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Preface

Mining still plays a considerable role in supporting the economy of various countries 
around the world. However, its activities can have negative effects on both the ecosphere 
and the anthroposphere, when the generation and deposition of solid and liquid residues 
is not managed properly. Poor management of such residues, especially when the mining 
company just focuses on treating the pollution, might overlook that prevention and reduc-
tion of waste results in a smaller footprint and in reducing their liability. As these mining 
residues can be considered resources, they could even contribute to defraying their man-
agement costs.

Mining residues result from the exploration, mining, and processing of the rocks and 
ores from mines and quarries. They mainly consist of unaltered natural material from 
crushing, ore processing, or enrichment and might contain chemicals or inorganic and 
organic additives in the tailings material. These solid wastes are usually deposited as tailings 
dams and waste rock dumps. Globally, these residues constitute the largest, single source 
of waste. Tailings dams in landfill sites can contribute to environmental pollution through 
various ways: contamination of streams by acid mine drainage (AMD) or acid rock drain-
age (ARD), contamination of streams due to surface run-off from the impoundment area, 
air and water contamination due to wind erosion of dried-out tailings, and physical and 
aesthetic modifications of the environment.

AMD and ARD are acidic mining-impacted waters with a pH below 5.6. It is usually 
highly mineralized with elevated concentrations of potentially toxic elements. They result 
from the oxidation of pyrite, marcasite, or pyrrhotite when exposed to oxygen and water. 
Major sources of AMD include drainage from underground mine shafts, runoff and dis-
charges from open pits, and ARD emerges from mine waste dumps, tailings, and ore stock-
piles. Yet, it should be mentioned that, by far, not all mine water is acidic—there are many 
mine sites which discharge mine water of a quality that is not harmful to the environment.

According to regulations, adherence to good practices requires that three main 
approaches must be considered for mining residue management: rehabilitation, recovery, 
and reuse. This minimizes the negative effects on the environment, ensuring optimum use 
of natural resources and reducing waste. Therefore, the recovery of residual values from tail-
ings is an important option that can be optimized through the use of sustainable, affordable, 
and effective technologies that minimize waste by-products. Furthermore, proper design, 
construction, and performance monitoring of tailings cover systems is required to ensure 
control of contaminant and acidity loading. This could be better achieved through using 
suitable models, allowing more accurate predictions even in different climatic regions.

Mine water formation is considered a serious environmental threat worldwide and is 
mainly caused by mining activities. Recommended approaches for the treatment of AMD/
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ARD require treatment beyond the neutralization and desalination processes to reduce 
waste on site as much as possible. Often, the sludge produced during neutralization and 
desalination is enriched with various metals. Therefore, it has the potential to be recycled or 
used to create products with commercial value. This requires an integrated and interdisci-
plinary approach to drive the green and circular economy.

This book presents 11 chapters focusing on the management of tailing dams, prediction 
of acidic mine water formation, established treatment methods that have successfully con-
verted acidic mine water to usable water, and approaches to using acidic mine water as a 
resource for relevant commodities.

Our aim was to show the broad range of research conducted about the valorization and 
treatment of acidic mine water. It also shows the variability in expressing what is important 
for an individual author or research group, providing the reader insights into the thinking 
about acidic mine water and solving issues around it, and we kept some repetition to allow 
using an individual chapter by itself.  The chapters also show that it is still a long way to go 
before we can solve the mine water issue in its full scale. A lot of work has been done since 
the first papers on high density sludge were published in the 1970s, but these chapters show 
that there is still a lot of research and development needed to find the silver bullet of mine 
water treatment. Therefore, the chapters also outline the shortcomings of various technol-
ogies or the problems which still persist with the valorization of mine water or mining 
residues.

Although this edition does not extensively cover geochemical predictions, we however 
acknowledge that they could be considered to improve future mine water treatment and 
recovery of valuable solutes. 

The editors and the publisher are grateful to the reviewers who have contributed to 
improving the quality of the book through their constructive comments. The editors also 
thank the publisher for including this book in their series.

This book will be of interest to scientists and engineers in academia or industry, working 
on projects related to the management of solid and liquid wastes from mining activities. 
We hope that you, our reader, will gain some value from the book and the many references 
therein.

Elvis Fosso-Kankeu, Christian Wolkersdorfer and Jo Burgess
June 2020
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Management of Metalliferous Solid Waste and its 
Potential to Contaminate Groundwater: A Case 

Study of O’Kiep, Namaqualand South Africa
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Abstract
South Africa is an important mining region, and nearly every province has remnants of active and 
closed metalliferous mining sites. Metalliferous mines produce a large quantity of metalliferous solid 
waste (MSW) because the ore is minutely portioned in comparison to the mined material. In the 
metalliferous industry, production of Cu, Pb, and Zn culminates in the degradation of the immediate 
environment with the primary effects of the MSW being contamination of groundwater by dissolved, 
potentially toxic elements (PTE), and via generation of acid rock drainage (ARD), the acidification 
of nearby soil, an underlying condition for PTE mobilization. O’Kiep, in particular, is character-
ized by remnants of a closed metalliferous mine (CMM). This mine ceased production in 2004; 
albeit, producing MSW which were deposited in the vicinity of the community of O’Kiep. Currently, 
there are minimal solutions to the challenges associated with ARD from MSW with groundwater 
deterioration in O’Kiep being a public health concern as the groundwater in this area is severely 
contaminated by PTEs, attributed to leachate formation and weathering of MSW including demon-
strable ARD formation as confirmed by static and humidity cell tests which indicate environmental 
contamination from the MSW associated with mining activities. Due to its biological and chemical 
composition, ARD formation in O’Kiep needs to be effectively managed to minimize the negative 
effects of the MSW in the vicinity of the community.

Keywords: Acid rock drainage, closed metalliferous mines, metalliferous solid waste, potentially 
toxic elements, groundwater contamination
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List of Abbreviations

ARD Acid rock drainage
CMM Closed metalliferous mine
MSW Metalliferous solid waste
MT Metalliferous tailings
PTE Potentially toxic element
SMW Stockpiled metalliferous waste
SOM Stockpiled overburden material
TSF Tailings storage facility

1.1 Introduction

Mining and mineral processing industries have been the critical focus of research in many 
countries due to increasingly stringent regulatory conditions as sustainability concerns 
increase and the effect of global warming and environmental degradation in general [1]. 
Several non-metalliferous and metalliferous mines globally are situated in arid and semi-
arid regions and are operated through both surface and underground mining methods [2]. 
They have been an important industry in many countries worldwide [3] including South 
Africa, where metalliferous deposits containing Au, Pt, Zn, and Cu have played and some 
continue to play a vital role [4].

The economic benefits of metalliferous mines have often surpassed the major challenges 
posed to the environment in which they are operated as they provide employment to vul-
nerable communities; albeit, enormous quantities of metalliferous solid waste (MSW) are 
generated. A number of these challenges include the dust, groundwater, and surface water 
contamination and an incapability to use the land for developmental purposes during 
post-mining operations [5]. The closed metalliferous mines (CMMs) and MSW generated 
pose a serious health risk to ecosystems and neighboring communities due to contami-
nant dispersion, particularly in the form of potentially toxic elements (PTEs) with spe-
cial emphasis on Sb, Al, Cr, Cu, Fe, Pb, Mn, Ni, Ag, Zn, and sulfide-bearing minerals [6]. 
Additionally, MSW are reported to be sources of PTE containing leachates, as oxidation 
of (di-)sulfides leads to the formation of acid rock drainage (ARD), a process microbially 
mediated [7], and the creation of secondary contaminants such as PTE via dissolution of 
MSW [8]. Changing climatic patterns, especially in arid regions, further play a contributory 
role by facilitating the dispersion and mobility of PTEs contributing to minimal vegetation 
growth [9], which appears to be the case in O’Kiep, Namaqualand, South Africa.

O’Kiep is a former copper mining area with ore mineralization being dominated 
by Cu-rich sulfidic ores, i.e., bornite and chalcopyrite, which are the most abundant 
copper-bearing minerals in the area. Some of these constituents undergo oxidation. The 
CMM which ceased production in 2004 produced a large number of metalliferous tailings 
(MTs) with approximately 5.8 Mt of material. MSW from the CMMs were deposited in the 
vicinity of the community of O’Kiep [10, 11].

The potential formation of ARD poses a threat to the environment resulting in the con-
tamination of surface as well as groundwater reservoirs, which became evident in the hydro-
chemical study of open pit groundwater of O’Kiep [12]. Therefore, such environmental 
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contamination and associated challenges attributed to problems caused by mining activities 
need to be addressed, as highlighted in the Constitution of the Republic of South Africa, 
1996 (Act 108 of 1996) [13]. Generally, South Africa has numerous challenges concerning 
ARD formation due to previous and current mining practices [14].

O’Kiep is affected by MSW which is a potential cause of diseases in humans [15]. These 
challenges can be escalated when contaminated water reaches the aquifer, the only valu-
able groundwater resource especially in areas that have no peripheral rivers. This is also 
the case for O’Kiep, with the lower Orange River being the only perennial river located 
approximately 150 km from the town. It is currently a major source of piped potable water 
for agricultural, domestic, and industrial use [12]. As the lower Orange River is running 
dry due to climatic changes and minimal rainfall, this community will soon have to rely on 
groundwater.

Because minimal research has been conducted on environment health and the local com-
munity of O’Kiep, this chapter discusses these effects of CMM and MSW and the potential 
formation of ARD.

1.2 CMMs: Overview and Challenges

The number of CMMs globally is in the hundreds of thousands, and all are capable of gen-
erating ARD, increasing PTE solubility; thus mobility, culminating in the degradation of 
the environment [16, 17]. For example, CMM in Romania known to produce Cu and U 
is a potential danger to the health of the communities of Anina, Ciudanovița, Lavrion, 
Lișava, Moldova Nouă, and Năvodari as well as to the surrounding environment [16, 18, 
19]. Similarly, a CMM located in Malaysia yielded 2.47 Mt of concentrate comprising of 
approximately 600 Mt of Cu, 45 t of Au, and 294 t of Ag, produced approximately 250 Mt 
of stockpiled overburden material (SOM) and MTs of approximately 150 Mt [20]. Another 
CMM located in Bulgaria producing Cu concentrates created environmental risks for the 
region, especially for the local aquifer, whereby rainfall fills the pit, forming a water body 
containing high concentrations of PTE. It was determined that the PTEs were highly mobi-
lized during the wet season, with many reported cases of contamination by PTEs close to 
the mine [21]. Similarly, a CMM in Alaska with MSW comprising of Cu, Fe, Pb, and Zn 
sulfide minerals which were exposed to biochemical weathering culminated in CMM and 
remnant MSW extending into the coastal zone of Prince William Sound with field investi-
gations revealing that the oxidation of sulfidic MSW at these sites will generate ARD with 
subsequent transportation of PTEs into the marine environment [22].

Thousands of CMMs with MSW containing PTEs from Au, Cu, Pb, and Zn mining in 
the USA have been reported [23]. These mines once reflected the historical development 
of the American continents, yet they represent a possible threat to human health with local 
environments being the repository for the contaminants they generated [24]. CMMs often 
contain unmined SOM, stockpiled metalliferous waste (SMW) and MTs that weather and 
leach to the surrounding environment. Several of these CMMs are located on or adjacent to 
public land. To mitigate such effects, governments needs to provide a wide range of scien-
tific expertise to assist and collaborate with the local municipalities whereby environmental 
strategies to mitigate adverse environmental effects can culminate in effective remediation 
of CMMs. In Cyprus, CMMs caused severe off-site ecological challenges and health hazards 
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for the local residents [25]. Groundwater sources were affected by the leaching of PTEs, 
surface water was contaminated due water erosion, and harmful dust comprising of PTEs 
spread because of wind erosion. In addition to the ecological hazards associated with the 
CMMs, several of these locations are aesthetically unpleasant and remain a financial lia-
bility to investors and the community in general, due to the downgrading of nearby areas, 
non-development, and therefore, loss of income. These factors are essential for countries 
such as Cyprus, whereby tourism is a noteworthy source of revenue for local residents 
[26]. Similarly, the O’Kiep region is known for its seasonal flowers; however, these flowers, 
plants, and wild animals have been diminishing with the environment being damaged due 
to mining activities [27].

1.3 Metalliferous Solid Waste

MSW is the high-volume material estimated at thousand million tons generated annually 
that originates from the excavation and further chemical and physical processing of a varied 
range of non-metalliferous and metalliferous minerals by both surface and underground 
methods [2]. These mines are generally essential for profitability of low-grade ore bodies, 
and consequently, volumes of MSW are generated. It is produced during the process of ben-
eficiation, extraction, and mineral processing and can be divided into: 1) coarse-grained 
waste rock material generated during mining, 2) SOM, 3) SMW that are usually stored in 
heaps, and 4) fine-grained MTs, usually stored in hydraulic-fill structures. Additionally, the 
oxidation of MSW can generate leachates and gaseous by-products during MSW oxidation 
[28, 29]. Approximately, one-half of the MSW generated is SMW and one-third is MT, with 
61% of the MSW originating from copper-bearing waste. 

The SOMs, SMW, and MTs do contain PTEs that are sources of environmental con-
tamination from mining activity. They might pose human health hazards and agricultural 
produce contamination through contaminated surface or groundwater usage for irrigation 
purposes, culminating in the uptake of PTEs by vegetation in which animal graze thus fur-
ther bioaccumulating in the food chains [30]. Both SOMs and SMW generally have reduced 
water holding capacity, low organic matter content; albeit, with elevated levels of PTEs [31]. 
Interaction of pyrite-rich SMW and groundwater bodies at CMMs is an environmental 
concern globally [32]. When the SMW is rich in sulfidic constituents, potentiality of ARD 
formation and the release of dissolved metals under aerobic conditions can ensue [33].

1.3.1 Stockpiled Overburden Materials

The SOMs are site-specific and differ from one mine to another due to different geological 
settings and characteristics of the ore being mined. In mining, SOM lies above an area 
that lends itself to economic exploitation, and SOMs are distinct from MTs, as SOMs are 
typically not contaminated with high concentrations of PTEs. The mining industry has to 
handle and dispose of the overburden material [34]. SOMs may also be used to restore and 
rehabilitate an exhausted mining site to its original condition [35]. Though attempts have 
been made to use the overburden material in O’Kiep, these SOMs lie above a partially reha-
bilitated CMM and have consequently been contaminated over time (Figure 1.1).
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1.3.2 Stockpiled Metalliferous Waste

Metalliferous mining operations of some ores produce large quantities of waste known as 
MT and SMW [36]. SMW are made of coarse-grained rock, crushed from larger rocks 
to fine particles which are heterogeneous and are stored nearby the mining site [37]. The 
structure of the SMW has a serious effect on the groundwater because of the oxidation of 
metal sulfides present and because it often occupies large areas, which might result in envi-
ronmental concerns [38]. Occasionally, SMWs are stored within a tailings storage facility 
(TSF) to prevent ARD formation, as most SMW contain PTEs, sulfides, and radioactive 
minerals [39]. SMW can also be a resource of metals and minerals or have other appli-
cations at the mine site, such as backfilling of underground mines or for capping of TSF 
[37]. The chemical and physical characteristics of SMW vary depending on the geological 
setting, geochemistry, and mineralogy of the ore being mined, and the type of process used 
to beneficiate that ore [40]. In the case of O’Kiep, the SMW is mixed with slag (Figure 1.2), 

Figure 1.1 Contaminated overburden material from a partially closed metalliferous mine in O’Kiep.

