitation of metals from AMD.

Mineral Name Formula Reference
Amorphous magnesite MgCOs (Masindi et al., 2014)
Periclase MgO (Magagane et al., 2019)
Mg-based | Brucite Mg(OH), (Bologo et al., 2012)
Magnesium bicarbonate Mg(HCO3)2 | (Akinwekomi et al., 2016)
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Limestone CaCOs (Maree and Du Plessis, 1994)
Ca-based | lime CaO (Geldenhuys et al., 2003)

Hydrated lime Ca(OH): (Mulopo, 2016)

Soda ash Na.COs (Akinwekomi et al., 2017b)
Na-based | sodium hydrosulfide NaHS (Wang et al., 2013)

Caustic soda NaOH (Mirbagheri and Hosseini, 2005)
Ammonia | anhydrous ammonia NH3 (Viadero et al., 2006)

Ammonium hydroxide NH4OH (Maila et al., 2014)
Tailings Ca, Mg, Ca, Na, etc. Ca, Mg, Na | (Kastyuchik et al., 2016)

As shown in Table 2.4, Ca, Mg, and Na based materials are typically used for AMD
neutralisation. Tailings from the mining and processing of these materials also contain some
neutralisation capacity, hence they can be used for AMD neutralisation. AMD chemical
composition influences the type of reagents (alkaline chemicals) that need to be used for the
recovery of chemical species, while these reagents also influence the recovered chemical

species and their use thereafter (Blais et al., 2008).

As reported in Silva et al. (2019), Fe(lll) can be recovered from AMD, processed, and then
employed for pigments production. Similarly, Akinwekomi et al. (2017b) highlighted the use
of Na,CO3 and NaOH for the recovery of Fe(lll), Fe(Il) and Al(I11) from AMD at varying pH
values and explore its use for the synthesis of goethite, hematite and magnetite. Calcined
cryptocrystalline magnesite has been also explored for the recovery of metals, at different pH
gradients, from AMD (Masindi et al., 2018c), and the optimal pH values for the recovery of
each metal are shown in Table 2.5. This concept can be very effective for metals and minerals
recovery; however, since there is no distinct line to segregate metal precipitation, the purity of

the recovered material could be adversely affected.

Table 2.5: Precipitation of metals at varying pH gradients using calcined magnesite.

Element pH range Reference

Al 4.5

Fe (I11) 35

Fe (I1) 8.5

Cu 6.5 (Masindi et al., 2018c)
Mn 9.5
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Ni 8
Pb 6.5
Zn 8

2.6.2 Adsorption/ion exchange process

This process relates to a surface phenomenon in colloidal science and chemistry. It refers to
mechanisms in which contaminants migrate in aqueous solutions and get adsorbed onto
surfaces using different forces. This solid-water interface process is governed by numerous
processes, which include the migration of pollutants from solutions to the surface that is
oppositely charged. More so, other mechanisms such as isomorphous substitution, ion
exchange, surface complexation and precipitation may play a critical role in the attenuation of
contaminants from aqueous solutions (Figure 2.7). This also depends on the oxidation states
of chemicals, since the surface charge of chemical species depends on the pH of the aqueous
system (Sparks, 1995, Langmuir, 1997). This process has been widely explored for the removal
of chemical species from aqueous solution, with its main strengths being (Sen Gupta and
Bhattacharyya, 2012, Yadav et al., 2019, Zhou et al., 2019, Kalita and Baruah, 2020):

e The material required to drive the process, such as activated carbon, are readily
available and often low-cost.

e Adsorbents have high adsorption capacities and they can be re-used for adsorption
process for numerous cycles.

e Simplicity in operation and ease of application.

However, this process has also numerous drawbacks, including:

e Quick saturation leads to poor performance in highly concentrated solutions.

e High selectivity and affinity hamper its utilisation in the decontamination of multi-
charged wastewaters, such as AMD.

e Regenerates from the regeneration process require proper handling and disposal and
this incurs additional disposal costs.

e This process has been proven to be effective in less concentrated solutions, compared

to AMD, and it is mainly used as a polishing technique.
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e Regenerants are highly mineralised and heterogeneous, due to multi-mechanisms that
utilize different techniques, hence making it difficult to recover pure and high quality
minerals.

This process has been widely employed for the removal of anionic and cationic contaminants,
making use of materials such as activated carbon (Tran et al., 2017b, Tran et al., 2020), zeolites
(Westholm et al., 2014, Adam et al., 2019), clay minerals (Ngulube et al., 2017), and ion
exchange resins (Zhu et al., 2017), amongst others. The commercially used chemicals include
activated carbon, anthracite, zeolite, and bentonite clay. For AMD treatment, Zhang (2011)
reported the adsorption of Pb(ll), Cu(ll) and Zn(I1) from simulated AMD using dairy manure
compost, while Motsi et al. (2009) explored the adsorption of heavy metals from AMD using

natural zeolite, among others.

Different mathematical models and techniques have been employed to identify and describe
the mechanisms that govern contaminants removal from aqueous solutions. Specifically, the
adsorption isotherms, kinetics, and thermodynamics are used to determine the mechanisms
governing the removal of pollutants (Tran et al., 2020). The point of zero charge or zeta
potential is used to highlight the relationship between the types of pollutants and capacity (Tran
etal., 2017a).

The key challenge in the adsorption/ion exchange process is poor selectivity to species of
homogenous charge and hence it finds little applicability in the circular economy concept.
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Figure 2.7: An illustration of different adsorption mechanisms on an adsorbent.
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2.6.3 Filtration

This is a membrane driven process, where compounds are filtered out using a semi-permeable
membrane. Primarily, membrane filtration utilises pressure, concentration gradients, and flux
for the removal of contaminants from aqueous solutions. Membrane filtration has gained much
application for seawater desalination, drinking water reclamation, and grey water re-use. As
such, membranes with different perforations, efficiency, and performance have been developed
and they include microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis
(RO) and membrane distillation (MD) (Fu and Wang, 2011, Agboola et al., 2014, Shahrin et
al., 2019). Membrane processes have been widely employed for the removal of bacteria,
microorganisms, particulates, and natural organic material, which can impart color, tastes, and
odors to water and react with disinfectants to form disinfection by-products. Recently, it has
been increasingly applied in the removal of metals from raw, retentate, and brine streams in
industrial applications. The pores of different filtering media range from as low as 0.001 to as
high as 1000 microns. Cations, anions, suspended solids, and organic matters are effectively
removed using membrane technologies. Several researchers have explored the use of
membranes for AMD treatment (Agboola, 2019). Lopez et al. (2018) evaluated the use of NF
for the removal of heavy metals and sulphates from AMD. However, challenges include
membrane fouling, pre-treatment requirements, high energy demand, generation of brine, and
high costs(Agboola, 2019). Nonetheless, the brine itself can act as new source for minerals
recovery. As such, different techniques such as freeze crystallization and distillation have been
employed for salts recovery from brine and highly concentrated solutions. MD can also be used
for brine treatment due to its temperature driven nature. Moreover, this can be used in waste

heat for industrial application where heat is generated as waste (Osman et al., 2019).

2.6.4 Bio- and-phyto-remediation

Phyto-bio-remediation relies on the use of plants and other biological species for the removal
of contaminants from different wastewater and soil matrices. This process has been proved to
be effective in different applications such as AMD treatment and land rehabilitation. For
example, Bwapwa et al. (2017) assessed the bioremediation of AMD using algae strains and
highlighted the feasibility of recovering adsorbed metals due to the ability of algae to hyper-
accumulate and hyper-absorb (semi-)metals. Kiiskila et al. (2020) reported the metabolic

response of vetiver grass (Chrysopogon zizanioides), after being subjected to AMD, while the
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efficiency of the same plant for AMD treatment, on a multiscale long-term study, has been also
reported in the literature (Kiiskila et al., 2019).

However, it is also very sensitive to numerous environmental indicators, such as plants
tolerance to varying conditions, including chemical species concentration, pH and temperature.
Specifically, in terms of AMD treatment the following drawbacks have been highlighted in the
literature (Ali et al., 2013, Syranidou et al., 2017, Wang et al., 2017, Gu, 2018, Asad et al.,
2019):

e Poor performance in concentrated solutions

e Long residence time for effective removal of contaminants

e Requires intensive monitoring

e Requires large land area and a closely controlled environment
e Very difficult to recover minerals post the absorption process

e Disposal of plants can pose secondary toxicity

2.7  Geochemical modelling

In line with the fourth industrial revolution (4IR), modelling and computer simulations have
emerged as valuable tools used to: i) gain insight into geochemical processes, ii) interpret
laboratory experiments and field data and iii) make predictions of long-term behaviour of
chemical components in a system under investigations. In recent decades, the ever-growing
concern surrounding the discharge of highly polluted effluents and wastewater streams has
encouraged the development of pollution probability scenarios and design management
strategies to curtail the impacts associated with mining activities. Moreover, due to the
complexity of the underlying process and the time-scales involved, it is often not feasible to
adequately conduct realistic laboratory experiments to observe the long-term behaviour of
environmental systems. As such, geochemical models are primarily employed to predict future
and potential scenarios, as well as, to interpret and predict complex and long-term
environmental processes. As such, in the design perspective, geochemical modelling can be
applied to effectively optimise remediation efforts, identify crux parameters in environmental
management, and help effectively design techniques to prevent the release of ecological
contaminants in different settings, such as the mines. Albeit, this initiative cannot be a
substitute for experimental studies, rather modelling is a valuable predictive tool that can be
used to bridge the gap between laboratory assays, field observations, and long-term behaviour
of geochemical systems. A prevalent model has been the PHREEQC (PH REdox EQuilibrium
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(in C language)), which is a widely used public-domain geochemical modelling software
available from the United States Geological Survey (USGS) (Parkhurst, 1995). In addition, the
Geochemical Modelling Code is widely used to model the processes involving the interaction
of different minerals and aqueous interface, simulating processes such as adsorption,
desorption, neutralization and speciation, amongst others (Parkhurst, 1995, Parkhurst and
Appelo, 1999, Zhang and Luo, 2007, Tiruta-Barna, 2008, Wissmeier and Barry, 2010). This
model is mainly used as a complementary tool to substantiate experimental results. Wissmeier
and Barry (2010) evaluated the use of variably saturated flow into PHREEQC for the
simulation of biogeochemical reactions in the vadose zone. Luo et al. (2020) employed
PHREEQC geochemical model as a post-remediation study for the distribution and
mobilization of heavy metals at an acid mine drainage-affected region in South China. This
technique could indicate minerals phases that can be recovered from AMD when using

different techniques as highlighted above.