Figure 1.2 Stockpiled metalliferous wastes and contaminated soil.
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with a depth of approximately 8 m as the mine generated an estimated 5 Mt of slag. During 
the mine’s life, attempts to recover Cu from the slag by flotation were unsuccessful resulting 
in slags or SMW heaps. Rehabilitation of a mine site can be possible to limit the disposal of 
the slag, with reinvestigations into the possibility of reprocessing of slag as a Cu resource 
using advance methods [41]. Also, in Japan, MTs containing pyrite (FeS2) and substantial 
quantities of copper and zinc were reported in a study by Tabelin et al. [42]. For O’Kiep, 
MSW severely contaminated nearby soils [43] and acidified the soils, thus increasing the 
mobility of PTEs [44], to areas in the vicinity of the houses (Figure 1.2). These SMW have 
become problematic since it constitutes a source of ARD formation and groundwater con-
tamination of the open pit [12] (Figure 1.3).

 Similar findings were reported by Chileshe et al. [45] which revealed that the SMW in 
Zambia were highly contaminated with PTEs, which could pose hazards to human health 
and contaminate groundwater. Namaqualand (South Africa) is well known for its wide-
spread distribution of small mines and has an extensive mining history; currently, it has 
been listed as a highly contaminated region with major environmental damage [41, 46]. 
Most SMW in the region was characterized by Cr, Pb, and P which are high-risk PTEs for 
the local ecosystem and inhabitants of the area. Overall, the wind-blown dust from the 
SMW and TSF has also been considered a health problem in O’Kiep and could result in 
respiratory diseases (Figure 1.4). However, rehabilitation of the SMW and TSF remains a 
part of the challenges for the local population, which must be earmarked for future rehabil-
itation; albeit, such an undertaking has not materialized yet.

1.3.3 Metalliferous Tailings

South Africa holds approximately 400 TSF covering an estimated 400 km2 [47]. In 
Witwatersrand basin alone, 270 TSFs can be found and most of them are unlined and produce 
SMW leachate. According to Gauteng’s Department of Agriculture and Rural Development, 
these mine residues cover an area of 321 km2. Biotoxicity of MTs is primarily due to its low 
pH leachate and the high concentrations of PTEs contained within the waste (Figure 1.5).

Additionally, MTs produced by low grade, high tonnage operations are progressively 
increasing their environmental footprint across Southern Africa [48] (Table 1.1). MTs often 
lead to high bulk densities and low infiltration rates and have low organic matter [49]. 

Figure 1.3 Open pit in O’Kiep.
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Similar to SMW, the PTEs in the TSF can pose a severe threat to the environment and 
human health [50]. MTs are often fine-grained and silt-sized particles with high PTE con-
centrations. Upon oxidation, MT with high pyritic contents and PTEs are associated with 
reduced plant productivity, environmental contamination, and human health concerns 
[36]. It is well known that a high concentration of PTEs could lead to numerous clinical 
outcomes of the population who live on these contaminated sites (Figure 1.3). MTs are 
usually placed in impoundment areas exposed to precipitation and water runoff, which can 

Figure 1.4 Aerial view of the mine tailings storage facility in O’Kiep, Namaqualand Region South Africa 
(made with CapeFarmMapper, https://gis.elsenburg.com/apps/cfm), [51].
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Figure 1.5 Metalliferous solid waste generation [55].



10 Recovery of Byproducts from Acid Mine Drainage Treatment

allow PTEs to be leached [39]. Some MTs such as those in Limpopo province (South Africa) 
were investigated and reported to have an average pH of 8.0 indicating an alkaline medium; 
albeit, with the concentration of PTEs, i.e., As, Cd, and Cr, which strongly bind to the 
smaller fractions in mining waste. Results show a high concentration and easily extractable 
Cu in the MTs, which indicated bioavailability thus environmental and human exposure 
risks [5].

1.4 Environmental and Social Impact of CMMs and MSW

As has been shown above, CMMs are potential sources of environmental contamination 
and may pose a health risk to local populations [56]. A primary environmental concern 
associated with active and CMMs is the production of ARD from the oxidation of disposed 
sulfidic waste material when exposed to moisture and oxygen in the air, especially in the 
presence of iron and sulfur-oxidizing bacteria [57]. Although several CMMs and MSW 
exist in South Africa, information on their potential negative effects has not been consoli-
dated in the literature reviewed especially for O’Kiep. After the closure of the mine, MSW 
was abandoned, resulting in degraded soils near the mining sites, i.e., areas which were 
pristine, a phenomenon often causing major geotechnical instability of the waste resulting 
in further PTEs mobility [58].

Additionally, communities after mine closure tend to experience adverse environmental 
and other social impact phenomena. In the case of O’Kiep, the open pit groundwater has 
been characterized as having a low pH and elevated concentrations of PTEs by Erdogan 
et al. [12]. Additionally, measures were not in place to ensure that the CMM in O’Kiep was 
rehabilitated effectively. This resulted in the negative effects of CMM and MSW not being 
addressed thus a lack of accountability.

Table 1.1 Metalliferous solid waste generation.

Minerals mined

Stockpiled 
metalliferous 
waste (Mt)

Metalliferous 
tailings (Mt) Potential risk References

Antinomy – 420–525 – [52]

Copper 0.2–124 0.1–791 Massive release 
of PTEs and 
Groundwater 
acidification

[51, 53]

Iron 102 75 [54]

Lead 2 9 PTEs in 
groundwater 
contamination

[54]

Silver 20 6 [54]

Zinc 1 6–50,000 – [52, 54]
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Generally, unrehabilitated CMMs can generate ARD, increasing PTEs solubility, and 
the degradation of the environment, including local water sources. CMMs can also result 
in vast vegetation reduction attributed to changes in the soil quality and structure [59]. 
On the other hand, the presence of carbonates and other caustic type gangue minerals 
can lead to reactions to reduce the ARD formation potential; albeit, this can still result 
in poor-quality drainage with high concentrations of sulfate and PTEs [37]. One of the 
challenging issues associated with soil contamination is PTEs mobility which is initiated 
by MSW weathering by wind action which is highly likely in O’Kiep since the MSW has 
resulted in soil degradation [43] and possible groundwater contamination [12]. The pos-
sible effects of the MSW near local communities are the high concentrations of PTEs and 
low soil organic matter availability due to the arid nature of the area which makes PTEs 
mobility easier.

Currently, mining industries are consistently under intense scrutiny from the general 
public and governments due to some improper disposal methods of MSW after mine clo-
sure. Contaminant containing MSW in South Africa is currently a challenge of higher 
concern both for the mining industry and the government. This includes several TSF that 
have been abandoned and never been rehabilitated. Subsequent analysis by Wapwera et al. 
[60] showed that there are radioactive substances in CMM operations which can exceed 
the international guidelines; therefore, they can result in observable consequences on the 
health of the local population, who reside in the vicinity of such mines. Generally, Cu min-
ing waste make-up the largest percentage of metal mining and processing wastes generated 
globally. There is a broad range of naturally occurring radioactive materials that have been 
concentrated or exposed in MSW, and as a result, animal and human exposure becomes 
unavoidable.

Mining and extraction of Cu by surface or underground methods can concentrate and 
expose radionuclides in the SMW and MTs [61]. Nkosi et al. [62] reported that there is 
increasing evidence that environmental factors such as air contamination by volatile con-
stituents from SMW resulted in an increased risk of chronic respiratory symptoms of 
individuals in communities located near SMW in South Africa. Additionally, long-term 
aerosols containing Cu constituents can irritate human respiratory mucous membranes, 
causing headaches, dizziness, and nausea [63]. Similarly, drinking water containing exces-
sive quantities of Cu can lead to nausea, vomiting, diarrhoea, and if taken intentionally, can 
cause liver and kidney damage including death. Since the highest chance of ingesting excess 
Cu is via drinking water in the form of groundwater, it is essential to monitor Cu release to 
aquifers such as that of O’Kiep [17].

1.5 Soil Contamination

The CMM and MSW in O’Kiep has contaminated nearby soils (Figure 1.6) with elevated 
concentration of S, Cu, F, Ba, Mn, and Cl [10, 43, 44]. Lee et al. [64] comprehended spa-
tial variation of PTEs in the soil to identify adequate measures to preventing pristine soil 
contamination at closed metalliferous mining areas, whereby the spatial distribution of Cu 
and Pb was monitored. This is mainly done to develop rehabilitation strategies to mitigate 
environmental contaminant mobility, i.e., PTEs distribution to contaminant free areas, or 
into other natural resources including groundwater.
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1.6 Groundwater Contamination

Several factors are associated with MSW and CMMs that affect groundwater, with one 
being ARD seepage [38]. Furthermore, PTEs stored in MTs, soils, and MSW have become 
potential secondary groundwater contaminants [65]. Open pits are formed during surface 
mining operations and are thereafter filled with water, either through groundwater recharge 
or surface run-off. Generally, the success in closing open pit mines has varied tremendously 
[66] and the groundwater from these open pits end up being contaminated by ARD. CMMs 
can present challenges for environmental restoration due to the presence of a high concen-
tration of sulfidic constituents in the MSW, with rainfall further exacerbated the problem 
as it would result in large volumes of contaminated groundwater recharges and surface 
run-off open pit water [20]. There are well-known examples of legacy sites requiring per-
petual treatment of their water such as open pits, with O’Kiep being an example [12]; albeit, 
some other open pit water had achieved various beneficial traits for end-users such as agri-
cultural use [67]. Static tests suggested that the soils of O’Kiep had a high acid-producing 
potential, which was confirmed by humidity cell tests [10], with the likelihood of weather-
ing, of either rock, soil, and MSW under moisturous conditions leading to acidification of 
any stagnant water.

1.7 Atmospheric Contamination

Metalliferous mine dust associated with PTE containing aerosols released into the atmo-
sphere through the dust and other gases from the MSW is one such environmental contam-
ination challenge related to the cause of adverse health effects in humans and vegetation 
[41, 68, 70]. Despite occupational health improvements within the mining industry, the 
release of metalliferous dust into the atmosphere remains a human health challenge, espe-
cially in regions with poorly developed regulatory standards and whereby historic mining 
has left a legacy of exposed MSW. The global challenge associated with unrehabilitated MTs 
is blowing dust under desertification conditions attributed to changes in climatic patterns 
which could further be entrenched in arid regions [69]. Dust generation is a problem in 
drier climates and typically where the TFs are exposed.

Figure 1.6 Contaminated soils of O’Kiep.
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1.8 Metalliferous Solid Waste Management

The MSW should be subjected to extensive testing such as mineralogy and geology char-
acterization and hydrogeological modeling. The suite of tests performed should include 
static tests such as acid-base accounting [40] and kinetic testing, such as humidity cells 
tests. All these tests have been used in various scientific exercises and MSW management 
planning [71].

1.9 Rehabilitation and Restoration Strategies

Mining industries in many countries are required to follow environmental and rehabil-
itation standards to ensure the area mined is rehabilitated closely to its original state. 
This is due to cumulative quantities of MSW produced annually. Environmental and 
communal issues associated with the disposal of such waste on pristine land, mining 
companies are in search of alternative techniques of MSW disposal even for repurposing 
[72]. The restoration efforts of the CMM, however, remain mostly ineffective since veg-
etation that was planted could not withstand post-mining activities due to the severely 
deteriorated hydrogeochemical soil qualities. However, it is anticipated that enhanced 
knowledge on growing conditions and selection of suitable plant species could contrib-
ute to the improvement of a phytoremediation rehabilitation strategy for a low-cost and 
maintainable restoration program of the CCMs [26]. Furthermore, this will have a direct 
usefulness to the areas such as O’Kiep that are similarly affected by the existence of PTEs 
in the environment. This indicates that rehabilitation and treatment might be costly in 
the long term as further and localized environmental deterioration advances itself when 
rehabilitation is neglected.

As a result, the recent two decades have witnessed a global surge in research on 
post-mining landscape restoration, yielding a suite of techniques, including phytoremedi-
ation [31]. The rehabilitation schemes proposed are required for the restoration of ecolog-
ical indicators of mine sites and to reduce human health exposure to minimize risks [73]. 
Such remediation strategies would thus reduce acid-producing constituents in MSW [37]. 
However, restoration of MSW and contaminated soil through vegetation growth is a favor-
able, eco-friendly, and cost-effective technology for long term directed site rehabilitation 
[74].

The rehabilitation of mine sites can be very complex due to a variety of PTEs and soil 
quality which might influence the remediation scheme [75]. Other studies propose micro-
organisms which can play a role in the biogeochemical phases of the soil in order to con-
trol PTEs behavior in contaminated environments. However, certain microorganisms can 
accelerate the oxidation and dissolution of (di-)sulfide minerals, leading to the formation of 
ARD [75]. Generally, different biological strategies have been explored for the elimination 
of PTEs and remediation systems even for ARD. These include the use of algae, fungi, bac-
teria, and wild yeast in passive treatment technologies [73]. According to Bruneel et al. [75], 
few studies reporting on CMMs have been conducted in Sub-Saharan African countries 
including South Africa. However, no remediation studies have been conducted in O’Kiep 
to address even the microbiological treatment of the open pit groundwater let alone the 
surrounding environment.
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Mine waste storage areas need to be constructed and protected in such a way that their 
adverse effects on human health and the natural environment are minimized in the long-
term [28]. Only a few studies have been reported in South Africa that explore the resto-
ration, remediation, and rehabilitation practices areas after mining disturbance. According 
to Claveria et al. [76], high concentrations of As and Cu, and their cumulative behavior in 
nature could be considered as a reason enough for site remediation of metalliferous soils 
to reduce these PTEs influence on the mine site, using suitable post-mining rehabilitation 
schemes. The TSF in O’Kiep could be safely cordoned off, and an ARD canal could be 
erected around the TSF with a settling pond which can be interlinked to a passive treatment 
system. Furthermore, the place should be enclosed in order to prevent children and people 
of the nearby community from entering the site which is not the case currently. A similar 
remediation strategy was recommended by Kříbek et al. [77] in the study of environmen-
tal impacts and remediation measures in Zambia’s Kabwes Pb-Zn smelter. MTs have been 
re-used and recycled as backfill post, extraction of minerals repurposed and used in the 
production of bricks [78].

Within the last decade, research into challenges of revegetation of TSF has expanded 
considerably especially in CMM; therefore, reducing environmental damage including 
landscape modification with the vegetation regrowing and the burden of contamination 
on the food chain being reduced will result in a reduced threat to human health. Where 
plants are to be used for restoration and rehabilitation of CMM’s, the plants can be geneti-
cally adapted to metal-enriched soils [79], either through directed evolution and the use of 
advanced molecular biology techniques.

1.10 ARD Formation and Groundwater Contamination

South African government’s wastewater management regulations are essential in contrib-
uting to the management of ARD in the mining industry. This challenge of ARD formation 
has featured substantially both in national and international scientific reports [80]. In South 
Africa, ARD became a matter of concern in 2002, when the West Rand Basin was flooded 
with 20 million liters of ARD [81]. In a recent ARD study, Naidoo [82], reported that ARD 
is also a concern in countries such as Australia, Canada, the United States of America, 
and Germany. South Africa’s ARD contamination challenges were observed nationwide in: 
1) Mpumalanga and KwaZulu-Natals’ coal fields, 2) Witwatersrand goldfields, and 3) the 
O’Kiep copper fields [12], but natural attenuation increased the pH values to circumneu-
tral in several areas. One main environmental and health concern was the initially vast 
production of ARD, in the city of Johannesburg, which the Department of Water Affairs 
estimating that at up to 92 million liters per day are produced. ARD mobilizes PTEs in the 
environment and contaminates surface water supplies [83]. ARD can represent a complex 
challenge due to the MSW oxidation state [84]. The TSF in O’Kiep also has a potential of 
generating ARD during the wet season (Figure 1.7), which can leach into soils with second-
ary potential groundwater contamination.

Furthermore, conventional wastewater treatment methods using chemical agents were 
determined not to be appropriate for all cases of ARD treatment. There are on-going 
research activities associated with ARD from Cu mining. Although O’Kiep was identified 
by the Inter-Ministerial Committee on mine water management in South Africa as a lower 
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priority area, further assessment and monitoring is required at this stage as evidenced by 
leachates from the TSF.

1.11 Overview of Challenges Associated with CMMs

The chronology of challenges associated with CMMs is challenging (Figure 1.8). There 
is still a concern with both the detrimental health effects and environmental impacts of 
sub-optimal management of waste and increasing contamination in O’Kiep.

CMMs generate a large quantity of waste in the form of aerosols, liquids and sol-
ids. Numerous of these wastes are potentially hazardous to the environment and are 
dangerous to living organisms, including human beings. The MSW generated com-
prises of PTEs, and only 0.4% is discharged with ARD, and 0.007 % of mining waste 
takes the form of air emissions; referred to as aerosols [85]. Cases of inadequate mine 
waste management practice are amongst the most noticeable features of the world-wide 
CMMs. Mining waste in the form of SOM, SMW, MTs, from unrehabilitated CMMs 
under suitable circumstances can results in direct discharges into waterways that can 
result in long-term environmental and social consequences. There is enough evidence 
that improper disposal of these wastes may cause contamination of air, groundwater, 

Figure 1.7  Leachates from metalliferous storage facility in O’Kiep.
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surface water, and soils and bioaccumulation in the wildlife thus biomagnify in the food 
chain. There is a need for comprehensive long-term strategies for transforming the area 
of O’Kiep to move toward a zero-contaminant environmental footprint. As PTE’s are 
persistent in the environment [85]. In line with international standards, local authori-
ties and society are encouraged to seek rehabilitation strategies whereby MSW can be 
recycled and reduced. According to Adler et al. [86], negative externalities associated 
with CMMs were not internationalized; as a result, the mining industry failed to prepare 
for closure adequately and to dispose of MSW in a manner that is in line with current 
global best practice. In particular, cumulative harm to the population within the vicinity 
of the mine resulted in modified water tables during the rainy season, culminating in 
contaminated groundwater sources, ARD formation and aquifer instability. All these 
challenges must be addressed before they cause even more devastating socio-economic 
and environmental consequences.

1.12 Conclusion

The CMMs and MSW, in general, need environmental health and safety assessments. 
Additionally, MSW are potential sources of PTEs and were identified as a greater threat to 
the communities surrounding mining sites. Accumulation of high concentrations of PTEs 
in areas associated with Cu mining can cause human health risks and environmental chal-
lenges. It is essential to determine the firmness of MSW heaps as well as their potential 
failure during the wet season to ensure implementation of mitigation strategies to mini-
mize contamination. To reduce the mining footprint and effects as well as to limit popula-
tion exposure to harmful MSW, access to MSW may be advisable with its redistribution to 
environmentally acceptable sites while other treatment strategies plans are being developed 
to resolve the present contamination, a strategy which can provide an immediate relief in 
rehabilitation challenges in sites such as O’Kiep. Also, SMW treatment is needed to prevent 
additional oxidation of sulfide minerals by air and moisture contact which could further 
result in the release of PTEs into groundwater bodies and their deposition as aerosols in 
pristine areas further away from the mining site. Therefore, there is a need for appropriate 
remedial procedures to initially determine the properties of all waste generating metallifer-
ous dust in order to also reduce its negative effects, with further environmental assessments 
and clinical outcomes being monitored on individuals living in the vicinity of the CMM 
and MSW being of paramount importance.
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Abstract
Acid Mine Drainage (AMD) emanating from coal, gold and copper mining has been widely 
reported with various negative environmental effects. Challenges associated with mine water 
can be experienced at a local and a regional scale. Such challenges include contamination of 
potable water and agricultural lands, and disrupted growth and reproduction of aquatic plants 
and animals. Therefore, it is critical to implement long term mine water management solutions 
including treatment of AMD. Treatment options can be broadly classified into passive and active 
treatment technologies. Both active and passive treatment technologies have their own advan-
tages and disadvantages. 

Prediction of AMD quality bears important consequences for long term management of water 
resources and therefore it is critical to improve the predictive capability of mine water using reliable 
and modern techniques. Artificial Intelligence (AI) is currently seeing a major interest in all spheres 
of life and interest from society in general. In this chapter, the authors highlight certain import-
ant aspects regarding AMD: generation, remediation, quality prediction using conventional and AI 
techniques and their limitations. A case study using a hybrid AI system to predict mine water quality 
is presented and discussed. 

Keywords: Acid mine drainage, passive treatment, active treatment, artificial intelligence, hybrid 
AI system
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2.1 Acid Mine Drainage (AMD)

2.1.1 AMD Generation

While mining contributes largely to economic and social development in South Africa, its 
negative environmental impacts are a challenge not only at a local but also at a regional scale 
[1]. Environmental impacts include the contamination of streams, groundwater, and agri-
cultural land [2, 3]. Ample studies have been conducted, and there is a large volume of liter-
ature available about acid mine drainage (AMD) production and its negative effects on the 
environment worldwide [4–10]. AMD is characterized by a low pH (<5.6) and high acidity, 
high concentrations of sulfate (SO )4

2− , metals and metalloids [1, 11–16]. Most of these con-
stituents, at high concentrations, qualified as toxic in different environmental media, might 
be harmful to human life and result in negative effects on the ecosystem [17–24].

AMD is primarily engendered from the exploitation of commodities such as coal, gold, 
copper, and nickel. Minerals containing these elements usually occur in ore bodies that 
have acid-forming di-sulfide-bearing minerals which are mainly pyrite and marcasite (FeS2) 
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[25]. AMD is generated as a result of the oxidation of di-sulfide minerals in the presence 
of water and oxygen [3, 26–30]. Research on AMD from other sulfide minerals such as 
pyrrhotite (FeS), chalcocite (Cu2S), galena (PbS), sphalerite (ZnS), chalcopyrite (CuFeS2), 
millerite (NiS), and mackinawite [(Fe,Ni)S] is limited [28]. Many authors illustrate examples 
of chemical reactions during AMD production using pyrite as a common sulfide mineral 
[28–36]. The foremost reaction is the oxidation of pyrite into (SO )4

2− , ferrous iron (Fe2+), 
and protons (H+, Eq. 2.1)

 FeS O H O2 2 23 5(s) (g).+ + (l)  → Fe SO H2
4
22 2+ − ++ +(aq) (aq) (aq)  (2.1)

Fe2+ is then oxidized to ferric iron (Fe3+) (Eq. 2.2):

 4 Fe2+ (aq) + O2 (g) + 4H+ (aq) → 4Fe3+ (aq) + 2 H2O (l) (2.2)

Oxidation of the ferric ion can produce soluble ferrous ion (Fe2+), SO4
2− , and more pro-

tons (Eq. 2.3):

 FeS Fe H O2
3

214 8(s) (aq)+ ++ (l)  → 15 2 162
4
2Fe SO H+ − ++ +(aq) (aq) (aq)  (2.3)

2.1.2 Factors Controlling AMD Generation

The occurrence and rate of AMD generation are dependent on many factors and are 
site-specific [27]. The primary factors include the geological and hydrological character-
istics of the site, type of sulfide mineral(s) present and their surface area, availability of 
oxygen, pH and temperature of the interacting water, heat that is being generated as a result 
of chemical reactions, chemical reactivity of Fe3+ in the system, and the availability of bac-
teria to catalyze the oxidation reaction, among others [27, 38]. For example, easily oxidized 
sulfide minerals (e.g., framboidal pyrite, marcasite, and pyrrhotite) result in a faster gener-
ation of acid. Sulfate compounds also add to the generation of AMD by contributing to the 
release of constituents such as Fe, Ni, and U in solution [27, 38]. Climate is also an import-
ant factor influencing the rate and effects of AMD. The generic process for the generation of 
AMD incorporates sulfide sources, water sources, and mixing zones where sulfide minerals 
are exposed to water in an oxidizing environment (Figure 2.1) [23]. South Africa has a 
prominent east to west climatic slope where annual rainfall ranges between 100 mm and 
1,000 mm in the west and east respectively. Annual evapotranspiration potentially increas-
ing from about 1,500 mm in the east to 3,000 mm in the west. Such climatic conditions 
result in most parts of the country to experience a negative water balance where rainfall is 
lesser than evapotranspiration. During dry periods, solid efflorescent salts are generated 
and the solutes that are formed, such as Fe, H+, and SO4

2− , are released when dissolved 
during the rainy seasons [39–41].

Younger [43] has described the process of mine flooding and its influence on acid gen-
eration, based on experience in British coal mines. During the period of active operation of 
an underground mine, the open mine workings allow the reaction between oxygen in the 
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air-filled voids, water seeping through the mine and the surrounding rock mass, and sulfide 
in the mine and rock mass to interact. This oxidizes pyrite, generating AMD as well as solid 
weathering products in the form of acidic sulfate-bearing minerals. On the cessation of 
underground operations, as the underground mine workings flood, these minerals are dis-
solved, resulting in the first flush of acidic water. The flooding of the workings reduces the 
availability of oxygen, substantially reducing the oxidation of pyrite and the generation of 
new acidity. Younger [43] describes the two types of acidity generated within a mine void as 
juvenile acidity—the acid generated by the oxidation of fresh sulfide minerals—and vestigial 
acidity—the acidity generated by the dissolution of secondary minerals which accumulated 
during active mining. Mine flooding largely excludes oxygen from the flooded workings, 
reducing the generation of new juvenile acidity, often leading to substantial improvements 
in water quality once the first flush, which liberates vestigial acidity from secondary min-
erals, has dissipated. Where mine workings remain air-filled after mine flooding, juvenile 
acidity may still be generated for many years following partial mine flooding.

A permanent infiltration zone may develop where the discharge point from a mine void 
is located at a topographic level below the level of the highest lying shallow mine work-
ings. This will result in a water level in the underground mine workings which is below 
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• Tailings piles
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• Heap leach materials
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• Underground workings
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• Groundwater seepage
• Surface water ingress

• Unsaturated zones in
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Figure 2.1 Generic process for the generation of AMD incorporating sulfide sources, water sources, and 
mixing zones where sulfides are exposed to water in an oxidizing environment (modified after the Global Acid 
Rock Drainage Guide [42]).
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Figure 2.2 Three-dimensional model of South Africa’s East Rand Goldfield, showing the presence of 
unflooded workings above the water level within the voids, as currently maintained by pumping.
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the shallow workings in the high-lying areas of the mine or complex of mines which will 
continue to contribute acidity. The water level may be maintained by pumping, as is cur-
rently the case in South Africa’s Witwatersrand Goldfields (Figure 2.2), or by gravity-driven 
discharge via a low-lying shaft or adit.

The Transvaal and Delagoa Bay Colliery in South Africa’s Mpumalanga Coalfield is 
another example of a mine where acid generation continued for many years after flood-
ing [7]. Located on a hillside, the mine workings were allowed to flood. Water entering 
the mine tended to flow through the workings, leaving a partially air-filled void with the 
continued generation of acidity. When the effect of this mine was investigated in the early 
2000s, low pH values and extremely high sulfate concentrations were still recorded in the 
discharged water more than half a century after the cessation of mining.

2.2 Remediation of AMD

2.2.1 Introduction

Different AMD control technologies have been investigated, demonstrated, and imple-
mented in different countries such as the United State of America (USA), China, Canada, 
Australia, Germany, Spain, and South Africa. There are numerous studies and a large vol-
ume of literature about AMD treatment techniques available for remediation worldwide. 
Chemistry and flow rate of the discharge, designated use, space availability, and seasonal 
fluctuations of the receiving stream are important factors when selecting an appropriate 
treatment technology [44–47]. There are two broad classes of technologies to treat AMD: 
passive and active treatment technologies [47–49].

2.2.2 Passive Treatment of AMD

Passive treatment is considered a long-term solution for the management of polluted mine 
water in many parts of the world [50, 51]. This treatment technique is usually associated 
with low costs of operation, monitoring, and maintenance [51–53] since it relies on nat-
ural ameliorative processes and accessible energy sources to remove contaminants in the 
water [55]. PIRAMID Consortium [45] defines passive treatment as “the improvement of 
water quality using only natural available energy sources in gravity-flow treatment systems 
which are designed to require only infrequent maintenance to operate successfully over 
their design life”.

Different types of passive treatment technologies are available. Examples of passive treat-
ment technologies include anoxic limestone drains (ALDs), aerobic and compost wetlands, 
reducing and alkalinity producing systems (RAPS, initially called SAPS) and dispersed 
alkaline systems (DASs). Passive treatment systems range from technologies that were suc-
cessfully implemented at a full scale, to technologies that are currently being tested at a 
laboratory scale. The chemistry of AMD discharge (pH, acidity, Fe2+/Fe3+, Al, Mn, SO4

2−), 
dissolved oxygen (DO), flow rate, and the topography are factors taken into consideration 
when evaluating and selecting the appropriate passive treatment type [51, 54–57].