2.8 AMD beneficiation and valorisation

AMD contains valuable compounds that can be reclaimed, recovered, and synthesized using
different approaches (Table 2.8). These compounds can render AMD a valuable resource, thus
ensuring that the environmental footprint attributed to its treatment can be minimised. This can
be achieved through the concept of circular economy, suggesting that AMD can be perceived
as a resource and not a waste material (Masindi et al., 2019b, Silva et al., 2019). Specifically,
AMD valorisation is achieved through water, even drinking water, reclamation (Masindi,
2017b, Masindi et al., 2017d, Masindi et al., 2018a, Masindi et al., 2019b, Masindi et al., 2021),
while its beneficiation can be achieved through the synthesis and recovery of valuable minerals
(Silva et al., 2012, Masindi et al., 2019b). However, the main challenge of AMD beneficiation
lies in the minerals cross-contamination during recovery, due to the presence of sensitive
chemical species that easily precipitate, co-precipitate and co-adsorb, hence contaminating the
resultant product. To enhance precision of the minerals recovery and enable AMD valorisation,
geochemical tools such as PHREEQC (PH REdox EQuilibrium (in C language)) can be utilised
to predict the formation of acid mine drainage and product minerals after treatment with
different chemicals such as limestone, lime, periclase, brucite, soda ash, caustic soda, and

different alkaline medias.
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2.8.1 Water and drinking water reclamation

The dissolved solids in AMD, apart from being contaminated themselves also cause high
electrical conductivity. As such, by removing these dissolved solids and recovering them
(AMD beneficiation), the treated effluent can be further treated to reclaim water, even to
drinking water standards. Various processes have been used to reclaim drinking water, but
filtration has been identified as the most promising for drinking water reclamation from AMD
(Qu et al., 2009, Agboola, 2019). Other processes, such as adsorption and precipitation, pose
secondary pollution and are selective in their efficacies. Specifically, adsorption has an overall
low treatment efficiency but precipitation manages to reclaim water suitable for discharge or
irrigation (Fosso-Kankeu et al., 2020). However, due to the high content of dissolved metals
and hardness of the water, filtration experiences challenges of scaling, fouling and damage due
to different chemicals and pH (Nleya et al., 2016, Masindi et al., 2017d, Masindi et al., 2018a,
Agboola, 2019). As such, different AMD pre-treatment technologies have been examined.
Specifically, Aguiar et al. (2018) successfully explored the treatment of AMD by nano-
filtration, focusing on membrane fouling, chemical cleaning, and membrane ageing, with the
final goal of reclaiming drinking water was reclaimed. Andrade et al. (2017) evaluated the use
of ultrafiltration (UF)-nanofiltration (NF) for the treatment of wastewater from gold mines
using a hybrid approach (two-phase treatment process) to prevent fouling, however at the
expense of process cost . Ricci et al. (2015) reported the feasibility of using a sequence of
microfiltration (MF), nano-filtration (NF) and reverse osmosis (RO) to recover sulfuric acid,
separate noble metals, and produce high quality reuse water from wastewater emanating from
gold mining. The driving mechanisms were pressure-oxidation process for the highlighted

wastewater stream.

2.8.2 Recovery of valuable minerals

Valuable minerals that can be recovered from AMD typically include metals and gypsum.
However, the co-contamination of the recovered minerals from AMD has been an issue of
prime concern, since this affects their purity, suggesting the need for specific treatment
approaches (Lewis, 2010, Nleya et al., 2016, Fernando et al., 2018, Agboola, 2019, Ben Ali et
al., 2019). Specifically, Ricci et al. (2015) proposed the use of microfiltration (MF) and nano-
filtration (NF) to produce sulfuric acid and separate and recover noble metals from gold mine
drainage. The entire process was governed by pressure-oxidation modality (Agboola, 2019).

The recovery of Fe(l1) and Fe(l11) species has been also widely explored (Mohan and Chander,
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2006, Chen et al., 2014, Yan et al., 2015, Akinwekomi et al., 2017b). Mohan and Chander
(2006) evaluated the use of lignite for sorption of Fe(I1)/(111), Mn, Zn and Ca, with the adsorbed

minerals being recovered as regenerants, albeit a quick saturation was observed.

2.8.3 Synthesis of valuable minerals

Fe, Mn, Zn, sulfate and other chemical species contained in AMD make it a viable source for
(semi-) metals recovery. Specifically, Fe(lll) and Fe(ll) have been recovered from AMD
towards the synthesis of goethite, hematite and magnetite (Figure 2.7) (Akinwekomi et al.,
2017b, Akinwekomi et al., 2020). Goethite can be used for pigments in the clays, the paint and
coatings industry, and it has been also used as an adsorbent for (semi-) metals (Mohan and
Pittman Jr, 2007, Basu et al., 2015). Hematite has been employed in pigments synthesis,
removal of (semi-) metals and oxyanions, and shielding of radiation, amongst other
applications (Phuan et al., 2017, Duuring et al., 2018, Bhateria and Singh, 2019). Similarly,
magnetite can be used in ferro-fluid technology, storage of information, photo-degradation for
organic contaminants, photo-anode, catalyst, biomedicine, controlled drug delivery, removal
of water contaminants and magnetic nanoparticles formation (Wei and Viadero Jr, 2007,
Akinwekomi et al., 2017b, Kefeni et al., 2017a, Bui et al., 2018).

2.8.4 Irrigation with AMD

In water-scarce agricultural areas, AMD-contaminated streams, primarily enriched with
elevated trace metal, have been used for irrigation. However, these trace metal concentrations
eventually leach to the soil and agricultural produce, degrading both the ecosystem and
impacting human health. Specifically, in a case study in Potosi, Bolivia the risk of
ecotoxicological contamination was identified when AMD-contaminated irrigation water, with
trace metal concentrations well above the United Nations Food and Agriculture Organization
(UNFAOQ), Canadian, and Australian guidelines for irrigation water, was used in potato
cultivation (Garrido et al., 2009). As a result, Cu, Pb and Zn concentrations exceeded i) the
Dutch, Canadian, and German guidelines for agricultural land, implying high secondary risks
and ecotoxicological concerns, and ii) the commercially-sold vegetable guidelines in the grown
potatoes, suggesting that the agricultural products produced in this region may represent a

potential health risk to subsistence farmers and other consumers (Garrido et al., 2009).

On the other hand, Jovanovic et al. (2004) reported that crop irrigation with gypsiferous mine

water may create an opportunity to produce crops during the dry winter season on farms in
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South Africa, such as in Mpumalanga. Specifically, soil water and salt balances indicated that
considerable amounts of mine water can be used and considerable masses of salts can be
removed through precipitation of gypsum in the soil profile and therefore with appropriate
management, water and salt runoff and salt leaching can be intercepted, thereby minimizing
the impact on groundwater (Jovanovic et al., 2004). This has been further corroborated by
Hentati et al. (2014).

2.8.5 Co-treatment of municipal wastewater

Keefer and Sack (1983) examined the use of mineral resources recovered from AMD, i.e. Fe,
for the treatment, i.e. removal of phosphate and turbidity, from municipal wastewater and
results were promising. The synergistic approaches can also play an important role in the
management of wastewater streams. Specifically, Hughes and Gray (2013) evaluated, at bench-
scale, the potential co-treatment of AMD with municipal wastewater (MWW), using the
activated sludge process (plug-flow and sequencing batch reactors) and examined three
scenarios: (1) adding raw AMD to the activated sludge aeration tank, (2) pre-treating AMD
prior to adding to the aeration tank by mixing with digested sludge and (3) pre-treating AMD
by mixing with screened MWW. Pre-mixing AMD with screened MWW was the best process
option in terms of AMD neutralization and metal removal; however, significant MWW
alkalinity was consumed, suggesting an alkali supplement may be necessary (Hughes and Gray,
2013). Strosnider et al. (2011) examined, at bench-scale, the passive co-treatment of high-
strength AMD and MWW and results indicated that this could be a viable approach to improve

water quality with minimal use of fossil fuels and refined materials.

2.8.6 Recovery and production of sulphuric acid

Marti-Calatayud et al. (2014) evaluated the recovery of sulfuric acid (SO4%) from AMD by
means of a 3-compartment electrodialysis (ED), where SO4%, free from Fe(lIl) species, was
obtained in the anodic compartment as a result of the co-ion exclusion mechanism in the
membranes. The difference in the pH and SO4% values between the membrane phase and the
external electrolyte promotes the dissociation of complex species inside the membranes, which
impede the transport of Fe(l11) and sulfates in the form of complex ions towards the anodic and

cathodic compartment, respectively.

The current efficiency values of the anion-exchange membrane at different current densities

were approximately constant with time. However, the increase in the recovery of acid decreases
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as the current increases. This result is explained by the shift in the equilibrium at the
membrane/solution interface as more SO4*~ ions cross the anionic membrane and, by the
enhancement of the dissociation of water when the limiting current density is exceeded. The
main limitation of the process is related to an abrupt increase in the cell voltage due to the
formation of precipitates at the surface of the cation-exchange membrane. Sulphuric acid and
acid recovery from the metal barren solution was evaluated using Dowex MSA-1 ion exchange
resins. The results showed that sulphuric acid can be recovered by the resins via the acid
retardation process, and could subsequently be upgraded to near market values of up to 70%
sulphuric acid using an evaporator. Water of re-usable quality could also be obtained in the
acid upgrade process Hatch and Dillon (1963), (Nleya et al., 2016).

2.9  Factors hampering AMD valorisation and beneficiation

The concept of circular economy in AMD treatment has been well advocated, with
advancements being made in water reclamation and minerals synthesis and recovery; however,
a number of factors hamper its application (Parbhakar-Fox and Lottermoser, 2015, Kefeni et
al., 2017b, Lébre et al., 2017, Masindi, 2017b, Masindi et al., 2018a, Masindi et al., 2019a,
Naidu et al., 2019, Park et al., 2019, Rambabu et al., 2020, Masindi et al., 2021). The main
limitations for introducing the circular economy concept in AMD treatment are discussed

below.

2.9.1 Purity of the recovered material as a limiting factor

Due to its nature, AMD is highly mineralised and heterogeneous, in terms of its waterborne
chemical composition, which makes the recovery of high-grade minerals difficult. The main
challenge is the cross-contaminations from minerals contained in AMD. For example, it has
been reported that the fractional and sequential recovery of mineral resources from AMD
encounters massive challenges due to very fine discrepancies, of pH and those overlapping
regions of minerals precipitation (e.g. Fe and Al recovery contaminates each other), which can
grossly affect the purity of recovered minerals (Akinwekomi et al., 2017b, Masindi et al.,
2018b, Masindi et al., 2018c, Akinwekomi et al., 2020). Therefore, the recovery of pure
minerals from AMD has yet to be reported, as impurities persist across the recovered minerals
(Kefeni etal., 2017a, Kefeni et al., 2017b, Kefeni and Mamba, 2020). For example, the gypsum

piles produced from AMD processing are contaminated with Fe, when lime is used.
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2.9.2 Quantity of the recovered material

AMD is rich in Fe and S, as its main elements, followed by intermediate concentrations of Al
and Mn, and traces of other elements. Fe concentration and S concentrations can be as high as
20000 ppm and 80 000 ppm, respectively, while Al and Mn can reach values as high as 500
ppm and 200 ppm, respectively, while trace levels of Zn, Cu, Cd, Co, Pb, Cr, As, and Hg,
among others, can be found (Akinwekomi et al., 2017b, Masindi, 2017b, Masindi et al., 2019a,
Akinwekomi et al., 2020). Other elements can exist in AMD matrices, but typically only at
trace levels. As such, Fe and S are the main metals that can be recovered from AMD in large
quantities. For example, 50 kg of Fe-based minerals were recovered from 3.5 KL AMD when
this was treated with 25 kg of calcined cryptocrystalline magnesite (Masindi et al., 2019a).
Gypsum is also recovered, attributed to the large S concentrations. However, due to its low
quality it has found little use for industrial applications and therefore processes, such as the
GYPSLIM, have been proposed for S recovery from gypsum wastes (Maree et al., 2013). The
large Fe and S concentrations can be explained by the fact that the genesis of AMD is from the
oxidation of pyrite, arsenopyrite and other Fe-based sulphide minerals. The other chemicals
species are impurities, which are incorporated to coal and gold matrices during deposition
processes. Gypsum can also be recovered in elevated levels due to sulphate being present in
high concentration. The gypsum piles are prevalent in South Africa but they are not usable due

to low grade product that fails to meet industrial specifications.

2.9.3 Conditions suitable for minerals recovery

Mine drainage is typically very acidic by nature, but if it occurs in an environment which is
rich in carbonates (e.g. dolomites, limestone, magnesite and clay minerals) it will have
circumneutral to basic pH, giving it a variable composition since the predominant elements
will be sulphate and base metals. As such, AMD is more conducive for metals recovery and
sulphate as well. Essentially, acidic pH conditions in AMD can enable the recovery of metals
in a step-wise fashion, with the following pH sequence being suggested: Fe can be recovered
atpH>3-3.5, gypsum at pH>4-10, Al at pH > 6.5, Mn at pH > 9.5, Cu at pH > 7, Zn at pH
> 8, Pb at pH > 8, Ni at pH > 9, Mg at pH>10, and Ca at pH>12 (Masindi et al., 2018c).
Furthermore, in real operations, minerals synthesis is complex, requiring also complex
processes such as co-precipitation. For instance, magnetite production requires the co-
precipitation of Fe(lll) and Fe(ll), thus cannot be typically pursued in a linear process.

Furthermore, the temperature of approximately 80 °C and 700 °C are required for the synthesis
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of goethite and hematite, respectively. The synthesis of magnetite at100 °C cannot also be
achieved using one linear reaction, suggesting the need for a stage-wise approach, where

gypsum and calcium carbonate can also be recovered (Akinwekomi et al., 2020).

2.10 Summary of the literature review

The literature review informs that AMD can be a viable re-source from which valuable
minerals such as goethite, hematite and magnetite can be synthesized. Drinking water can also
be reclaimed from AMD. Gypsum, limestone and dolomite can be synthesized from the
treatment process. This could make this system self-sustainable, if the revenue generated from
the reclaimed, recovered and synthesized products can off-set the running costs and the
ecological and other impacts of the treatment process. Amongst the value recovery technology,
precipitation has been identified as the main technique for minerals recovery but for drinking
water reclamation, filtration technologies are better. Challenges associated with minerals
recovery and AMD valorisation are the generation of heterogeneous sludge, the costs
associated with minerals recovery and feasibility considering the complex composition of
AMD. Adsorption has been identified as an unviable technology for minerals recovery and
beneficiation due to quick saturation of the sorbents and regeneration requirement, which is
unselective. For the future, studies should focus on sequential and fractional recovery of
valuable minerals from mine drainages using different techniques. Future studies also need to

include integrated approaches for minerals recovery from AMD.

In light of this findings of the literature review, the objectives of this study which aims at
recovering minerals from AMD will seem viable and a game changer in the valorisation of
AMD. This will effectively address the concept of circular economy and minimisation of

ecological footprints of AMD treatment and their disposal process.
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CHAPTER THREE
MATERIALS AND METHODS

In this chapter, acquisition of the samples, experimental configurations, optimisation studies,
and analytical techniques used to fulfil the goals and objectives of this study are meticulously
explained. The quality control procedures and simulation conditions applied in the experiments

are also described in this section.

3.1  Acquisition of the samples

The pulverised magnesite (<32um particles) which is thermally activated (calcined) at 1050 °C
was procured from Sterkfontein Carbonates Pty (Ltd), Republic of South Africa. The samples
came in 25 kg bags and stored in a designated area until use for the recovery experiments. The
real field AMD samples were obtained from a coal mine in Mpumalanga province, South
Africa. Grab samples were collected in the flowing stream from the coal handling facility. The
samples were filled to the top of the container to avoid air ingression. The samples were stored
in 25 L bottles of High-Density Polyethylene (HDPE) containers. The containers were tightly
closed to prevent further oxidation and precipitation of metals, and kept at 4°C until utilisation
for metals recovery experiments. Before utilisation, the AMD samples were filtered through
Whatman® Grade 1 filter paper. This was done to remove suspended solids and debris. In-situ
analysis, i.e, pH, EC and TDS, were done using a multimeter probe as described below whilst
ex-situ analysis were done in an accredited lab using the state of the art analytical instruments

as described below.

3.2  Optimisation of the recovery of chemical species

To acquire an in-depth understanding of the factors influencing the recovery of Al, Fe, Mn and
sulphate including traces of other metals from AMD matrices, the effect of activated magnesite
dosage was evaluated. pH and activated magnesite dosage were used as the main indicators for
this analysis. Sixty (60) minutes of reaction time was used for the optimisation studies and as
this had been found appropriate in previous studies (Masindi et al., 2015a, Magagane et al.,
2019). To precisely denote the effect of the parameters under study, ambient room temperature
and pH for AMD were considered for AMD matrices since this would be applied for scaled up
systems. Effective mixing was achieved by means of an overhead stirrer at 650 rpm. To study

the effect of feedstock dosage on pH and metals recovery, the one-factor-at-a-time (OFAAT)
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method was used, i.e. first the grams of activated magnesite were varied while keeping the
contact time, temperature and supernatant pH parameter fixed, as shown in Table 3.1. This
enabled an in-depth understanding of the factors that influence the recovery of Al, Fe, Mn and
sulphate from AMD.

Table 3.1: Examined parameters and values for the recovery of valuable minerals from AMD.

Number Target pH Initial pH
Units - -

1 2.5 2.5

2 3 2.5

3 3.5 3

4 4 3.5

S 6.5 4

6 8 6.5

7 9.5 8

8 10.5 95

Specifically, the effect of the dosage of each effluent was examined by considering solid-liquid
(Activated magnesite: AMD) ratios. The dosage sensitivity analysis and effect of pH were
examined by mixing activated magnesite with AMD feed solution for 60 minutes of
equilibration. All experiments were performed in triplicate and results are reported as mean

values.