Selecting a suitable passive treatment system depends on the chemistry and flow rate of 
the water to be treated (Figure 2.3) [53–58]. When the pH of water is net alkaline, a settling 
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pond may be used to settle most of the suspended solids, followed by an aerobic wetland to 
oxidise and precipitate metals present in high concentrations (Figure 2.3). In the case of net 
acidic water, the chemistry of the water should be studied thoroughly to determine the DO 
concentration, Fe2+/Fe3+ ratio, and Al concentrations. If the DO concentration is less than 
2 mg/L, the Fe3+ concentration is less than 10% of total Fe, and the Al concentration is less 
than 25 mg/L, ALD will be the best suitable treatment system to use.

For further selection, when AMD has a DO concentration between 2 and 5 mg/L and the 
Fe3+ concentration ranges between 10 and 25% of the total Fe, a SAPS/RAPS can be used. These 
systems include a combination of an anaerobic or aerobic wetland and ALD. When acidic water 
(pH less than 4.5 in this case) has a DO concentration of more than 5 mg/L, the Fe3+ concentra-
tion is more than 25% of the total Fe and a low flow rate (less than 200 mg/L), an anaerobic wet-
land or SAPS may be used to treat the mine water. However, if the water has a pH of more than 
4.5 with the same DO concentration, Fe3+ concentration and low flow rate mentioned above, 
the water can be aerated and transferred to a settling pond for further treatment. Furthermore, 
if the DO concentration is more than 5 mg/L, the Fe3+ concentration is more than 25% of the 
total Fe and there is a high flow rate (greater than 200 mg/L), open limestone channels (OLC) 
may be used.
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Figure 2.3 Flowchart assisting in the selection of a suitable passive treatment technology for polluted mine 
water (modified after [53]); image courtesy Christian Wolkersdorfer.
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Most of the passive treatment systems mentioned above are followed by a settling pond 
to settle most of the suspended solids, and when the effluent meets the required water qual-
ity standards it can be discharged to the receiving environment. However, when the treated 
effluent does not meet the water quality standards, retreatment or chemical treatment 
through RAPS, wetlands, OLC, ALD, or other systems will be needed until the effluents 
meet the water quality standards. A periodic table for passive treatment, created by Gusek 
[59], has also been used in the selection of the type of passive treatment (Figure 2.4). From 
the passive treatment periodic table, it can be seen that high concentrations of Fe, Al, and 
As can be treated using anaerobic and oxidizing passive systems, whereas Mn can only be 
treated using oxidizing systems. SO4

2− may also be potentially removed by means of anaero-
bic systems through microbial reactions. In South Africa, to date, the application of passive 
treatment for amelioration of contaminated mine water is mainly demonstrated at a pilot 
and laboratory scale. Therefore, the potential for demonstration of passive systems on a full 
scale for long-term treatment of AMD is substantial.

2.2.3 Active Treatment of AMD

Active treatment of mine water entails improving the water quality using techniques that 
requires continuous addition of artificial energy or (bio)chemical reagents, or both [14]. 
According to the Acid Rock Drainage Prediction Manual, Eger and Wagner, and Watzlaf 
et al. [15, 49, 53], treatment of AMD by conventional treatment technologies is expensive 
and a long-term commitment. Active treatment uses a range of chemicals such as lime-
stone, soda ash, caustic soda, ammonia, hydrated lime, and pebble quicklime [14, 60]. The 
selection of the appropriate chemical and suitable active process is influenced by a range of 
factors (Figure 2.5) including the water chemistry (i.e., total dissolved solids (TDS), total 
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suspended solids, and metal concentrations), quantity and flow rate, space, availability, and 
local climate [61–66]. Although active treatment can ameliorate AMD effectively, they are 
labor, energy, and maintenance-intensive and therefore not favored for abandoned mines.

There are different active treatment processes that are used for AMD remediation and 
some of those working at full scale are mentioned as:
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a) Low density sludge (LDS): process plants that can accommodate AMD with 
any acidity loads. According to Taylor et al. [11], there are three main treat-
ment stages involved. The first is the reagent mixing and dosing phase where 
a neutralizing reagent is mixed with AMD to produce a slurry. The second 
stage includes a reaction phase where mechanical stirrers are used to mix the 
slurry solution through one or more reactors. Mixing may also take aeration 
into account to oxidise any reduced metals. The third stage of treatment is the 
flocculation and clarification stage. This stage includes a thickener or clari-
fier tank where neutralized water from the second stage enters. For facilita-
tion for sludge settling, a flocculant may be added. The disadvantages of LDS 
plants for AMD treatment include the large volumes of low-density sludge 
produced, storage needed for the sludge and the costs associated with sludge 
handling.

b) High density sludge (HDS): a treatment process that is similar to LDS and 
involves three stages of treatment, i.e., the reagent mixing stage, reaction 
stage, and the flocculation and clarification stage. This treatment process is 
better compared to LDS as the generated sludge contains enough alkalinity 
and is recirculated back into the treatment process along with the alkaline 
reagent. Therefore, the final sludge for disposal is concentrated and requires 
reduced storage space, also maximizing the sludge stability and density [11].

c) Pulsed carbonate reactors (PCRs): a treatment process centered around 
the principle of increasing the partial pressure of CO2 in water intensely to 
improve the solubility of carbonate material such as limestone. Treatment 
includes CO2 initially absorbed into AMD at atmospheric pressure and then 
palpitated over successive reactors and neutralized with calcium carbonate 
[11].

d) Electrochemical concentration technique: processes that use a combination 
of chemical, magnetic, electrical, and plasma techniques to recover metals 
from an AMD solution [11].

e) Biological mediation: a technique that takes AMD neutralization, sulfate 
reduction and redox control [67] into consideration. Micro bioreactor sys-
tems are used for chemical and biological processes [68].

f) Reverse Osmosis (RO): a treatment process that uses a semipermeable bar-
rier (membrane) at a certain pressure to treat mine water. This semiperme-
able membrane, such as a cellophane-like semipermeable cellulose acetate 
membrane, impedes the flow of larger molecules (e.g., urea, glucose, and 
bacteria) and solutions (e.g., Na+, Ca2+, Cl−) to pass through [69, 70]. The 
membrane only allows the passage of water. According to Feng et al. [71], 
membranes during RO processes have been shown to substantially reduce 
TDS, metals and metalloids, organic pollutants, viruses, bacteria, and other 
dissolved contaminants.

g) Ion exchange: a process where undesirable or potentially toxic ions in water 
are exchanged for desirable or less toxic ions [72]. Materials such as zeo-
lites and resins are generally used for ion exchanges processes. According to 
Johnson and Hallberg [72], only ions with the same electric charge can be 
exchanged.
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Currently, in South Africa, treatment of AMD on a bigger scale is being carried out in 
six active treatment plants of which three are situated in the East, West, and Central Rand 
Goldfields of Gauteng Province and three are situated in the coalfields in Mpumalanga 
Province. The HDS treatment plants in the East, Central, and West Rand Basin plants can 
treat 50,000 m³/d, 82,000 m³/d, and 110,000 m³/d of mine water respectively, after which 
the treated water is released into adjacent rivers [73].

Two key-plan high-recovery precipitating reverse osmosis (HiPRO) treatment process 
plants exist in Mpumalanga Province: the eMalahleni Water Reclamation Plant (EWRP) 
and the Optimum Coal Water Reclamation Plant (OCWRP). In both cases, the treatment 
technology involves neutralization, reactors and clarifiers, multistage ultrafiltration, reverse 
osmosis, and sludge dewatering [74]. Implemented in the eMalahleni area in 2007, the 
EWRP treats AMD from several mines including Greenside Colliery, Kleinkopje Colliery, 
South Witbank Colliery, and Navigation Colliery and has been operating successfully since 
then [75, 76]. Its main aim is to treat AMD, produce high quality potable water for local 
municipality use and being safe for environmental release, with a current treatment capac-
ity of 50,000 m³/d [75]. On the other hand, the OCWRP was built in 2010 and has a capac-
ity of 15,000 m³/d presently. According to the Aveng Group [76], most of the reclaimed 
water is distributed to the local Hendrina municipality and the remaining is discharged into 
the Klein Olifants River. Because of the drinking water quality standard of the treated mine 
water discharge, the plant was bestowed with the prestigious Blue Drop Certification by the 
Department of Water Affairs (DWA) [77].

In 1997, the Brugspruit Water Pollution Control Works (BWPCW) plant eMalahleni, 
Mpumalanga Province was constructed by Department of Water Affairs and Forestry 
(DWAF) to protect Loskop Dam from negative effects of AMD [78]. This plant was treat-
ing AMD from the defunct and flooded underground coal mines towards the west and 
northwest of eMalahleni (Witbank), which started discharging in the mid-1990s [78, 79]. 
This AMD discharge was one of the contributors to the pollution of the water resources 
in the upper Olifants River catchment [78, 79]. Water was treated with sodium hydrox-
ide to increase the pH and soda ash to increase the buffering capacity of the final effluent 
[19, 20]. Before unforeseen circumstances caused the treatment plant to fail, it could treat 
10,000 m³/d and is currently not operational [67].

2.2.4 Challenges With Current AMD Treatment

Passive treatment is capable of improving the water quality of polluted mine water. However, 
the long-term sustainability of these systems is a common problem and should be ensured 
by developing appropriate site-specific design criteria (Section 2.1). The depletion rate of the 
neutralizing agent and organic matter used in different systems is also a key problem [80]. 
Clogging, due to precipitate build-up and biofilms, is the leading drawback in these treat-
ment techniques affecting the efficiency and longevity of such systems [11, 53]. Clogging 
results in the passivation of the alkaline substrate slowing down the dissolution rate. This 
challenge has been addressed by occasional maintenance where periodic flushing of the 
system is done. Another disadvantage associated with these treatment systems is minimal 
or no SO4

2− and Mn2+ removal. The reasons for this limited or non-performance are lack of 
sulfate-reducing bacteria (SRB) for SO4

2−  reduction and the presence of Fe in the treatment 
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system which competes for oxygen with Mn2+, among others. Moreover, passive treatment 
systems can only accommodate low-flow volumes, with some exceptions, and cannot cope 
with high-flow volumes of mine water.

Challenges associated with the existing active treatment systems of AMD include the 
costs of operation and maintenance, especially in the case of those mines that reached end 
of life. The major challenge with the active treatment technologies is that they require con-
stant addition of chemicals and artificial energy [81]. High-priced chemicals and opera-
tional resources are some of the factors that discourage the continuous active treatment of 
AMD. Furthermore, some of the neutralizing chemicals such as sodium hydroxide (NaOH) 
and anhydrous ammonia (NH3) are hazardous. The extreme use of ammonia may result 
in challenges like denitrification and nitrification of receiving aquatic environments [82]. 
Storage and disposal of the slurry produced from the treatment plants are also considered a 
problem with the active treatment systems.

In the Witwatersrand basin, the mine water is currently being pumped and neutralized 
to keep the rising water levels under the environmental critical level (ECL). Neutralization 
is achieved with limestone or lime, or both, to reach a pH value that is suitable for discharge. 
This process adds alkalinity to the water, increases the pH and precipitates some of the met-
als as hydroxides. One of the challenges with the existing treatment plants in South Africa 
are the SO4

2−  concentrations in the treated water that are above the South African water 
quality standards acceptable for discharge [83]. The costs of implementation and operation 
of the treatment plants are also one of the predicaments of mine water treatment in the 
country. By the year 2020, R12.3 billion are anticipated to be spent on the implementation 
of treatment plants in the Eastern, Central, and Western Basins of the Witwatersrand [83, 
84]. According to the studies, 67% of this amount will be or have been paid by the operating 
mining companies in these areas. The envisaged dilemma with these current plants is the 
continuation of receiving funding for maintenance and running the plants especially once 
the operating mines that are currently contributing, reach mine closure. Moreover, issues 
like vandalism are also a major challenge that may lead to failure of mine water treatment 
plants [67].

2.2.5 Value Recovery From AMD Treatment

Resource recovery and reuse is possible as a holistic sustainable approach in AMD treat-
ment. Nonetheless, not many studies were carried out with regard to AMD-treated water 
reuse and resource recovery. In South Africa, many researchers have carried out studies on 
metal precipitation from AMD [3, 68, 86], but only a few have focussed on the recovery of 
valuable metals [87–89], sulfuric acid [90], and water for reuse [91, 92].

AMD is characterized by high concentrations of metals and metalloids and some of 
these constituents can be extracted through treatment for economic benefit and to achieve 
a circular economy. Several authors [65, 93] noted the possibility of recycling Fe-rich pre-
cipitates such as jarosite (KFe3(SO4)2(OH)6), schwertmannite (Fe16O16(OH)y(SO4)z.nH2O), 
goethite (FeOOH), and ferrihydrite (Fe(OH)3) for products such as mineral pigments, 
depending on the variations in the major and trace metal chemistry. These Fe-hydroxides 
are acknowledged as sorbents of trace metals and consequently can control the kinetics of 
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the trace metals (e.g., Zn, Co, and Ni) in the environment. Recovery of such trace metal 
species during remediation presents a case for offsetting treatment costs. Research around 
the recovery of rare earth elements (REEs) from AMD has also been done as a source for 
critical materials for batteries, magnets, and other electronic components. Recently, AMD 
and treated mine water via active and passive treatment were studied as likely economic 
sources of REE [65, 93–96]. Some of these REEs occur as sulfate species [65] and their 
recovery is a promising possibility that could potentially offset AMD treatment costs [97].

Partially treated mine water may be suitable for other applications such as in agricul-
ture, sanitation and industries where high-quality water is not often required provided it is 
treated to acceptable concentrations for various pollutants [65, 73, 97–99]. The advantages 
of this approach include cost savings from a reduced treatment cost point of view as well as 
the availability of water as a resource [11, 68, 87].

2.3 Prediction of AMD

In mining environments where AMD may be generated, prediction plays an important 
role in mine planning, prior to the commencement of mining, environmental management 
during mining and closure planning during the late stages of mining. In addition, in mining 
legacy areas where no mine operator is present, predictive tools may be used to estimate the 
seriousness of current and future effects, as well as the duration of expected ongoing effects.