The sensitivity of the system was done using pH as an indicator by varying the amount of
activated magnesite introduced into the beakers. The pH was varied by adding a small fraction
of activated magnesite until a desired pH was reached using stabilisation time interval of 30
minutes. This time interval was determined in a previous study by Masindi et al. (2016a).
Specifically, measured fractions (grams) of activated cryptocrystalline magnesite were added
into different volumetric flask that contained AMD. The mixtures were agitated for 60 minutes
at 650 rpm as denoted in Table 3.1. Post equilibration, the mixtures were filtered through a
0.45 pum pore nitrocellulose filter membrane for characterisation. The filtrates were preserved
by adding two drops of concentrated HNO3 to prevent aging and immediate precipitation of

Al, Fe and Mn, and refrigerated at 4°C prior to analysis. The respective pH values of samples
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before and after agitation were recorded. A separate set was left un-acidified for sulphate

analysis.

The percentage removal of chemical species (Al, Fe, Mn and sulphate) from AMD using

activated cryptocrystalline magnesite was determined using Eqn. 3.1.

Percentage removal (% removal) = (%) %X 100 (3.1)

i

Where, C; is the initial concentration and C, is the final concentration. This precisely and
effectively denotes the efficacy of the system in recovering chemical species from the activated
magnesite-AMD solution. The computed figures were used to determine the effectiveness of
the identified dosage in relation to the percentage of the chemical species which were removed

at a given pH range.
3.3  Quality control and quality assurance

In analytical environmental chemistry, quality assurance is essential. This is mainly done to
ensure the repeatability, reproducibility and validity of the obtained results. This study
therefore included quality control and quality assurance to ensure the generation of trustworthy
and valid results. The quality control and quality assurance process in this study comprised
undertaking all the experiments in tri-plicate and reporting the obtained results as mean values.
The data was considered acceptable when percentage difference within triplicate samples and
percent error were below or equal to fifteen percent (<15%). Furthermore, analytical values
which were noted to be below the detection limit (BDL) were managed following the
Environmental Protection Agency (EPA) guideline. To further reinforce the validity of the
results, the National Institute of Standards and Technology (NIST) aqueous standards were
employed to assure the accuracy of the analysis (Wei and Viadero Jr, 2007). Lastly, but not
least, the results for selected samples was further validated using the inter-laboratory analysis
approach. All the aqueous samples were characterised in an ISO/IEC 17025:2017 accredited
laboratory, i.e., Magalies Water Services Laboratory, Brits, North West, South Africa. The
solid samples were characterised at the University of Pretoria (XRF and XRD) whilst the other
indicators (morphological properties, elemental mapping, and metals-functional groups) were
analysed at the Council for Scientific and Industrial Research (CSIR), the state-of-the-art

materials characterisation, testing, and analytical facility for nano-materials.
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3.4  Characterisation
3.4.1 Characterisation of aqueous samples

Analytical instruments that were used to determine the physical and chemical parameters of
the examined water samples are listed in Table 3.2. It should be noted that the total dissolved
solids (TDS) were measured at 180 °C while the electrical conductivity (EC) and pH were

measured at 25 °C.

Table 3.2: The analytical instruments which were used to determine the physical and chemical

parameters of water samples.

Parameters Analytical equipment

Al, Fe and Mn The inductively coupled plasma mass spectrometry (ICP-MS), X-
Series 2, ICP-MS, supplied by Thermo scientific, from Hanna-
Kunath-Str. 11 28199 Bremen, Germany. The ICP-MS was
equipped with ASX-520 Auto sampler.

Cu, Ni, Pb, and Zn The inductively coupled plasma - optical emission spectrometry
(ICP-OES), 5110 ICP-OES \wvertical dual view, Agilent
technologies Australia, Made in Malaysia. The ICP-OES was
equipped with Agilent SPS 4 Auto sampler.

Sulphate The Gallery™ Plus Discrete Analyzer. Gallery plus photo
spectrometer, Automated chemistry analyzer, Supplied by
Thermo Fisher scientific, Made in Vantaa, Finland.

pH, EC, and TDS The HANNA Multi-parameter probe. Model: HI-9828 Multi-

parameter water quality portable meter was utilized.

Techniques shown in Table 3.2 were used to characterize the aqueous samples before and after
the interaction of activated cryptocrystalline magnesite and AMD.

3.4.2 Characterisation of solid samples

For the characterization of activated magnesite and recovery of valuable minerals at different
pH ranges, the state-of-the art analytical instruments were used as demonstrated in Table 3.1.
In particular, the morphological properties, surface functional groups, elemental composition,
and minerals phases of the recovered minerals were explicitly measured. To this end, Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray fluorescence (XRF),
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were used along with a high resolution scanning electron microscope (SEM) that was coupled

with energy dispersive X-Ray spectroscopy (EDS) (Table 3.3).

Table 3.3: The equipment used to determine the properties of the raw and recovered minerals.

Parameter Equipment | Model
Mineralogical | XRD PANalytical Aeris powder diffractometer with a PIXcel
composition detector and fixed divergence- and receiving slits with Fe

filtered Co-Ka radiation (A=1.789A). Phases were identified
using X Pert High-score plus software.

Elemental XRF The Thermo Fisher ARL Perform'X Sequential XRF
composition instrument with Unigquant software.

Morphology SEM-EDS | Auriga Cobra FIB-FESEM (Model: Sigma VP FESEM with
properties and Oxford EDS Sputtering System, Make: Carl Zeiss, Supplier:
spot-analysis Carl Zeiss, USA).

Functional FTIR Perkin-Elmer Spectrum 100 Fourier Transform Infrared
groups Spectrometer (FTIR) equipped with a Perkin-Elmer

Precisely Universal Attenuated Total Reflectance (ATR)

sampling accessory equipped with a diamond crystal.

Techniques shown in Table 3.3 were used to determine the fate of chemical species post the

interaction of AMD and activated cryptocrystalline magnesite.
3.5  Geochemical modelling

To complement the experimental results and determine the aqueous species and mineral phases
that are more likely to be synthesized from the interaction of activated cryptocrystalline
magnesite and AMD, geochemical modelling was applied. The primary aim was to determine
speciation and calculate the saturation indices (SIs) of the mineral phases, based on
compositions and pH. To fulfill that objective, PH REdox EQuilibrium (in C language)
(PHREEQC) geochemical model along with the WATEQA4F chemical speciation model were
used (Masindi, 2016). Furthermore, the chemical species which were more likely to precipitate
were determined using the modelled SI index whereby, SI values lower than unity (< -1) denote
an under saturated solution, Sl values equal to unity (= 1) denote a saturated solution and, SI

values higher than unity (> 1) denote a supersaturated solution.
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CHAPTER FOUR
RESULTS AND DISCUSSIONS

This chapter presents the results which were obtained from the experiments carried out to meet
the objectives of this study. The results were obtained using the methodologies described in
Chapter 3. This section corroborates results from a laboratory study and PHREEQC
geochemical modelling. The used AMDs were collected from the beginning of the experiments
and post optimisation studies to check the efficacy of the material, as such, there might be some
variations in the water quality of AMD used for optimisation and for the performance

verification at optimum conditions.

4.1  Feed and processed products quality

The physico-chemical characteristics of feed water, product water and their respective dosages

are summarised in Table 4.1.

Table 4.1: The physico-chemical characteristics of feed water, product water and their

respective dosages.

Parameters | AMD Effect of dosage on pH and chemical species

pH 2.5 3 3.5 4 6.5 8 9.5 10.5
Volume (mL) | 5000 5000 4500 4200 |4000 | 3700 3600 3100
Dosage (g) Nil 23 23.6 241 | 311 |313 40.1 57.1

Al (mg/L) 450 180 150 50 BDL | BDL BDL BDL
Fe®" (mg/L) | 9000 600 500 450 400 BDL BDL BDL

Mn (mg/L) | 125.9 | 110 100 90 |70 |10 05 BDL
SO.% (mg/L) | 18000 | 14500 | 14000 | 13900 | 13500 | 9000 | 8000 | 4500
Cu(mg/l) |2 2 2 2 15 |BDL |BDL |BDL
Ni (mg/L) |3 2.8 25 24 |23 |2 BDL |BDL
Pb(mg/L) |2 2 2 2 15 |BDL |BDL |BDL
Zn(mg/lL) |6 6 5 4 3 2 BDL |BDL

NB: Volume is for AMD and dosage for activated magnesite. BDL stand for below the detection limit.

As shown in Table 4.1, the physico-chemical properties showed the effect of dosage on pH
and chemical species in AMD. Specifically, there was a congruent relationship between dosage
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and pH. Chemical species were observed to decrease with an increase in dosage of the
feedstock, i.e. activated cryptocrystalline magnesite. The pH was observed to increase from 2.5
to 10.5 at 57.1 g in 3100 mL of AMD. Similarly, the obtained results were also reported by
Petrilakova et al. (2014). Thenceforth, from Table 4.1, it can be seen that Fe precipitated at pH
3 —3.5, Al at pH 6.5 and Mn at pH 9.5, with sulphate precipitating from pH 3.5-10.5. Albeit,
the concentration of Cu, Ni, Pb, and Zn were very minute and their recovery would not be

economically viable.

4.2  Effect of pH on the removal levels of chemical species

To gain insight into the minerals recovery efficacy, the effect of dosage on pH and chemical

species removal was examined and the results are shown in Figure 4.1.

110 ; - 60
100 3 i e 55
90 3 50
80 45 _
=z 701 40 -
3 60 - E 35 3
E E C 30 ~
L 50 1 ] P %
3 —O—F 3
RS 40 3 —I-Ntlen _ . é
: =>é=Sulphate [
> ——Cu 15
E Pb -
20 g
10 3 2  ~
2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10

pH

Figure 4.1: The effect of feedstock dosage (i.e. activated magnesite) on pH and chemical
species removal (Conditions: 1000 mL solution, 250 rpm shaking speed, <32 um particle size,
60 min reaction, 26 °C temperature).