Three approaches for the prediction of AMD are commonly used:

a) Field measurements, including simple sampling and analysis, as well as con-
trolled field experiments such as the construction and monitoring of lysim-
eters within the mining environment and field tests such as wall washing 
[100].

b) Numerical geochemical models, for example, PHREEQC [101], where known 
chemical parameters of specific minerals are used to predict the reactions 
between these minerals and solutions. Geochemical models may be coupled 
with flow models to predict the generation of AMD as well as its transport 
and fate in the environment.

c) Laboratory experiments, where samples of the material encountered in the 
mining project are exposed to laboratory-simulated environmental condi-
tions, allowing researchers to monitor process and sample reaction products 
to develop predictive models of the likely behavior of the materials involved 
in the mining environment. Since the processes leading to the generation of 
AMD often operate over periods of decades and even centuries, these labo-
ratory methods generally accelerate the reactions, allowing meaningful con-
clusions to be drawn in a manageable time-frame, typically days to weeks.

In practice, a meaningful AMD prediction exercise will combine all three of these 
approaches. Field observations and experiments may be used to develop a reliable concep-
tual model of the mining environment and to identify physical processes which are likely 
to influence, accelerate or retard the generation of AMD. A reliable conceptual model is 
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essential in the design and parameterization of geochemical models if the results are to 
be at all relevant to the real-world situation. Likewise, laboratory tests need to be carefully 
selected to best represent the real-world conditions which will be experienced during the 
mining life cycle. A critical consideration for the prediction of mine water quality is that the 
results of the field investigations, laboratory tests, and numerical models should display suf-
ficient consistency to represent the conditions on the mine and that they should be defined 
with reference to observed field conditions at all time.

These approaches have been well summarized in the Global Acid Rock Drainage (GARD) 
Guide [42], while detailed descriptions of laboratory methods have been provided as part 
of the Canadian Mine Environment Neutral Drainage (MEND) Programs [15]. The basic 
approach determines [27]:

a) Whether a given sample of material will generate acid drainage, or if it has 
sufficient neutralization potential to counteract the acidification by sulfide 
oxidation (e.g., acid-base accounting);

b) What the likely chemistry of the resulting reactions is (various leach tests); 
and

c) What the behavior of the material is likely to be over time (kinetic tests, 
including column tests, and humidity cell tests).

Additional laboratory tests such as the Mine Water Leaching Procedure [102] may be 
employed to determine the interactions between ore and mine residue leachates and other 
materials.

2.3.1 Limitations of Predictive Tools

The tools used to predict AMD have a number of limitations. In particular, they generally 
rely on simplified models of the orebody, the mine, and the environment where they exist. 
In the case of pre-mining predictive modeling, the modeling can also not accommodate 
changes in the mining programs when the mine operator has to adapt to new information 
gathered during mining, often rendering the pre-mining predictive models less relevant to 
the real-world conditions.

Orebodies and mines are complex environments, which are often difficult to reduce to 
manageable conceptual models. The resulting simplification often fails to provide an ade-
quate prediction of the behavior of the source material, possible pollution dispersal path-
ways and discharge or fate in the environment. Particularly when these tools are applied in 
the early phases of a mining project, with the objective of developing mine closure plans 
and post-closure environmental management programs, the oversimplification may fail to 
adequately predict real outcomes. Changes in the initial mining program may exacerbate 
this problem.

While not an inherent quality of predictive modeling, a lack of interdisciplinarity in 
many environmental impact prediction exercises results in overly narrow predictions being 
made, with the prediction of water chemistry being done by geochemists and or chem-
ists with insufficient involvement of hydrologists, hydrogeologists, and mining engineers. 
Constrained budgets in terms of both funding and available time will often exacerbate this 
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problem. The prediction of AMD generation, transport and effect are then often treated as 
a problem defined by the chemistry of the ore and host rocks and their likely interactions 
with the environment.

Critical system components are often ignored or underemphasized. These include 
the topography of a mining area and its influence on the availability of water or oxy-
gen in different parts of an underground or open-pit mine. For example, in the West 
Rand and Central Rand Goldfields of South Africa, extensive outcrop and near-surface 
underground operations were developed in the early stages of mining [103]. Within 
each of these goldfields, the underground workings of multiple mines are intercon-
nected, resulting in water flow from mine to mine. Even if mines are allowed to flood 
and discharge to surface in the low-lying portions of these goldfields, as happened in 
the West Rand in 2002 [104], a substantial volume of the mine void will never flood, 
leading to the ongoing generation of juvenile acidity. It is therefore for the reasons 
above that people have started looking at alternative techniques to predict mine water 
quality for better decision-making.

2.4 Application of Artificial Intelligence for AMD Quality 
Prediction

2.4.1 Introduction

Artificial Intelligence (AI) is the study of making computers to perform functions or activ-
ities that are currently deemed “intelligent”, such as learning, decision-making, solving 
problems, among others. The main aim of AI is to produce intelligent machines, com-
puter programs, or embedded systems. Consequently, the field of AI is multidisciplinary 
in nature, combining various fields such as computer science, psychology, philosophy, and 
engineering.

The question of whether a machine is able to exhibit human-like intelligence has been a 
subject of debate for years. Many are against the idea of saying that some behaviors such as 
creativity, love, and moral values cannot be understood by machines. Others have accepted 
that machines can indeed exhibit aspects of human-like intelligence. This disagreement 
remains unresolved. In order to understand AI, it is important to define the concept of 
“intelligence”. Intelligence may be defined in two ways [105]:

a) Intelligence is the ability to interpret and acquire knowledge and skills 
through a thought process, and

b) Intelligence is the ability to think and comprehend things using instincts.

The first definition does not include machines, whereas the second definition is 
more flexible to accommodate machines exhibiting intelligence. Thus, for a machine or 
someone to exhibit intelligence, the ability to think, learn, or understand is required. 
Thinking may be defined as “the activity of using the brain to consider a problem 
or to create an idea”. Thus, intelligence may be defined as “the ability to think, learn 
and/or understand to solve problems and to make decisions” [105]. Humans, animals, 
and machines have this ability. Fundamentally, AI seeks to answer the question as to 
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whether a machine is able to do things which at present are done by humans. The field 
of AI has been formulated in 1943 and since then has developed steadily until the pres-
ent day. AI has many branches, all of which are connected and share commonalities and 
is widely used to build expert systems for natural language processing, robotics, speech, 
planning, and vision [106].

Uncertainty and subjectivity are inherent in all predictive modeling techniques as these 
assessments rely on expert opinions. These limitations have to be taken into consideration 
when formulating predictive intervening, especially if the results are intended to be used 
for critical applications such as decision-making. By quantifying and incorporating uncer-
tainty and subjectivity, AI systems have been successfully used for prediction in fields such 
as robotics, science, and engineering [107].

The benefits of using AI for data processing and automation can potentially supple-
ment human mind that has limited ability for processing data and susceptible to subjective 
bias, AI models can process huge amounts of data relatively faster with greater accuracy. 
Therefore, predictive models can help reduce computational cost while increasing com-
putational speed, reliability, and consistency in addition to reducing any human-induced 
uncertainties [108, 109].

2.4.2 Different AI Techniques Used to Predict AMD Quality

The common AI tools used for predictive modeling of water quality can be classified into 
three board types, namely, the knowledge-driven, the data-driven, and the hybrid type.

According to Swain [110], knowledge-driven systems are computer programs that use 
knowledge (Expert) base with an inference engine meant to solve problems that typically 
entail substantial specialized human capability. The knowledge base comprehends an 
assembly of information while the inference engine infers interactions from the informa-
tion instituted in the knowledge base. The knowledge-based systems moreover include an 
interface for users to be able to interrogate the system. Knowledge-driven AI techniques 
involve articulating computer-based systems that enable extracting and copying intellectual 
reasoning in making conclusions. Thus, the computer emulates human thought processes 
[110, 111]. The most common example of knowledge-driven techniques includes fuzzy 
inference systems, which are often used where the relationship between the input parame-
ters and desired predicted variables is well understood.

Data-driven AI systems are computer programs that solve problems using information 
derived from data without explicit knowledge of the problem [112]. Modern-day data-
driven AI approaches are mainly machine learning in nature. According to the literature, 
the widely used data-driven tools are regression analysis, artificial neural networks (ANNs), 
random forest (RF), decision trees, support vector machines (SVMs), radial base functions 
(RBFs), and genetic algorithms.

Maier and Dandy [112] used ANNs as a viable means of forecasting water qual-
ity parameters (salinity) in the Murray River at Murray Bridge (South Australia). The 
ANN results improved the 14 days forecasting better than the previously used real‐time 
forecasting simulation. Bayatzadeh Fard [113] successfully used ANN and multi-out-
put adaptive neural fuzzy inference systems (ANFISs) to estimate the distribution 
of (semi-)metals in groundwater of the Lakan lead-zinc mine with a high degree of 
accuracy.
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SVM and back-propagation neural networks (BPNNs) were used to predict the con-
centration of Ni and Fe generated by the anthropogenic-activated pyrite oxidation in min-
ing areas [114]. In this study, the SVM model provided a better and faster prediction of 
the Fe and Ni metals. Similar conclusions were also drawn by Tan et al. [115] regarding 
the superiority of the SVM over the ANN in water quality predictions. A hybrid method 
which is known as the real-value genetic algorithm support vector machine (RGA-SVM) 
was utilized to predict the quality of aquaculture water [116]. This proved to be an effec-
tive approach to predict aquaculture water quality when compared with the traditional 
SVM and back-propagation neural network models. A machine learning technique, in 
particular, regression tree induction, was applied to address the difficulty of inferring the 
chemical parameters from biological parameters of water quality [117]. This proved to be 
particularly important in enabling selective chemical monitoring of Slovenian River water 
quality.

Various AI algorithms such as knowledge-based systems, genetic algorithms, ANNs and 
fuzzy inference systems were used by Chau [118] to simulate and integrate flow and water 
quality measurements in coastal environments. The use of AI proved to be very useful in 
incorporating existing heuristic knowledge from various model developers and practi-
tioners and furnished intelligent manipulation of the calibration parameters of numerical 
modeling systems.

Wavelet-neural network (WNN) and ANN techniques were used to predict water 
quality parameters (mineralization, temperature, and DO) in Hilo Bay, Pacific Ocean 
[119]. The outcome of the research shows that the WNN approach is superior to the 
ANN approach with over 0.98 correlation between model values and the actual values. 
The research also established that the approach managed to obtain good results even 
though some of the ocean data was missing due to a lack of regular acquisition or dif-
ficulty in data acquisition.

The application of AI for the prediction of mine drainage is not new. Several authors 
used machine learning techniques such as ANN [120], SVM [121], RBF [121], and K-mean 
[121] to model and forecast AMD quality using past physico-chemical parameters of a min-
ing area. AI tools such as machine learning offer a rapid and cost-effective solution for mine 
water quality forecasting.

2.4.3 Limitations of AI Techniques in Prediction of AMD Quality

The AI techniques have their own limitations which include:

a) Time consuming processing and training of the model as optimization is 
heuristically and repeatedly performed until a good model or learning tech-
nique is obtained.

b) Most experts find it difficult to interpret and explain decisions made by AI 
models, suggesting its black box nature and limiting its successful application.

For any prediction, including mine drainage quality, a thorough investigation and 
understanding of the fundamental physical processes is compulsory. However, it is often 
challenging to involve domain expert knowledge directly into the data-driven approaches 
[122]. Hence, hybrid approaches are developed to mitigate this problem.
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Prediction of mine drainage is very complex as the conditions which produce the drainage 
quality are normally nonlinear, dynamic, and change over time. In addition to this, acquiring 
good quality mine drainage data is difficult and often contains missing and erroneous values 
[122]. The approaches mentioned in the previous section often fail to learn the time-variant 
parameters leading to low accuracy and poor generalization, hence specially designed algo-
rithms that can learn time series data are required. A recurrent neural network (RNN) is used 
for time series data learning but is mostly not successful when learning the long-term depen-
dences [123], hence the long short-term memory (LSTM) is a specifically designed RNN to 
overcome this problem. Guazhou Water Source (China) project [124] tested the applicability of 
using LSTM to predict water quality of the Yangtze River in Yangzhou. The project results show 
that the trends in the water quality are in agreement with the actual measured values endorsing 
its potential for utilization as a powerful drinking water prediction tool.

Even with the availability of a well-trained and optimized model, the ability to interpret 
and analyze the results requires expert domain knowledge, and this can be only achieved by 
popularizing the predictive learning (PL) models among domain experts [122].

2.4.4 Case Study—Ermelo Coalfield, South Africa

The Ermelo Coalfield study investigates the application of a hybrid system, which com-
bines LSTM and ANN to predict mine water quality with particular emphasis on sulfate 
concentration from an abandoned underground coal mine in Carolina Town, Mpumalanga 
Province of South Africa. The full details of this case study are presented in [125].

The methodology involves first the understanding of the likely factors contributing to 
mine water quality, approximated by the sulfate concentrations in the study environment 
[126]. According to [127], the most important external factors that contribute to AMD 
generation at an underground site are recharge (rainfall as a proxy), water table level fluc-
tuations, soil temperature, and water pH. For the study area, the datasets were obtained 
from various governmental institutions, and hydrogeochemistry data was collected from 
the discharge test site between 1 November 2014 and 13 June 2018. The forecasting system 
can be divided into two sub-systems (Figure 2.6): LSTMs and ANN systems. The system 
architecture is designed to accept historical data (input parameters and output labels) for 
the training and optimization processes of the ANN system.

To improve the training and avoid under and overfitting, early stopping was used. Early 
stopping is whereby the training process is stopped when no further decrease in the train-
ing root mean square value is observed. LSTMs are used to predict the future values of each 
input variable (Figure 2.6). The blue dots represent the observation data, the black line is the 
LSTM fitting model for the observation data and the red line is the output prediction data 
for the four input parameters (Figure 2.6). Historic data spanning over 1,400 days was used 
for training and the next 350 days as testing.

The gradient descent optimizer algorithm with a batch size of 100 was used for training 
the ANN using the historic input parameters (pH, soil temperature, rainfall, and water table). 
During training, data is fed into the input layer which is connected to one or more “hidden 
layers” where the actual processing is performed by adjusting the weights “connections” using 
the back-propagation algorithm. In a sense, ANNs learn by example, in the same way, as a child 
learns to walk from observing adults walking. Thus, learning by neural networks may be viewed 
as a case whereby network weights are updated to produce the desired output, based on a set of 
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examples such as the beforementioned historical input parameters and the label output being 
the sulfate in this study. The output values generated by LSTM for each input are fed into the 
trained ANN model to forecast sulfate concentrations from June 2018 to May 2019 as depicted 
by the green line (“Prediction” in Figure 2.6). Future work includes testing and calibration of this 
preliminary AI model using more data collected at the discharge site.

2.5 Conclusions

Poor management of AMD poses a substantial environmental risk at both local and regional 
scales. Globally, this risk is currently being managed via a variety of interventions including 
a wide range of treatment technologies. These technologies are broadly categorized into 
active and passive systems. In the South African context, only active treatment systems are 
operating at a bigger scale to manage the environmental risk posed by AMD at the Witbank 
site and the Witwatersrand basins.