The results revealed close relationship between dosage and pH, and this further influenced the
removal of metals. The effect of pH on the removal of metals has been widely reported in
literature (Simate and Ndlovu, 2014). An increase in dosage increased the pH from 2.5 for the
feed water to 10.5 with a dosage of 55 g of activated magnesite. Such increase in pH is
attributed to the addition in alkalinity (OH") during the dissolution of Mg and Ca from activated

magnesite matrices. As shown in Figure 4.1, magnesite achieved 99% removal efficiency of
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Fe at pH > =~ 4, Al-species at pH >~ 6, and Mn removal was observed to be >99% at pH > =~
9. These results of this study are consistent with those obtained by other researchers (Wei and
Viadero Jr, 2007, Seo et al., 2017). This indicates the pH that is suitable for fractional and
sequential recovery of chemical species from AMD. Furthermore, it was observed that Cu
precipitated at pH <7, Zn at pH <9.5, Pb at pH <8, and Ni at pH <9.5. The findings of this study
were congruent to findings reported by Park et al. (2013). To this end, approximately >99%
removal efficiency was achieved for chemical species except for sulphate which attained an
attenuation of about 70%. Albeit, the levels of Cu, Ni, Pb and Zn were observed to be
insignificant due to their minute concentrations in AMD; as such, there is no economic metal

recovery potential for them, thus leaving Al, Fe, Mn and sulphate as the recoverable elements.

4.3  Simulation of the effect of pH and dosage on the recovery of chemical species

To further assess the recovery of chemical species from AMD, PHREEQC geochemical model
was used to simulate the effect of dosage on pH and chemical species attenuation. The results
are shown in Figure 4.2.
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Figure 4.2: Simulation of the effect of feedstock dosage (i.e. activated magnesite) on pH and
chemical species levels using PHREEQC geochemical model (Water Q4 database).

As shown in Figure 4.2, findings from PHREEQC geochemical model simulation denoted the
feasibility of Fe(l1l) to have been recovered at pH > 3.5, Fe(ll) at pH > 10, Mn at pH >9.5, Zn
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at pH >10, Cu at pH >9.5 whilst Ni and Pb at pH >8. The recovery of sulphate was observed
to be feasible from pH 4 -12. The obtained results corroborate the findings which were reported
from the laboratory experiment and from previous studies. A slight variation was observed
with dosages but the chemical species attenuation was observed to be similar hence

strengthening the validity of the laboratory results.
4.4  Sensitivity analysis

To gain insight into the effect of sensitive dosage on the recovery of minerals from AMD, the
effect of dosage on pH and chemical species reduction was investigated and the results are

shown in Figure 4.3.
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Figure 4.3: The sensitive dosage (i.e. activated magnesite) and its effects on pH and chemical
species levels (Conditions: 1000 mL solution, 250 rpm shaking speed, <32 um particle size, 60

min reaction, 26 °C temperature).

As shown in Figure 4.3, the sensitivity analysis of activated magnesite on the recovery of
chemical species from real AMD is observed. Specifically, an increase in dosage led to an
increase in pH and the reduction in the concentrations of chemical species. In particular, the
pH increased from 2.5 to 10 using 0 — 57.1 grams of activated magnesite. An increase in dosage
increased the alkalinity of the system via the addition of hydroxyl groups (OH-group). This has
corroborated results reported in Figure 4.1 and PHREEQC geochemical modelling. As

expected, at Fe**/Fe?* were recovered at pH > 3 and >8, respectively, Al at pH > 6.5, Cu and
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Pb at pH > 7.5 and, lastly, Ni and Zn at pH > 9. The results obtained in this study are consistent
with findings reported in other studies and afield (Oh et al., 2016, Akinwekomi et al., 2017b,
Seo et al., 2017, Lopez et al., 2019, Naidu et al., 2019, Akinwekomi et al., 2020).

45  Simulation of the precipitation potential with PHREEQC

The simulation of the mineral phases recovered from AMD using activated magnesite by
PHREEQC geochemical model (water Q4 database) was performed, and the results are shown

in Figure 4.4.
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Figure 4.4: The simulation of the mineral phases to be recovered from AMD using activated

magnesite by PHREEQC geochemical model (water Q4 database).

The obtained results revealed that Fe minerals will be recovered at pH > 3.5, Al at pH > 4.5,
CuatpH>7,Zn at pH > 8, Pb at pH > 8, Mn at pH > 9, and Ni at pH > 9. This has confirmed
that different mineral phases could be recovered at different pH gradient using activated
magnesite. Metals were predicted to precipitate as oxy-hydroxides and sulphate as gypsum and
Al-Fe-oxy-hydrosulphates. The chief mechanisms which were governing the recovery of
different mineral phases were precipitation as the alkalinity in the system increases due to Ca
and Mg in the aqueous system. Thenceforth, the reported PHREEQC geochemical model
results are congruent to laboratory assays hence confirming that the obtained results are valid.

54|Page



4.6  Treatment of AMD using activated magnesite

To assess the overall performance of activated magnesite on real AMD treatment, the physico-
chemical composition of raw and treated AMD are shown in Table 4.2. Due to variation in
geological conditions and sampling dates, the AMD used for final treatment at optimised
conditions was slightly different from the AMD which was used in optimisation studies. Based

on our previous findings, 60 minutes of mixing was used in this study (Masindi et al., 2015a).

Table 4.2: The physico-chemical properties of raw and treated AMD.

Parameters Units Limits Raw AMD | Treated AMD %
pH - 9.5 2.57 10.10 -293.00
Conductivity (EC) mS/cm 150 1700.00 2200.00 -29.41
Aluminium (Al) mg/L 0.5 200.00 0.24 99.88
Iron (Fe) mg/L 0.3 1800.00 0.32 99.98
Manganese (Mn) mg/L 0.1 98.00 0.30 99.69
Calcium (Ca) mg/L 30 622.00 737.00 -18.49
Magnesium (Mg) mg/L 30 495.00 1638.00 -230.91
Nickel (Ni) mg/L 0.1 1.30 0.02 98.15
Zinc (Zn) mg/L 0.1 3.70 0.02 99.46
Copper (Cu) mg/L 0.01 0.24 0.02 90.42
Lead (Pb) mg/L 0.01 0.20 0.04 82.00
Sulphate (SOa) mg/L 200 13166.00 8200.00 37.72

NB: Limit is the department of water and sanitation guideline for irrigation water (Department of Water Affairs
and Forestry, 1996).

AMD was characterised of high acidity (low pH), and high EC. The initial AMD pH was ~
2.57 and the predominant chemical species were sulphate, Fe, Al, Mn, Ca and Mg. Minute
levels of Cu, Ni, Pb and Zn were also found to be present. Practically, the levels which are
recoverable are sulphate, Al, Fe, and Mn due to their significant concentrations as compared to
the rest. High levels of Fe and sulphate denote that the current AMD could be the product of
pyrite weathering (Tabelin et al., 2017a). The feed AMD comprised chemical species which
were above the maximum allowed limits (MAL) for irrigation (Department of Water Affairs
and Forestry, 1996) indicating that this effluent is not suitable for discharge to any receiving
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environment. The presence of Ca implies the feasibility of CaSO4 precipitation. The treatability
index of AMD is very high denoting high treatment cost but the recovery of valuable metals
could make it viable. After treatment of real AMD with activated magnesite, the levels of Al,
Fe and Mn were observed to have reduced significantly, approximately 99% removal efficacy.
Albeit, the levels of Ca and Mg were observed to have increased but this could be due to their
dissolution. Similarly, treatment has increased the EC and TDS of the AMD. The pH increased
to 10.10 making it suitable for precipitation of metals as oxy-hydroxides. In light of the above,
the treatment of AMD for discharge and minerals recovery could be viable using activated
magnesite. However, further treatment to meet all the water quality limits for Ca, Mg, sulphate

and EC would be required.

4.7 Solid characterisation

This section presents the characterisation results of activated magnesite and recovered
minerals. This will be used to determine the fate of inorganic contaminants post the AMD
treatment and the viability of their recovery. This section will highlight different minerals

phases that are recovered at different pH ranges.

4.7.1 Map spectrums for elemental composition

The utilized FE-SEM instrument was equipped with an Energy-dispersive X-ray spectroscopy
(EDS) detector, which was used towards identifying the Wt. % spectrum and elemental

composition of the feed and recovered elements. The results are shown in Figure 4.5.

As shown in Figure 4.5, the feedstock was found to comprise of Mg, O, and C as its major
elements, whilst low concentrations of Si, Al, and Ca were also identified. This composition
denotes a clear representation of the calcined magnesite since residual carbon from CO:
emission should remain. The step-wise and fractional mixture of AMD and activated magnesite
led to the recovery of different chemical species at different pH. This could be linked to the
precipitation of different elements at different pH as shown in the water quality results and
PHREEQC geochemical simulations. The interaction of real AMD with activated magnesite
led to an increase in the level of Fe and S at pH >3. Furthermore, at pH >3.5, the level of S was
observed to increase whilst Fe, O and Mg remained the same. This denoted that sulphate is
being scavenged from the aqueous solution. At pH > 4, the S and Ca level drastically increased
and this could be linked to the formation of gypsum during the chemical reaction. The level of
Fe was reducing hence denoting that it has been depleted from the aqueous system as confirmed
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by the water quality analysis. Thenceforth, at pH >6, the level of Al was observed to increase
in the sludge hence denoting that this pH is conducive for the removal of Al from real AMD.
Conversely, the level of S and Ca were observed to reduce as compared to pH > 4. The mixture
activated magnesite and real AMD at pH > 8 further confirmed the attenuation of a different
chemical species, specifically, Mg, S, Ca, and Al. This could be explained to the fact that Al
precipitates at pH > 6 — 8, Mg > 8 — 10, and S > 4- 10. At pH > 9.5, Mn stepped-up to the
precipitation sequence; however, it was accompanied by S, Ca, and Mg. The literature has
confirmed that Mg precipitates at pH > 8-10. Lastly, but not least, pH 10 denotes the
precipitation of Mg as the key element. Therefore, results from this study explicitly confirm
that different elements and chemical species precipitate at different pH gradients. Furthermore,
as discussed above, activated magnesite contributes to the removal of contaminants from the
real AMD matrix. According to PHREEQC geochemical model simulations, Fe and Al were
removed as oxy-hydrosulphates, oxy-hydroxides and carbonates due to residual carbonate in
the matrices of activated magnesite. Explicitly, the formation of carbonates, oxy-hydroxides
and oxy-hydrosulphates are apparent in the obtained sum spectrum results (Wt. %). As a result,
the recovered materials appear to be rich in minerals that could possibly be harvested for
beneficiation hence confirming that a sequential recovery of elements from the real AMD could
be feasible if it adequately offsets the running costs and environmental impacts of resource

recovery.
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Figure 4.5: The map sum spectrum of the elemental composition of activated magnesite and
recovered elements at different pH ranges from the treatment of real AMD with specified

dosages of activated magnesite.