Prediction of mine water quality is critical for long-term mine planning and the appli-
cation of AI techniques in this regard could play a pivotal role in achieving this objective, 
especially considering the successful application of these tools in other fields such as image 
processing and financial forecasting. However, in spite of frequently generating effective 
models, the use of AI for predicting AMD quality is strenuous considering the difficulty 
with integrating fundamental physical processes into the knowledge base model, the choice 
of suitable learning techniques and the assessment of the modeling results requires excep-
tional attention. Other limitations for delivering effective models include availability of lim-
ited and good quality data and reluctance to accept PL methods, among others [122].

Taking cognisance of the aforementioned positives and limitations, the case study pre-
sented in this chapter, investigated the application of a hybrid system, which combines 
LSTM and ANN to predict mine water quality with sulfate concentrations as a proxy from 
an abandoned underground coal mine in Mpumalanga province. A predictive preliminary 
AI prototype was developed that can be revised as and when new information is available. 
In conclusion, this chapter provides an overview of this field and, hopefully, will lead to 
more advances and intense research efforts on issues outlined above.

Inputs - LSTM and ANN LSTM output
140

0 1400 1750

LSTM

LSTM

LSTM

LSTM

ANN Trained
ANN

1400 1750

1400 1750

1400 1750

1400

0

0

0

0

24

10

400

1600

400

1600

3

0

9

6

4

Time (days)

Time (days)

Time (days)

1400 17500 Time (days)

Prediction

Time (days)

Time (days)

Ra
in

fa
ll

(m
m

)
W

at
er

 L
ev

el
(m

)
pH

Te
m

pe
ra

tu
re

(°
C)

Su
lfa

te
(m

g/
L)

Su
lfa

te
(m

g/
L)

Figure 2.6 Mine water prediction system architecture showing the link between the input parameters, LSTM and 
ANN systems and the resultant predicted sulfate concentration for the Witkranz site (modified after [125]).
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Abstract
The generation of acid mine drainage (AMD) occurs through oxidation of sulfide minerals exposed 
to air and water, a process exacerbated by mining and extraction activities. Although the assessment 
of AMD potential is often performed through static geochemical tests, mineralogical information 
produces complementary data to more thoroughly assess the risk of AMD formation. This chapter 
focuses on mineralogy and geochemistry as tools to generate input for the formulation of AMD pre-
diction models, specifically addressing mineral acid formation and consumption potential, mineral 
abundance, mineral reactivity, and mineral liberation in process wastes. Mineral liberation is defined 
here as the amount of mineral surface exposed to make the mineral amenable to reaction with air, 
water, or acidic solutions. Adding a mineral liberation parameter builds on previous models for the 
prediction of AMD potential of wastes. These newly developed models were applied to gold and cop-
per ore process residues and results compared with traditional static geochemical test results. Both, 
the effects of modal mineralogy and mineral liberation were further evaluated for two base metal 
sulfide (BMS) tailings compositions. To conclude, this predictive approach lends itself to improved 
process design and better-informed waste management strategies to mitigate detrimental effects of 
AMD, as part of a geometallurgical program, with possibilities to extend into prediction of AMD 
potential over time. In this respect, when applied to waste rocks, the predictive approach could be a 
desirable alternative to time-consuming and costly kinetic tests.

Keywords: Acid mine drainage, prediction, mineralogy

3.1 Introduction

Sustainable use of natural resources is a long-held ideal for the mining and ore processing 
industries. When adequate sustainability measures are not implemented, environmental 
and social issues arise that require urgent attention [1]. Acid mine drainage (AMD) is one 
such issue, for which several treatment options have been developed, but which remains a 
formidable challenge worldwide. A geometallurgical approach to the mining and process-
ing of ores reduces technical, economic, environmental, and social risk for operations and 
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therefore must incorporate sustainability as a key aspect. The approach relies on a high 
confidence in predictive capability, which is underpinned by an understanding of the ore-
body with respect to how it will be mined and processed to reduce such risks. As part of a 
predictive approach, not only the process efficiencies must be considered, but also the man-
agement of waste that will be generated from mining and processing of the ore, to reduce 
environmental and, by extension, social and economic risk.

Mineralogy is a key factor in considering value extraction from an orebody. In this 
respect, the relationship between ore and gangue minerals is important for determining 
appropriate process flowsheet options. Such options must provide optimized grades and 
recoveries to concentrates that will be further refined through e.g., smelting or hydrometal-
lurgical process routes. While concentrates must meet certain specifications, the same is not 
necessarily true for the wastes generated at each step in the concentration process.

Acid mine drainage is the detrimental consequence of inadequate planning for the 
release of acid (defined as H2SO4 in this study) and metals from the oxidation of (di-)sulfide 
minerals present in the ore, a natural process that is exacerbated by mining and processing 
[2–5]. This results from each step of the mining and processing chain of activities, in which 
rock is broken up into progressively smaller particles, leading to increased exposure of (di-)
sulfide minerals to air and water. Consequently, this leads to increased mineral surface area 
that is amenable to oxidation. Whereas value-bearing sulfides are largely extracted through 
processing, non-value-bearing sulfides remain in waste products and will be subject to oxi-
dation, which is accelerated by bacteria [4]. The mitigation of such effects is aided by the 
presence of associated, potentially neutralizing minerals in the ore [4]. It is therefore evi-
dent that mineralogy must play an integral role in sustainable use of the resource.

Presently, much of the effort in addressing AMD generation in South Africa is targeted 
at remedial processes to reverse the damage already done [6–8], but lesser attention has 
been given to prediction and prevention of AMD generation and associated metal contam-
ination in the environment. Yet, predictive capabilities would be of benefit not only to new 
operations, but also brownfield expansion programs, and indeed, waste already generated 
from ongoing and spent operations.

Over the last two decades, many strides have been made in complementing traditional 
geochemical techniques like static acid-base-accounting (ABA) methods, as well as kinetic 
geochemical tests, with mineralogical characterization of waste rock materials [5, 9–15]. 
The mineralogical characterization has included modal mineralogy and increasingly quan-
titative assessment of mineral association in defining lithotypes [9, 16], assessing accuracy 
of static geochemical tests [11], and understanding reactions in kinetic tests [10, 17, 18] in 
predicting AMD potential.

In many of these instances, liberation of minerals, whether sulfides or other minerals, has 
not been given much attention. Mineral liberation describes the degree of surface exposure 
of the mineral, i.e., the amount of mineral grain surface that is amenable to interaction with 
air, water, or other reactants. Only a few instances have recently been shown where mineral 
liberation is reported from automated scanning electron microscopy (SEM) [17, 18] in the 
context of AMD studies. However, these data have not been expressly incorporated into a 
descriptor for AMD potential or risk. Mineral liberation is a function of the particle size of 
rock, and in macro-scale observations [9] of a few centimeters to meter-sized rocks, sulfide 
mineral liberation will not play an overtly large role for acid production, as the particle 
size is much larger than the constituent mineral grain size, resulting in partial exposure of 
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the mineral grains for reaction. However, where particles occur at the micrometer-scale of 
observation (i.e., the typical particle size after processing to extract valuable sulfide), liber-
ation of the same constituent mineral grains will increase, and therefore, mineral liberation 
becomes more important for the mineral reactivity. In the base metal sulfide (BMS) and 
gold mining industries, the waste generated from such processes as physical separation, 
flotation, and leaching generally contains notable concentrations of sulfide minerals that 
may oxidize and release metal contaminants.

This chapter therefore describes the use of modal mineralogy and mineral liberation 
data in the calculation of acid production and neutralization potential (NP), specifically 
with regard to process wastes, for the prediction of AMD risk. The chapter further briefly 
discusses the incorporation of such efforts in geometallurgical programs, including miner-
alogical prediction as a potential alternative to kinetic testing. In the latter case, the applica-
tion of mineralogical studies to ores and waste rock can be coupled with mine planning and 
spatial distribution of potential acid forming rock types to inform not only mine produc-
tion efficiency but also the potential for wastes to form AMD over time. Temporal aspects 
include when each rock type will be mined and, from there on, when AMD can be expected 
to be released, as well as the rate at which this release can take place.

3.2 Mineralogical Approach for Prediction of AMD Potential

In applying a mineralogical approach for prediction of AMD potential, various factors must 
be considered. The first is maximum potential of minerals to form or consume acid, the sec-
ond is the proportion of such minerals in the sample, and the third is the mineral reactivity. 
An additional parameter, liberation, is considered in this contribution. These aspects are 
individually discussed in the sections below.

3.2.1 AMD Chemistry for Maximum Acid Generation or Consumption 
Potential

The AMD potential of waste is the balance between the acid potential (AP) of the waste, 
determined by the acid-producing components, and the NP, determined by the acid- 
consuming components. Generally, the evaluation of AMD potential involves static geo-
chemical tests to ascertain the potentially acidic and alkaline nature of samples [19–22]. 
Classification of AMD potential is based on the ratio of AP and NP, derived from such 
tests. Commonly used static procedures for characterization of mining wastes to predict 
AMD are the ABA test procedure of Sobek et al. [19] and its modified version [20, 21]. 
In the method of Sobek et al. [19] the AP of a sample is determined by calculation of the 
theoretical amount of acid that can be produced if the total amount of sulfur in the sample 
is oxidized to form sulfuric acid. The NP of the sample is determined experimentally by 
digestion in excess hydrochloric acid at boiling, and back titration of remaining acid to 
pH 7. The disadvantage of the Sobek method is the overestimation of AP and NP values 
[22, 23]. The modified Sobek procedure of Lawrence [20] determines NP at lower tempera-
ture, with the end point of back titration being pH 8.3, which prevents overestimation of 
NP. This modified procedure uses sulfide, as opposed to total sulfur, for the AP calculation 
[23]. Lapakko [22] proposed measuring NP by the amount of acid reacted with a sample to 
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achieve a stable pH 6. This conservatively determined the required NP to meet water quality 
standards, which typically require pH in excess of 6, and showed better accuracy than the 
Sobek et al. [19] procedure.

The chemistry of AMD generation can be complex, as various environmental factors can 
influence chemical reactions, which will result in different products. For example, metal ions 
such as Fe3+, released during (di-)sulfide oxidation, along with Al3+, may hydrolyze, releasing 
additional acid. Therefore, pyrite oxidation may be described by the following equations [24]:

 FeS2 + ⁷∕₂ O2 + H2O → Fe2− + 2 SO4 + 2 H+ (3.1)

 Fe2+ + ¼ O2 +H+ → Fe3+ + ½ H2O (3.2)

 Fe3+ + 3 H2O → Fe(OH)3 + 3 H+ (3.3)

Other sulfides show different acid-producing potential. Iron-bearing sulfides readily gen-
erate acidity, whereas sulfides that do not contain Fe in their crystal lattices (e.g., galena, PbS) 
are not capable of generating substantial acid [25–27]. Sulfides like sphalerite [(Zn,Fe)S], 
which can show solid solution substitution of Zn2+ with Fe2+, will either not produce acid 
upon oxidation or can produce considerable acid with increased Fe2+ content [28].

The precipitation of Fe3+ and Al3+ hydroxides is a substantial source of acidity in mine waste 
[11]. Secondary Fe3+-hydroxy-sulfate minerals (e.g., schwertmannite, Fe16O16(OH)12(SO4)2; 
jarosite, KFe3(SO4)2(OH)6) commonly occur in pyrite or pyrrhotite (Fe1-xS) mine waste [5], 
and dissolution or precipitation of these phases is potentially acid-producing (Eq. 3.4).

 KFe3(SO4)2 (OH)6 + 3 H2O → 3 Fe(OH)3 + K+ + 3 H+ + 2 4
2SO −  (3.4)

Acid produced by (di-)sulfide oxidation can be consumed during reaction with gangue 
minerals. Neutralization is primarily achieved through dissolution of carbonate minerals; 
calcite (CaCO3) is the most effective at this [12]. Some neutralization can be achieved 
from silicate mineral dissolution, particularly the dissolution of olivine [(Mg,Fe)2SiO4], 
serpentine [(Mg,Fe)3Si2O5(OH)4], and wollastonite (CaSiO3), as well as clay minerals, 
mica (Eq. 3.5) and calcic plagioclase (Eq. 3.6). However, practical NP values can be much 
lower than expected, as the contributions are minimized from those acid neutralizing 
minerals that would dissolve only under acidic conditions, i.e., such minerals are rela-
tively stable under neutral conditions.

 KAl2[AlSi3O10](OH)2 + H+ + ³/₂ H2O → K+ + ³/₂ Al2Si2O5(OH)4 (3.5)

 CaAl2Si2O8 + 2 H+ + H2O → Ca2+ + Al2Si2O5(OH)4 (3.6)

Identified minerals are broadly grouped as acid forming, acid consuming or buffering, 
and inert [4, 29–34]. Acid formers include most sulfides, which react with oxygen and water 
to produce metal cations, sulfate and H+. The process is, however, a complex, multistage 
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one, as indicated above, and can include metal cation oxidation and hydrolysis, during 
which precipitates may be formed.

In building on mineralogical-based protocols for the prediction of AMD potential, 
acid formation (and acid consumption) of different minerals are considered, as per pre-
vious workers [11, 15, 27]. Acid formation (or consumption) is calculated according to 
Eq. 3.7:

 AP = acid formation (consumption) × 98.097 × molecular mass of mineral × 1,000  
  (3.7)

Where
 AP = acid production potential of the mineral, based on its oxidation (or acid consump-
tion) reaction, in kg H2SO4/t;
acid formation (consumption) is in mol acid per mol mineral reacted;
98.097 is the molecular mass of H2SO4, in g mol−1;
molecular mass of the mineral is in g mol−1;
1,000 is the factor to convert to kg H2SO4/t.

This parameter is therefore solely a descriptor of the amount of acid that is formed per 
mol of mineral that reacts; alternatively, it is the amount of acid that is consumed per mol 
of mineral that reacts, as in the case of carbonates. Positive values indicate acid production, 
whereas negative values indicate acid consumption, based on the reactions involved. To sim-
plify geochemical reactions and calculate acid formation potential, complete oxidation and 
formation of products and a neutral pH have been assumed in the present calculations. The 
chemical reactions and acid formation or consumption for assessed minerals show that Fe2+, 
Sb3+, and As3+ containing sulfides generate notable acid, compared with BMS minerals lacking 
these elements [35]. Examples are provided with arsenopyrite (Eq. 3.8) and galena (Eq. 3.9), 
which have acid production potentials of 601 kg/t H2SO4 and 0, respectively, as per Eq. 3.7.