4.7.2 Morphological properties

The morphological properties of activated magnesite and minerals recovered at different pH
(pH from > 3 to > 10.5 are shown in Figure 4.6. As mentioned in section 3.4, a high-resolution
Focused lon Beam Scanning Electron Microscope (FIB FESEM) instrument was used to
identify the morphological characteristics of the feed and product materials. In particular, the
Auriga Cobra FIB FESEM instrument was used for obtaining images in this study. The primary
aim was to acquire clear, ultra-high resolution, and low electrostatically distorted images that

reveal pristine morphology of the minerals under study (Figure 4.6).
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Figure 4.6: FESEM images of the morphological properties of activated magnesite (a), and
minerals recovered at different pH (pH from > 3 to > 10.5 [b-h]) at 1 um and 100 nm.
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As shown in Figure 4.6(a), the calcined cryptocrystalline magnesite comprised of particles
with octagonal leafy-like structure and sheets with varying sizes. Interestingly, the
morphological properties were observed to be the same at different magnifications (1 pm and
100 nm). The surface was observed to be homogenous in nature hence indicating that the
material is the same through-out. The obtained results corroborates what has been reported for
calcined magnesite and its derivatives (Zeng et al., 2009, Wang et al., 2011, Stolzenburg et al.,
2015, Ramakokovhu et al., 2020). At pH >3 (Figure 4.6b), the recovered mineral was observed
to comprise of spherical material inter-connected in a rod-like fashion. This was consistent in
different magnifications. According to the map sum spectra, the material recovered at pH >3 is
rich in Fe hence denoting that this material with spherical properties could potentially be Fe,
but this will be confirmed by the SEM mapping results. Furthermore, Figure 4.6(c)
demonstrated the presence of rod-like and spherical structures on the recovered material. The
predominant structures were the rods at this stage. This could explain the presence of Fe and
S. According to Figure 4.5(c), pH > 3.5 fosters the precipitation of Fe, Ca, and S, and this
explicitly denotes the feasibility of gypsum and Fe-oxyhydroxide precipitation. Thenceforth,
results shown in Figure 4.6(d) demonstrated the presence of rod-like and spherical structures
on the material. The predominant structures were the rods and trapezium shaped structures.
Rods denote gypsum from S and Ca whilst spherical structures denote Fe-based minerals.
According to Figure 4.5(d), pH > 4 encourages the precipitation of Fe, Ca, and S, and this
explicitly denotes the feasibility of gypsum and Fe-oxyhydroxide precipitation. In Figure
4.6(e), pH > 6.5, the SEM image demonstrated the presence of rod-like and spherical structures
on the recovered material. The predominance of these structures further confirms that Fe and
S are still precipitating at this stage. This could explain the presence of Fe and S. According to
Figure 4.5(e), the pH > 4 - 10.5 create a conducive environment for the precipitation of Ca,
and S as gypsum. Figure 4.5 (f - g) demonstrated the presence of rod-like structure and
spherical particles. This could solely be explained by the formation of calcium sulphate
(gypsum), Al-oxyhdrosulphate and Mg. Lastly, Figure 4.5 (h) demonstrated leafy-like
structures distributed across the surface of the recovered material. This confirms that the
material is homogenous across the surface. Overall, the rod-like structures from a Ca and S rich
system mainly demonstrate the formation of gypsum (Strydom et al., 1995, Tolonen et al.,
2015, Schug et al., 2017) whereas the spherical particles demonstrate the formation of Fe-based
minerals (Frost et al., 2005, Zhang et al., 2010, Risti¢ et al., 2013, Akinwekomi et al., 2020).
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4.7.3 Elemental composition analysis

Herein, the HR-FE-SEM and the corresponding EDS elemental mapping images for the feed
and recovered minerals are given and discussed. The primary aim is to invoke and gain an in-
depth understanding and verify the elemental composition obtained by the EDS element
appraisals. In particular, the EDS element analysis revealed the existence of Mg, O, and Ca, in
activated magnesite as the feed and real AMD-elements in the recovered mineral. This section
focuses on the discussion of FESEM-EDS elemental mapping. In Figure 4.7(a), the FESEM-

EDS layered images of the feed material and their respective elements are shown.

(a) Activated magnesite
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Figure 4.7: The FESEM image and mapping of (a) the feed material (activated magnesite) and
(b) product mineral at pH = 3.
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As shown in Figure 4.7a, raw magnesite was observed to contain C, O, Mg, and Ca as major
components and traces of Al and Cu. Availability of Ca and Mg denotes that this material could
contribute to the addition of hydroxyl groups in aqueous solution hence increasing the pH of
the AMD. An increase in pH plays a significant role in the addition of alkalinity in water hence
fostering the precipitation of chemicals species. In light of that, there is a clear indication that
Ca in activated cryptocrystalline magnesite could dissolve in AMD and precipitate sulphate as
gypsum whilst Mg will form MgSOs complex in solution. This has been confirmed by
PHREEQC geochemical modelling. Thenceforth, a clear illustration of potential chemical
reactions that may take place could be demonstrated as follows (Egn. 4.1-4.5) (Name and
Sheridan, 2014):

MgS0, + Ca(OH), + 2H,0 — CaSO0,.2H,0 + Mg(OH), (4.1)
Ca0 + H,0 — Ca(OH), (4.2)
Ca(OH), — Ca%* + 20H~ (4.3)
Fe™ + MOH™ - Fe(OH),, (4.4)
Ca®* + S02~ + 2H,0 — CaSO,.2H,0 (4.5)

Essentially, base metals (Mg and Ca) which are prevalent in activated cryptocrystalline
magnesite play an indispensable role in the supernatant pH mainly after dissolution and this
contributes to the attenuation of chemical species through precipitation as metals hydroxide as
indicated by equation 4.4 and 4.6.

M™ + nOH™ —» M(OH), | (4.6)

The obtained results are consistent with the PHREEQC geochemical modelling results. The
dissolution of base cations may be represented by the following equations (Masindi et al.,
2017Db):

MgO + H,0 —» Mg?* + 20H~ 4.7)
CaO + H,0 - Ca?* + 20H~ (4.8)
This may lead to an increase in the pH of the agueous system with the subsequent precipitation
of chemical species. Explicitly, an increase in pH of the product water may be due to dissolution
of Ca and Mg as shown by the EDS results (Section 4.7.2). Figure 4.7b shows the presence of
C, Al, Fe, Ca and S. The presence of C may be explained by the feedstock which was used.

Magnesite comprises of carbonate and Mg on its matrices, however, after contacting AMD, the
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product mineral was observed to comprise Al, Fe, Ca and S. This denotes the potential
formation of gypsum as calcium sulphate and the precipitation of Fe and Al from AMD. These
findings could be explained by the reduction of Fe and S in feed AMD. As shown in Figure
4.6, magnesite comprised the nano-sheet and the product mineral at pH <3 comprised the
spherical particles. Akinwekomi et al. (2017b) reported Fe-minerals to comprised spherical
nano-particles. The morphological properties and elemental mapping of minerals recovered at
pH = 3.5 and = 4 are shown in Figure 4.8.

(c) pH > 3.5 (d) pH > 4

Na Kal 2 1 2 Mg Kal 2




Figure 4.8: The FESEM image and mapping of (c) material recovered at pH = 3.5 and (d)

product mineral recovered at pH = 4.

As shown in Figure 4.8 [(c) — (d)], the recovered minerals were predominated by Ca, S, O, Fe,
and Al. Specifically, pH<3.5 was dominated by spherical and rod-like particles (Figure 4.8c).
The rod-like particles were representing Ca, O, and S whilst the spherical particles were
representing Fe, O, and Al. This denotes that there is high possibility of precipitating Fe-O-Al
hydroxides and hydrated gypsum at pH<3.5. Similar results were observed at pH<4 but the
predominant particles were rod-like structures (Figure 4.8d). The system was deficient of Al
and Fe at pH <4, hence confirming that they were recovered at pH<3.5. Mg and Na were not
dominating the recovered materials hence denoting the possibility of them dissolving into
aqueous solution. The morphological properties and elemental mapping of minerals recovered

at pH <6 and <8 are shown in Figure 4.9.
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Figure 4.9: The FESEM image and mapping of (e) material recovered at pH<6.5 and (f)

product mineral recovered at pH < 8.
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As shown in Figure 4.9 (e-f), the recovered minerals were predominated by Ca, S, O, Mg, and
Al. Specifically, pH<6.5 was dominated by spherical-like particles (Figure 4.9¢). The spherical
particles represent Mg, O, and Al. However, the Al-O was observed to be dominant hence
demonstrating that this is the element that is mainly recovered at this pH range. Other elements
such as Fe, S, and Ca were not predominant. Interestingly, Mn was observed to be present in
the recovered minerals. This denotes that at pH <6.5, Mn commences to precipitate from
aqueous solution as activated magnesite continues to be dosed into the system. Furthermore,
Mg was observed to be high, thence denoting that it is precipitating or approaching saturation
in the system (Figure 4.9¢e). The presence of Al-O denotes the formation of Al-hydroxides as
predicted by PHREEQC geochemical modelling. The deficiency of Fe denotes that it has been
fully depleted from aqueous solution whilst the deficiency of Ca and S denotes that these
elements hardly precipitate at this pH range. The deficiencies of different elements could
further be explained by their levels in product water quality from the sequential recovery
process. Thenceforth, at pH<8, a mixture of rod-like and spherical particles and nano-sheets

were observed (Figure 4.9f).

As shown in Figure 4.9 (f), the recovered minerals were predominated by Ca, S, O, Mg, and
Al. Specifically, pH <8 was dominated by a sandwich of spherical and rod-like particles (Figure
4.9e). The spherical particles were representing Mg, O, and Al whilst the rod-like structures
were representing Ca, S, and O. Interestingly, there was an emergence of Mn and Zn, although
Mn commenced at pH <6.5. However, the Al-O-Mg were observed to be dominant hence
demonstrating that this is the element that is highly recovered at this pH range. Other elements
such as S, and Ca were not predominant. The presence of O further confirms and attests that
the product minerals are hydroxides and hydrated minerals. Moreover, the presence of Mn was
detected in the recovered minerals hence confirming the potential formation of manganese
hydroxide and rhodochrosite. This denotes that at pH <8, Mn precipitation further intensifies
from aqueous solution as the dose of activated magnesite increases on a step-wise fashion.
Furthermore, Mg was observed to be high, thence denoting that it is precipitating or
approaching in saturation in the system (Figure 4.9¢). The presence of Al-O-Mg denotes the
formation of AIl-Mg-hydroxides as predicted by PHREEQC geochemical model. The
deficiency of Fe denotes that it has been fully depleted from aqueous solution whilst the
presence of Caand S denotes that gypsum forms at this pH range. The morphological properties

and elemental mapping of minerals recovered at pH <9.5 and <10.5 are shown in Figure 4.10.
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Figure 4.10: The FESEM image and mapping of (g) material recovered at pH<9.5 and (h)

mineral recovered at pH < 10.5.
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As shown in Figure 4.10 (g-h), the image for pH<9.5 (Figure 4.10g) showed particles with
spherical structure mixed with scattered particles with rod-shaped structures. Mg and O were
observed to be dominant in this stage hence denoting the feasibility of Mg(OH)2 precipitating
which is in agreement with the PHREEQC geochemical modelling. Scattered rods of Ca, O,
and S were also observed and this denotes the formation of hydrated gypsum at this pH range.
Furthermore, Si was observed to be present in the recovered sludge. Interestingly, Cu and Mn
were observed to be present and these are miniscule elements which were removed from AMD
during the metal’s recovery process. This confirms that this pH favours the precipitation of Cu
and Mn from aqueous solution. PHREEQC geochemical modelling predicted Cu, Mn, Fe, and
Mg to precipitate as metals hydroxide. Furthermore, Mn was also predicted to precipitate as
rhodochrosite (MnCOz). The presence of Ca, O and S confirms the formation of hydrated

gypsum from the chemical interaction.

As shown in Figure 4.10 (h), the image for pH<10.5 showed particles with spherical structure
mixed with particles with rod-shaped structures. Mg and O were observed to be dominant in
this stage hence denoting the feasibility of Mg(OH). precipitating in agreement with the
PHREEQC geochemical modelling results. Scattered rods of Ca, O, and S were also observed
and this denotes the formation of hydrated gypsum at this pH range. Furthermore, C was
observed to be present in the recovered sludge and this could be indicating the formation of
carbonates. Interestingly, Al, Fe, and Mn were not present in the recovered minerals and this
confirms that these elements were completely removed from AMD during the metal’s recovery
process. This confirms that pH<10.5 favours the precipitation of metals from aqueous solution.
The water quality results further confirms the findings which were reported in this study.
PHREEQC geochemical modelling predicted Mg to precipitate as metal hydroxides.
Furthermore, Mn was also predicted to precipitate as rhodochrosite (MnCOs3) while the
presence of Ca, O and S confirms the formation of hydrated gypsum from the chemical

interaction.

4.7.4 Spot analysis using HR-SEM-EDS

To further corroborate the results of the elemental composition, EDS spot-analysis was
employed. The morphological properties and spot-analysis with elemental distribution of raw
and the recovered minerals are shown in Figure 4.11 (a-h). The morphological property and

spot-analysis with elemental distribution of the feedstock is shown in Figure 4.11 (a).
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Figure 4.11 (a): The SEM-EDS showing the spot analysis image, and the relevant EDS spectra

(Wt. %) of the feedstock which was used for minerals recovery.
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As shown in Figure 4.11 (a), activated magnesite was observed to be dominated by Mg, C, O,
and Ca. The observed elements were distributed across the surface in varying levels. This
denotes that these chemical species could play a significant role in AMD neutralisation. The

morphological property and spot-analysis with elemental distribution of the recovered material
is shown in Figure 4.11b for pH<3.
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Figure 4.11 (b): The SEM-EDS showing the spot analysis image, and the relevant EDS spectra

(Wt. %) of the recovered mineral at pH = 3.

As shown in Figure 4.11 (b), the mineral recovered at pH<3 comprised of O, Fe, S, and C as

major elements and traces of Al, Si, Ca, and S. The observed elements were distributed across
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the surface in varying levels. The presence of Fe and S denotes the possible formation of Fe-
oxy-hydro-sulphates as predicted by PHREEQC. The morphological and spot-analysis with

elemental distribution of the recovered material is shown in Figure 4.11c for pH<3.5.

(c)pH=>3.5

@
4

25um

// pectrum 12 (wt. Zol\ '

(o3 46.7 o
o 29.4 d
S 7.0 3]
Fe 6.7
Ca 6.0
Mg 3.0 2 —
Mn 0.5 Y
Al 0.4 ] --If‘ ’
Si 0.2 >

a 02/ AL ],

T e RARZAZALASssasanasss ey



Figure 4.11 (c): The SEM-EDS showing the spot analysis image, and the relevant EDS spectra
(Wt. %) of the recovered mineral at pH<3.5.

As shown in Figure 4.11 (c), the mineral recovered at pH<3.5 comprised of Ca, O, Fe, S, and
C as major elements and traces of Al and Si. The observed elements were distributed across
the surface in varying levels. The presence of Fe, Ca and S denotes the possible formation of
Fe-oxy-hydro-sulphates and gypsum as predicted by PHREEQC. The morphological and spot-
analysis with elemental distribution of the recovered material is shown in Figure 4.11d for

pH=4.
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Figure 4.11 (d): The SEM-EDS showing the spot analysis image, and the relevant EDS spectra
(Wt. %) of the recovered mineral at pH<4.
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As shown in Figure 4.11 (d), the mineral recovered at pH<4 comprised of O, Fe, Ca, S, and C
as major elements and traces of Al and Si. The observed elements were distributed across the
surface in varying levels. The presence of Fe and S denotes the possible formation of Fe-oxy-
hydro-sulphates as predicted by PHREEQC. Furthermore, the Ca and S rods confirm the
presence of gypsum in the matrices of the recovered minerals. The morphological and spot-
analysis with elemental distribution of the recovered material is shown in Figure 4.11e for
pH<6.5.
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Figure 4.11 (e): The SEM-EDS showing the spot analysis image, and the relevant EDS spectra
(Wt. %) of the recovered mineral at pH<6.5.

As shown in Figure 4.11 (e), the mineral recovered at pH<6.5 comprised of O, Al, Ca, S, and

C as major elements and traces of Fe, Mn, Mg, Si, P, and Na. The observed elements were
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distributed across the surface in varying levels. The presence of Al and S denotes the possible
formation of Al-oxy-hydro-sulphates whilst Ca and S demonstrate gypsum (seen as rods) as
predicted by PHREEQC geochemical modelling. The morphological and spot-analysis with

elemental distribution of the recovered material is shown in Figure 4.11f for pH<&.
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Figure 4.11 (f): The SEM-EDS showing the spot analysis image, and the relevant EDS spectra
(Wt. %) of the recovered mineral at pH<S.

As shown in Figure 4.11 (f), the minerals recovered at pH<8 comprised of Mg, O, Al, Ca, S,
and C as major elements and traces of Zn, Mn, Si, Fe, and Ce. The observed elements were
distributed across the surface in varying levels. The presence of Al and S denotes the possible
formation of Al-oxy-hydro-sulphates whilst Ca and S demonstrate gypsum as predicted by
PHREEQC geochemical model. The morphological and spot-analysis with elemental

distribution of the recovered material is shown in Figure 4.11g for pH<9.5.
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Figure 4.11 (g): The SEM-EDS showing the spot analysis image, and the relevant EDS spectra

(Wt. %) of the recovered mineral at pH<9.5.

As shown in Figure 4.11 (g), the minerals recovered at pH<9.5 comprised of O, Mn, and Mg

as major elements and traces of Ca, Fe, Ce, and S. The observed elements were distributed
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across the surface in varying levels. The presence of Ca and S denotes the possible formation
of calcium sulphates as predicted by PHREEQC. Ce denotes the possible recovery of rare-earth
metal. The predominance of Mn and Mg confirms their immense recovery at this pH range.
The morphological and spot-analysis with elemental distribution of the recovered material is
shown in Figure 4.11h for pH<10.5.
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Figure 4.11 (h): The SEM-EDS showing the spot analysis image, and the relevant EDS spectra
(Wt. %) of the recovered mineral at pH<10.5.