 2 FeAsS + 7 O2 + 2 H2O → 2 FeAsO4 + 2 H2SO4 (3.8)

 PbS + 2 O2 → PbSO4 (3.9)

Tailings from metallurgical processes often contain metal hydroxyl sulfates (particularly 
Fe3+ and Al3+) that may also release acid. On the other hand, carbonate, phosphate, and 
some hydroxide and oxide minerals will consume acid. Silicate alteration reactions will 
all be acid consuming, as metals are replaced by H+ with cation release in the forms of the 
metal cation (e.g., K+, Ca2+, Na+), oxidation (of Fe2+) and hydrolysis (Fe3+ and Al3+), with 
potential formation of more stable minerals like clays [36].

For the evaluation of AMD potential, complete hydrolysis reactions with formation of 
SiO2 and metal salts or hydroxides are assumed. It should be highlighted that the reactions 
make available the maximum NP of the mineral. However, the NP offered by these reac-
tions is often not attained because mineral dissolution is commonly accompanied by neo-
formed phases [37]. The nature of the neoformed phases is dependent on the abundance, 
composition, and chemical properties of the solution. The latter include Eh, pH, and solute 
concentration.
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3.2.2 Mineral Modal Abundance

In order to calculate the amount of acid that may be produced (or consumed) by the min-
eral as part of its contribution to the total behavior of the sample, consideration is given to 
the proportion of minerals present in the sample [15]. The mass proportions of key acid 
producers (i.e., sulfides) and consumers (i.e., carbonates) may then be determined by such 
mineralogical techniques as quantitative X-ray diffraction, using Rietveld refinement. Other 
gangue minerals like silicates are also quantified by this method. However, the technique, 
while rapid, suffers from high detection limits, and so automated SEM techniques like 
QEMSCAN (Quantitative Evaluation of Minerals using Scanning Electron Microscopy) 
[38], MLA (Mineral Liberation Analyzer) [39], and Mineralogic [17], among others, may 
be used [11, 13, 17, 18]. These methods provide typical detection limits of 0.1 mass% of 
mineral present.

3.2.3 Mineral Reactivity

Mineral reactivity is the third aspect to consider in determining propensity for the sam-
ple to produce (or consume) acid. Therefore, not only the total amount of each mineral 
consuming or producing acid, but also the rate at which acid generation or neutralization 
will occur, must be determined. Different minerals have different reactivities. Carbonate 
minerals such as calcite (CaCO3) and dolomite [CaMg(CO3)2] are the most effective 
neutralizing minerals because they have relatively high reactivities and neutralize acidity 
over a wide pH range. For low reactivity minerals, their presence in a waste will not 
necessarily provide protection against AMD if the rate of neutralization is lower than the 
rate of acid generation. Silicate minerals can be important neutralizers because of their 
abundance, but their relative reactivity ranges from intermediate to extremely slow relative 
to that of carbonates.

Sverdrup [40] suggested that minerals can be divided into different groups (carbonate, 
silicates, and others) in order of relative reactivity in acidic solution (Table 3.1), with the 
reaction rates at pH 5.0 relative to a calcite reactivity of 1.00 as calculated by Kwong [41]. 
Sulfides are not listed in this scheme.

The abrasion pH value has been previously used for comparing the reactivity of acid gen-
erating and neutralizing minerals. Noble and Lottermoser [42] measured the abrasion pH 
value for a wide variety of minerals. To convert the abrasion pH to reactivity, Parbhakar-Fox 
et al. [11] used the deviation of the pH value from a CaCl2 solution with pH 6.4. According 
to this normalization of the abrasion pH values, BMS minerals should have low reactivity, 
which is not reflected by reality. These minerals are oxidized but may not necessarily pro-
duce acid. The oxidation, however, results in sulfate and metal release, which contributes to 
toxicity and is important to consider for AMD generation.

Alternative approaches were adopted by Bouzahzah et al. [43] and Chopard et al. [27, 44] 
for determining sulfide oxidation rates as a measure of sulfide reactivity. The approach pro-
posed by Chopard et al. [44] is preferred for determining sulfide reactivity, as it is based on 
measurements of oxidation rates of various sulfide minerals, which consider mass and sur-
face area of individual sulfides of different compositions. Table 3.2 shows the results for sul-
fide mineral oxidation from their work, along with relative reactivity calculated from their 
data. The relative reactivity can be calculated by assigning a reactivity of 1 for pure pyrite.  
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It can be further noted that the same mineral may show different oxidation rates as a result 
of differing minor and trace element contents, e.g., pyrrhotite and pyrite [27]. Other sul-
fides, e.g., sphalerite, are prone to solid solution substitution of Zn2+ by Fe2+ and Mn2+, which 
increase the oxidation rate. In this respect, it is worth investigating sulfide mineral com-
positions to assign appropriate reactivity, particularly where large concentrations of such 
minerals are evident. Thus, mineral chemistry, which is useful for understanding recovery 
and grade from processing of ores, could also prove useful for understanding oxidation of 
minerals in a tailings storage facility. Different compositions will be governed in part by the 
type of ore deposit in which the given sulfide occurs. The small database of Chopard et al. 
[44] is a useful start in this regard. In the current study, the reactivities of sulfides were cal-
culated as per equation 1.10, based on the experimental results of these authors.

Table 3.1 Reactivity of selected minerals [40, 41].

Mineral group Typical minerals
Relative reactivity 
(at pH 5)

Dissolving Calcite, aragonite, dolomite, magnesite, brucite 1.00

Fast weathering Anorthite, nepheline, forsterite, olivine, 
garnet, jadeite, leucite, spodumene, diopside, 
wollastonite

0.6

Intermediate weathering Sorosilicates (epidote, zoisite), pyroxenes 
(enstatite, hypersthene, augite, hedenbergite), 
amphiboles (hornblende, glaucophane, 
tremolite, actinolite, anthophyllite), 
phyllosilicates (serpentine, chrysotile, talc, 
chlorite, biotite)

0.4

Slow weathering Plagioclase feldspars (albite, oligoclase, 
labradorite), clays (vermiculite, 
montmorillonite)

0.02

Very slow weathering K-feldspars, muscovite 0.01

Inert Quartz, rutile, zircon 0.004

Table 3.2 Oxidation rate for selected (di-)sulfides and normalization to pyrite [44].

Mineral g/m−2/day Normalized to pyrite = 1

pyrrhotite 0.638 × 10−3 8.43

Fe sphalerite 1.51 × 10−4 1.99

pyrite 7.57 × 10−5 1.00

galena 6.52 × 10−5 0.86

chalcopyrite 3.3 × 10−5 0.44
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 Reactivity of sulfide = sulfide oxidation rate/pyrite oxidation rate (3.10)

The relative reactivity for (di-)sulfides and non-sulfides applied in the calculation of 
AMD risk was therefore based on the data provided by Chopard et al. [44] and Kwong 
[41]. Where no data are available in the literature, assumptions were required, which will 
influence the accuracy of the data. It is noted that the reactivity of sulfides and carbonates 
or silicates are based on different mechanisms for reaction. In the case of sulfides, reactivity 
is based on the oxidation potential, whereas for carbonates and silicates, reactivity is the 
ability to react with acid. Where pyrite produces acid, calcite will immediately consume it, 
whereas silicates will take longer to do so. Thus, the scaling of relative reactivity is done with 
calcite and pyrite both at 1.

3.2.4 Mineral Liberation

A fourth aspect to be considered in AMD studies is mineral liberation, which has been used 
to interpret kinetic test results of waste rocks [17, 18]. Mineral liberation is expressed in two 
ways. The first is the mass of the mineral of interest (e.g., sulfide) as a proportion of the total 
mass of the particle in which it occurs. This is referred to as liberation by grade. Intuitively, 
liberation by grade will increase as the particle size decreases. Thus, liberation by grade may 
be defined as the degree to which particle size (also mass) and mineral grain size (also mass) 
assume unity. A completely liberated particle will be the same composition as the mineral 
grain, whereas a small mineral grain locked in a particle containing other, larger mineral 
grains, will assume a low grade approaching 0 (Figure 3.1).

The second way is liberation expressed as free surface or exposure, i.e., the proportion of 
the surface of the mineral that is exposed to the atmosphere. As per the example above, the 
small mineral grain locked in the particle will not have any exposed surface and will there-
fore not be amenable to oxidation (except through possible galvanic interactions where two 
sulfides are in direct contact) or acid-base reactions interaction, whereas the completely 
liberated mineral will have its entire surface available for reaction (Figure 3.1).

Figure 3.1 Liberation by grade and exposure concepts, using identical particle sizes (particles composed 
of dark and light minerals), but different mineral-of-interest grain size (dark) and location in the particle. 
The free or exposed surface of the dark mineral is the same in the first two images (≈45% of the dark total 
surface, expressed as perimeter in 2D), even though their liberation by grade is different (higher in the second 
image than in the first). The second and third images show identical liberation by grade (the areas of the dark 
mineral are the same) but very different liberation by exposure (≈45% versus 0). The last image shows an 
identical liberation by grade to the first image (same area covered by one grain versus several smaller grains 
of the dark mineral) but rather different liberation by exposure (<5% for the several smaller grains versus 45% 
for the single large grain).
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Note that the two concepts are rather different but related. Both are very much depen-
dent on the original texture of the ore versus the particle size to which it has broken. For 
example, an ore particle containing a finely disseminated sulfide mineral in a gangue matrix 
might have a higher liberation by grade value than a liberation by exposure value. This is 
because the mass of total sulfide may be more concentrated in the interior of the parti-
cle than at the surface, leading to lower exposure at the particle surface. Similarly, in the 
case of process wastes, passivation effects that prevent complete oxidation of minerals will 
likely result in high liberation by grade values but will give zero liberation by exposure 
(Figure 3.1). Generally, however, higher liberation by grade may be expected to yield higher 
liberation by exposure as particles are broken down.

Liberation by grade and by exposure are well-established descriptors derived from 
automated SEM. In this contribution, liberation by exposure is used, and this descriptor 
can be generated from a mineral association list, in which association with free surface 
(e.g., MLA) [39] or background (i.e., mounting medium of resin, QEMSCAN) [45] can 
be used.

3.2.5 Calculation of the AMD Potential

Oxidation of minerals for acid formation or acid consumption, as may be the case, relies on 
available mineral surface for reaction. It is therefore proposed here that liberation by expo-
sure be included with the acid formation or consumption potential and mineral reactivity, 
to assess AMD risks. Using the information gleaned, an AMD value and an AMD ratio are 
calculated to assess the AMD potential (Eqs. 3.11 and 3.12):

 AMD value = AP × m × R × L (3.11)

Where
the AMD value is the amount of H2SO4 produced, in kg/t;
m is the mass fraction of the mineral, i.e., mass%/100;
 AP is the acid potential, calculated based on maximum acid generation/consumption 
(mol acid produced or consumed per mol mineral reacting), expressed as H2SO4 in kg/t;
R is the relative reactivity of the mineral;
L is the liberation of the mineral, i.e., %free surface/100.

 AMD ratio = – AMD value (ACM)/ AMD value (AGM) (3.12)

Where
ACM are the acid consuming minerals;
AGM are the acid generating minerals.

The AMD value will be negative if the mineral consumes acid but will be positive if the 
mineral generates acid. If no acid is generated or consumed, the AMD value is 0. Similarly, 
if a mineral is not liberated, the AMD value is 0. The sum of all mineral AMD values will 
give the AMD value for the sample. Again, a positive AMD value would be obtained for a 
sample with acid generating potential whereas a negative value indicates acid-neutralizing 
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potential of the sample. A higher value (positive or negative) indicates a larger acid genera-
tion or neutralization capacity.

The AMD ratio assists in determining the risk of acid formation. It is ranked based on 
the correlation between the AMD ratios calculated for real samples with outcomes from 
environmental test work. Where the AMD ratio is <1, AMD risk is evident, where >1, no 
AMD risk is evident. This ratio differs from the CARD risk ratio of Parbhakar-Fox et al. 
[11] as it incorporates mineral liberation in the AMD value, in addition to mineral acid 
producing or consuming potential and mineral reactivity. In this way, a texture-based ABA 
protocol is better realized.

The steps for producing a liberation-based AMD ratio were therefore carried out for 
different process wastes as follows:

• identification and quantification of the modal proportions of acid-generating 
and neutralizing minerals in a sample using mineralogical techniques 
(QEMSCAN analysis);

• identification of maximum acid generation or consumption potential of these 
minerals based on chemical reactions involving the release or consumption 
of H2SO4;

• evaluation of mineral reactivity based on information available in published 
literature or obtained during gold leaching test work carried out at Mintek;

• assessment of mineral liberation to further evaluate availability for acid gen-
eration or neutralization;

• calculation of sample AMD values and ratios.

Comparison with ABA and Net Acid Generating (NAG) static geochemical results was 
additionally conducted on four residues.

An AMD predictor software package was further developed to take as inputs, the ABA 
and NAG geochemical data and the mineralogical data (mineral proportions, reactivity, 
and liberation). Generated outputs were the geochemical and mineralogical results, pro-
viding a quick comparison of traditional static geochemical tests and mineralogical-based 
AMD prediction.

3.3 Application of the AMD Predictive Protocol

High concern for AMD generation in South Africa emanates from its gold processing tail-
ings, for which AMD treatment options are continuously tested. In this regard, QEMSCAN 
mineral modal abundance and liberation data, carried out on three residues from different 
gold processing projects (Au res 1, Au res 2, Au res 3), were assessed using the AMD predic-
tive protocol. The results were compared with static geochemical tests conducted on those 
samples. Additionally, a copper-bearing residue (Cu res 1) was assessed for comparison 
against static geochemical tests. Two further compositions represent typical BMS process 
tailings that may be generated, a Zn tailing (BMS Tails 1) and a Ni tailing (BMS Tails 2). 
Together, the data are presented to illustrate the influence of liberation, modal mineral abun-
dance, and mineral reactivity on the AMD value and ratio of different waste types.
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3.3.1 Experimental Procedures

To facilitate modal analysis, the samples were screened into appropriate size fractions, 
with polished sections made from each fraction and subjected to particle mineral analysis 
(PMA) [38] using a QEMSCAN automated scanning electron microscope. At the particle 
size analyzed, more than 10,000 particles are typically scanned in each fraction from which 
polished sections are made. With at least four fractions derived, at least 40,000 particles are 
assessed over the full sample, ensuring good representivity. Mineral modal abundance and 
liberation data were extracted for the minerals identified, as a function of the total sample 
(i.e., combined size fractions), which is standard practice with samples of this nature. The 
AMD value and the AMD ratio were calculated for each sample, using the extracted min-
eralogical data.