As shown in Figure 4.11 (h), the mineral recovered at pH <10.5 comprised of O, Mg, and C

as major elements and traces of Ca, Si, and S. The observed elements were distributed across
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the surface in varying levels. The presence of Ca, Mg, and S denotes the possible formation of
calcium sulphates and brucite as predicted by PHREEQC. These results confirm the attenuation
of heavy metals from AMD and this could be confirmed by their reduced level in the water

quality results.

4.8  Mineralogical composition

The mineral composition of minerals recovered at different pH ranges (pH <3 to pH<10.5) are
shown in Figure 4.12. The advanced X-ray diffraction (XRD) was used to ascertain the

mineralogical properties of the raw feedstock and recovered minerals.
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Figure 4.12: The mineral composition of minerals recovered at different pH ranges (pH <3 to
pH<10.5).

As shown in Figure 4.12, the identified peaks at 2 theta degrees suggest that different mineral
phases were recovered at different pH ranges. The feedstock was mainly amorphous but this
could be mainly due to the calcination effect. Furthermore, minerals recovered at different pH
ranges also demonstrated crystalline and amorphous nature of the material. This corroborates
what has been reported in literature (Muedi et al., 2021). At pH<3, the material was rich in Fe-
based minerals and gypsum. This confirms the water quality results and the HR-SEM-EDS
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mappings. Furthermore, at pH < 3.5, the crystalline peaks of Fe-minerals were observed at 26
=11, 14, 25, 29, 30, 31 and 49. This was in-line to what has been reported from the PHREEQC
geochemical simulation and HR-SEM-EDS. Thenceforth, at pH < 4, the peaks of Al and Fe
were noted at 20 =11, 28, 31, 33, 41, and 20, 23 and 57. The findings grossly confirm the HR-
SEM-EDS results. The peaks from pH< 4 to <8 confirmed the presence of hydrated gypsum at
20 =12, 29.5, 43 and 63 whilst the peaks at pH <9.5 — 10 confirmed the gypsum peaks at 26
=42 and 63. Overall, the obtained results were in agreement with the HR-SEM-EDS analysis
and the PHREEQC geochemical simulations. As confirmed in the SEM-EDS mapping, similar
results are observed for manganese where the peaks are observed at 26 =27, 38 and 59. Finally,
the peaks of brucite as Mg-mineral were noted at 26 = 19 and 63. The obtained results
corroborate results which were reported in high resolution (HR)-SEM-EDS. This also confirms
the fate of chemical species from AMD during the sequential interaction of activated
cryptocrystalline magnesite and AMD. The findings confirm the recovery of different minerals

at different pH ranges.

4.9  Chemical species-functional groups using FTIR

The information on the chemical species-functional groups of feedstock and recovered

materials are shown in Figure 4.13.
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Figure 4.13: The information on the functional groups of feedstock and recovered materials.
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As shown in Figure 4.13, the peaks for the feedstock comprised the Mg bending which is
relative to 3702 cm™, the Mg-O stretches corresponding to band 1500 and 950 cm™ and
carbonates bending corresponding to bands 1680, 1450, 850 cm™ (Dhal et al., 2015, Chamack
etal., 2018). Thenceforth, the doublet at 1490, 1419 cm™* corresponds to asymmetric stretching
vibrations of carbonate hence confirming the formation of carbonate minerals. Specifically, the
split denotes the presence of CaCOs and MgCOs. The stretches at 1117, 886, and 795 cm*
corresponds to in-plane and out-of-plane bending vibrations of the carbonate ion in the matrices
hence confirming the presence of magnesite and calcite (Wu et al., 2020). The hydroxyl group
and water molecules were observed at Peak at 3698 and 3450 cm™ respectively. The Al-OH-
Al bending was noted at 917 cm™. The peaks at 875 cm™ and 836 cm™ correspond to Fe?*/3*
and Mg?* (Tabelin et al., 2017a). These are attributed to the precipitation of those chemical
species with an increase in pH. The peaks at 1000 — 1300 represent the Fe and Al species
(Gypser et al., 2017, Liu et al., 2017, Tabelin et al., 2017b). This further confirms the fate of
Al and Fe which were attenuated from AMD to the resultant product. The obtained results are
in agreement with results which were reported in high resolution SEM-EDS and X-ray

diffraction (XRD) including the water quality analysis.

4.10 PHREEQC modelling of saturation index of all the chemical components

The saturation indices (SI) of recovered chemical species at varying pH ranges as modelled by
PHREEQC are shown in Figure 4.14 (a-d).

Figure 4.14 (a-d), reveals that different mineral phases were predicted as pH changed.
Specifically, at pH between <3-6 boehmite, alunite and Alum-K were observed to precipitate
whilst brucite was observed to precipitate at >6 - 10. This corroborates what has been reported
in HR-SEM-EDS mapping and the XRD results. Furthermore, the diaspore and gibbsite were
observed to be more likely to precipitate from pH >3 — 10.5 and this corroborates with what
has been reported in EDS mapping results. Thenceforth, jarosite (ss) and jarosite-K were
observed to be more likely to precipitate at pH < 4, whilst Jurbanite at pH >2 — 7 except for
Jarosite-H which precipitated at pH >3. Manganese was observed to precipitate as pyrochroite
at pH>8. Moreover, other species of manganese which were predicted to more likely precipitate
were manganite, melanterite, mirabilite and thenardite. The results obtained from PHREEQC
geochemical model are consistent with what has been reported in the characterisation using
XRD, FTIR, and HR-SEM-EDS as presented in sections 4.7-4.9.
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Figure 4.14: The saturation indices (S1) of mineral phases which were recovered from AMD
at different pH ranges using PHREEQC geochemical model.
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CHAPTER FIVE

RECOMMENDATION AND CONCLUSIONS

In this chapter, the concluding remarks and recommendations pertaining the objectives are
described in detail. This also includes the gaps, challenges, and future research avenues based

on the findings of this research.
The objectives of this study were:

e Toassess the chemical characteristics of acid mine drainage before and after contacting
different dosages of calcined cryptocrystalline magnesite;

e To determine the physicochemical properties of calcined cryptocrystalline magnesite
and the recovered mineral resources using different analytical techniques;

e To optimise the optimum dosage for fractional and sequential recovery of metals and
minerals from AMD;

e To use PHREEQC geochemical model to numerically model the process to
complement the laboratory tests and to inform about the mechanisms thereof; and

e To assess the quality of product water against different water quality guidelines,

standards, and specifications.

51 Conclusions and lessons learnt

The findings from this study confirmed the feasibility of recovering Al, Fe, Mn and sulphate
from real AMD and their relativity to solution pH. PHREEQC modelling confirmed that
prevalent species existed as di-valents, tri-valents, and oxyanions in aqueous solution. The
optimisation study showed Fe to be recovered at pH >3 - 3.5, gypsum at pH >4 - 9, Al at pH
> 6.5, Mn at pH > 9.5, Cu at pH > 7, Zn at pH > 8, Pb at pH > 8 and Ni at pH > 9. Simulation
using the PHEEQC model obtained broadly similar results thus validating the experimental
results. Essentially, greater than 99% removal efficiency was achieved for all the metals (Al Fe
and Mn) for given pH regimes. The highest removal efficiency for sulphate was 40% at a pH
of 10.5. Other metals such as Zn, Cu, Ni, and Pb were also removed from AMD. The reduction
of chemical species in the treated AMD further confirmed the attenuation of chemical species
and this was corroborated with the chemical characterisation of the product sludge. The fate of

chemical species were verified using a synergy of HR-SEM equipped with EDS amongst other
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analytical techniques. Lastly, but not least, the PHREEQC geochemical modelling suggested
that chemical species were removed as (oxy)-hydroxides, (oxy)-hydro-sulphates, and metals
hydroxides. Ca and SO+* were removed as gypsum (CaSOs-2H20) and Pb, Fe, and Al as
hydroxyl sulphate minerals. Mg formed a complex of MgSOs in solution and it was removed
as Mg(OH)2 at pH > 9.5. Overall, this study demonstrated the pragmativity and feasibility of
recovering valuable minerals from AMD. Finally, feasible and practical avenues for minerals
harvesting from AMD for potential valorisation and beneficiation were confirmed and
scientifically proven. Future research studies should focus on the enhancement of the purity of
minerals recovered from AMD and the beneficiation of the product water for drinking
purposes. The costs of mineral recovery and the associated environmental, ecological and other
impacts however need to also be considered and future research also needs to focus in this
direction. Moreover, cross contamination and lack of efficacy was the main challenge that
could be linked to minerals recovery from AMD. In addition, some of the mineral phases that
are identified using PHREEQC geochemical model could not be detected using advanced
techniques such XRD and this could be attributed to the type of mineral phases being
synthesized, i.e., crystalline and amorphous. Thus, it could be concluded that these techniques

are complementary.

5.2 Recommendations

The findings from this study revealed various avenues that need future research to refine the

conclusions which were drawn from this study. The main recommendations are to:

e Undertake research to enhance the purity of the recovered minerals and minimize cross
contamination.

e Explore the effect of pre-concentration on the purity of recovered minerals and their
economic values.

e Perform atechno-economic evaluation for the developed technology including a market
analysis of the recovered minerals.

e Employ different techniques such as reverse osmosis, membrane distillation and
forward osmosis to reclaim drinking water or water fit-for-purpose from the product
water generated from the recovery process.

e Perform life cycle assessment of the proposed technology and approach in a quest to
assess its sustainability and ecological footprints.
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Demonstrate the feasibility of sequential recovery of minerals at pilot scale using the

developed optimum conditions.
Assess the efficacy of this approach to AMD from different sources, e.g. coal and gold

mining, and variations thereof.
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