Static geochemical tests were conducted on the gold residues and one copper residue. 
These included ABA tests according to the modified method of Lawrence and Wang [21]. 
Fizz tests were additionally conducted to determine the quantity of acid required for the 
ABA procedure. From this, the neutralization potential (NP, expressed in kg CaCO3/t) and 
acid generating potential (AP) were calculated (Eqs. 3.13 and 3.14):

 NP = [(NHCl × VHCl) – (NNaOH × VNaOH) × 50]/mass of sample (g) (3.13)

Where
N is the normality (Eq/L) of HCl and NaOH, and
V is the volume (mL) HCl and NaOH

 AP = Sulfide S × 31.25 (3.14)

Where
Sulfide S is determined from wet chemical analysis (LECO method), and 31.25 is a given 

constant to account for unit conversion

Other parameters calculated were:
Net NP (in kg CaCO3/t):

 NNP = NP – AP (3.15)

Net acid production potential (in kg H2SO4/t):

 NAPP = –NNP × 0.98 (3.16)

NP ratio:

 NPR = NP/AP (3.17)

Net acid generation (NAG) tests were additionally conducted on the samples, according 
to the method of Miller et al. [46], and the NAG was calculated as follows:
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 NAG = 49 × V × M/m (3.18)

Where
NAG = net acid generation (in kg H2SO4/t)
V = volume of base NaOH titrated (mL)
M = molarity of base NaOH (mol/L)
m = mass of sample reacted (g)

3.3.2 Results and Discussion

Particle size distributions (PSDs) among the gold residues are, respectively, 56%, 64%, and 
77% passing 75 µm for Au res 1, Au res 2, and Au res 3. The BMS 1 Tails and BMS 2 tails, 
representing very different mineral assemblages, are 64% and 50% passing 75 µm, respec-
tively. The Cu res 1 tails shows a PSD around 80% passing 75 µm.

Various minerals were identified in the samples, along with calculated acid generation 
potentials and assigned relative reactivities (Table 3.3). AP is based on reactions of minerals 
with O2 and water, releasing H2SO4 as the acid and therefore resulting in a positive poten-
tial. On the other hand, minerals like carbonates can consume the released acid, leading to 
a negative AP. As relative reactivity is assigned, it is noted that obtained acid production or 
consumption values are not absolute, and only comparative trends can be discussed.

Modal mineralogy and liberation data are presented for each of the six samples exam-
ined (Table 3.4). Modal mineral proportions, together with individual mineral chemical 
compositions, can be used to calculate a sample chemical composition. This calculated 
sample element composition can be compared against measured bulk assays in assessing 
accuracy of the modal mineral abundance. For the samples in this study, accuracy on Si, at 
concentrations of 25–45 mass%, was typically within 3–10% of the measured assay. For the 
BMS tails compositions, Mg, at concentrations of 5–15 mass%, was also within 3–10% of 
the measured assay. Mineral maps of particles show the associations and liberation of min-
erals, with liberation increasing as the particle size decreases (Figure 3.2).

The summarized results of the ABA and NAG tests, as well as the calculated AMD values 
and AMD ratios for each sample submitted to the geochemical tests, are also presented 
(Table 3.5). In this respect, it is noted that the AMD value is similar in meaning to the 
NAPP, as it considers the summed potential acid consuming minerals relative to summed 
potential acid producing minerals. Similarly, the AMD ratio may be considered equivalent 
to the NPR, as it considers the ratio of potential acid consuming to potential acid producing 
minerals. The AMD value was plotted against the NAPP, and AMD ratio against NPR, in 
assessing deviations between static geochemical tests and mineralogical-based predictions 
for each sample (Figure 3.3). The AMD values and ratios were also considered for libera-
tion as observed, versus a calculation with liberation omitted, i.e., minerals considered all 
entirely liberated, in which case the liberation factor would be 1 (Table 3.6).
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Table 3.3 Identified minerals in process wastes, calculated acid potential, and assigned relative 
reactivity.

Mineral Formula AP (H2SO4, kg/t) Relative reactivity

Amphibole NaCa2Mg2Fe3Si7AlO22(OH)2 −383 0.40

Apatite Ca5(PO4)3(OH,F,Cl) 0 0.004*

Calcite CaCO3 −980 1.00

Carrollite CuCo2S4 317 1.00*

Chalcocite Cu2S −616 0.07#

Chalcopyrite CuFeS2 534 0.44

Chlorite (Mg3Fe2)Al(AlSi3O10)(OH)8 −455 0.40

Clay Al2Si2O5(OH)4 0 0.02

Dolomite CaMg(CO3)2 −1065 1.00

Fe oxide FeO(OH) <0 1.00*

Feldspar NaAlSi3O8 −187 0.02

Galena PbS 0 0.86

Muscovite KAl3Si3O10(OH)2 –123 0.01

Pentlandite Ni4.5Fe4.5S8 443 1.00*

Pyrite FeS2 1633 1.00

Pyrophyllite Al2Si4O10(OH)2 0 1.00*

Pyroxene Mg2Si2O6 −980 0.40

Pyrrhotite Fe7S8 1210 8.43

Quartz SiO2 0 0.00

Serpentine Mg3Si2O5(OH)4 −1061 0.40

Sphalerite Fe Zn0.9Fe0.1S 145 0.96

Talc Mg3Si4O10(OH)2 −778 0.40

*No data available; reactivity assigned based on assumed similar reactivity to pyrite, calcite, or quartz; #assigned 
based on observations of lower reactivity to pyrite; mineral formulae are taken from [47] and are also based on 
general formulae for mineral groups from [48].
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Figure 3.2 Mineral maps of selected particles from different size fractions of BMS Tails 1 analyzed by 
QEMSCAN, showing improved mineral liberation from coarser to finer particles.

Table 3.5 Calculated AMD parameters from static geochemical tests and mineralogical 
predictions on residue samples.

Sample
AMD value,
kg H2SO4/t AMD ratio

NNP, kg
CaCO3/t

NAPP, kg
H2SO4/t NPR NAG pH

Au res 1 60.5 0.06 −21.3 20.83 0.15 2.23

Au res 2 15.4 0.02 3.4 −3.37 3.2 2.52

Au res 3 7.6 0.41 −2.6 2.57 0.62 3.07

Cu res 1 136.6 0.02 −145.5 142.63 0.02 2.36
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Figure 3.3 NAPP versus AMD value (a) and NPR versus AMD ratio (b) for the four samples subjected to 
ABA and NAG tests.
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For the gold residue samples, overall, very good liberation of pyrite and pyrrhotite, as key 
acid producers, is observed. Silicates in these residues play virtually no role in NP, owing 
to the dominance of inert quartz. Differences in AMD values are due primarily to modal 
proportions of pyrite and pyrrhotite, as well as the pyrite:pyrrhotite ratio in influencing 
reactivity, given the very high reactivity assigned to pyrrhotite. Using a ranking scheme to 
compare the AMD values from these residues (Table 3.7), the Au res 1 residue reports to 
the range of values classified as extremely acid forming. Based on the ABA/NAG test classi-
fication scheme [49], this would be classified as potentially acid forming, but the relatively 
high pyrrhotite and pyrite content and liberation, coupled with the high reactivity of the 
pyrrhotite, would render the residue extremely acid forming instead.

The Au res 2 residue is acid forming, whether complete or actual liberation of pyrite 
and pyrrhotite is considered. Using the ABA/NAG scheme [49], this would be classified as 
uncertain. The Au res 3 residue is marginally lower in AMD value and is classified as poten-
tially acid forming (Table 3.7), in agreement with ABA/NAG classification.

The Cu res 1 residue is classed as extremely acid forming (Table 3.7), owing to the high 
abundance of pyrite, as well as its relatively high liberation, at ≈76%. If liberation were not 
considered (liberation = 1, i.e., 100%), the AMD value increases substantially. The absence 
of carbonate, along with the presence of poorly neutralizing silicates, contributes to this 
high AMD value. Based on the ABA/NAG scheme, this residue is classified as potentially 
acid forming, but from the ABA/NAG scheme [49], it is high risk acid generating.

For the compositions of BMS tailings, composition BMS Tails 1 is potentially alkaline 
generating, owing to the dominance of reactive dolomite, compared with pyrite as the dom-
inant sulfide. As the same reactivity is assigned, and both display similar liberation, the 
modal proportions become the key factor in determining the AMD value. Where com-
plete liberation is assumed, the AMD value would decrease substantially; this appears to 
be more prevalent where liberation is typically <70% (Tables 3.4 and 3.6). Composition 
BMS Tails 2 is extremely acid producing, with a substantial increase in AMD value with 
complete liberation assumed, again because of liberation typically <70% for most minerals. 
Relatively high content of highly reactive pyrrhotite, along with good liberation, accounts 
for the classification. Reactive silicates, despite their abundance, cannot mitigate the effects 
of the reactive pyrrhotite in this instance.

Table 3.6 Liberation (lib) effects on AMD values and ratios.

  AMD value
AMD value
with lib = 1 Difference AMD ratio

AMD ratio
with lib = 1

Au res 1 60.5 61.2 0.7 0.06 0.06

Au res 2 15.4 19 3.6 0.02 0.03

Au res 3 7.6 7.7 0.1 0.41 0.41

Cu res 1 136.6 174.1 37.6 0.02 0.05

BMS Tails 1 −204.2 −233.8 29.6 2.31 1.97

BMS Tails 2 386.6 464.1 77.54 0.16 0.26
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In terms of the AMD ratio, the smaller the effect of the acid consumers on the AMD value, 
the smaller the AMD ratio. Given the absence of carbonate in three of the residues, along 
with very small contribution from neutralizing silicates, these report to the extremely high 
risk of AMD formation class (Table 3.8). Note that this is not an indication of how much 
AMD could form but the risk of it forming. One gold residue and one of the BMS tailings 
composition report to the high risk of AMD formation class, and the tailings composition 
high in dolomite reports to the low risk of AMD formation class. The AMD ratios do not 
change dramatically with a full liberation assumed, compared with measured liberation.

The examples illustrate a complex interplay of mineral type (acid producer, neutralizer, 
inert), mineral proportion, reactivity (oxidation rate versus acid consumption reactivity), 
and liberation in contributing to the amount of acid that may be produced by a waste sam-
ple, as well as the risk of that acid being produced. The addition of reactivity and liberation 
to mineral proportions brings a kinetic aspect to the determination of AMD potential.

Based on the general particle size representing process wastes in this study, it is evident 
that mineral liberation plays a vital role in quantifying exposed surface available for mineral 
reactivity. As particle size increases relative to the grain size of the minerals in the parti-
cles of a given ore, liberation will approach zero, because less surface is typically exposed 
(Figures 3.1 and 3.2). In such a case (e.g., particle size at the mm scale, containing mineral 

Table 3.7 Classification based on the AMD value (Eq. 3.11).

AMD value Classification

<–100 Potentially alkaline generating

–100 to –50 Acid neutralizing

–50 to –10 Inert

–10 to +10 Potentially acid forming

+10 to +50 Acid forming

>+50 Extremely acid forming

Table 3.8 Classification based on the AMD ratio (Eq. 3.12).

AMD ratio Classification

<0.1 Extremely high risk of AMD

0.1 to 0.5 High risk of AMD

0.5 to 1.0 Risk of AMD

1.0 to 5 Low risk of AMD

5 to 10 Very low risk of AMD

>10 No risk of AMD
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grains at the micron scale), liberation decreases, and thus, the potential and risk to form 
AMD is decreased. The difference in AMD value using measured liberation (i.e., liberation 
<1) as opposed to full liberation (i.e., liberation = 1) is particularly pronounced in the BMS 
process wastes in this study (Table 3.6). This will be a function of the mineral grain size 
distribution at the PSD studied. Mineral grain size distribution is a function of the original 
texture of the ore. Larger grains in the original ore liberate at coarser particle sizes than 
smaller grains. This therefore gives rise to potentially different mineral liberation properties 
for a given PSD of two different ores or waste compositions containing the same mineral. 
Reaction kinetics will be consequently affected.

As part of a geometallurgical approach, feed material to a process will have a given PSD 
and particle tracking models have been developed to help simulate the behavior of such 
particles in the process [50]. Which particles will report to the tails is a key consideration in 
optimizing grade and recovery to the concentrate and forms a cornerstone of many process 
mineralogical investigations. Using this approach from the angle pursued in this study, the 
same said particles reporting to the final tails after optimization for recovery of value should 
be assessed for the potential to produce acid over time. Indeed, current efforts are aimed at 
desulfurization processes, in which bulk sulfide flotation of tailings streams is considered to 
“clean” the tailings of residual sulfides and the resultant material can be used as cover over 
tailings storage facilities [51, 52]. This is costly and should be a process design consideration 
upfront rather than a mitigation option after processing.

Analysis of a judiciously selected set of samples can yield information pertinent to not 
only process efficiency (grade and recovery optimization versus market conditions and 
mining plan progression) but also tailings production (AMD potential, considering envi-
ronmental conditions for the tailings storage facility and temporal changes). Indeed, design 
considerations would aim at integrated strategies for both process efficiency optimization 
and AMD mitigation. In this respect, detailed mineralogical information would not come 
at extra cost, as the ore deposit definition will be serving multiple purposes and will provide 
more value to the operations from a prediction perspective.

3.4 Conclusions and Further Work

To complement traditional static geochemical tests, an approach using mineral proportions, 
mineral acid production or consumption potential, mineral reactivity, and mineral libera-
tion was applied for the prediction of AMD potential of gold and copper process residues, 
as well as BMS tailings compositions, representing process wastes. The mineral reactivity, 
together with relative abundance, plays a major role in determining AMD values of sam-
ples. Liberation appears to be an important factor when minerals occur with exposure less 
than 70%. Abundance of higher reactivity silicates like chlorite, amphibole, and talc may 
be more influential over time but are unlikely to mitigate more immediate sulfide reaction.

Mineral proportions and liberation data were obtained using automated scanning elec-
tron microscopy techniques, with a database developed for mineral acid production or con-
sumption potential and mineral reactivity. It should be noted that certain assumptions are 
made where published information on the latter two parameters is sparse. Nevertheless, 
comparative analysis is possible and provides an indication of AMD potential. As empirical 
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data are obtained from test work and complemented by mineral chemical compositional 
information, the database can be strengthened through addition of observed values for use 
with quantitative mineralogy.

The approach has application in the prediction of AMD potential of process wastes which 
typically show particle sizes in the micron range. At these particle sizes, liberation effects 
of acid producing sulfides are more pronounced than at the centimeter or meter scales of 
waste rock and therefore will influence the acid production potential of the waste.

Although mineralogical observations have also aided in the understanding of changes 
during kinetic or long-term testing [17, 18], these observations presently do not predict 
how much acid will be formed, and when, if at all. Building on the concepts around liber-
ation and mineral reactivity presented here, work is underway on iterative modeling and 
simulation of changing particle properties over time. As an example, a strong acid producer, 
where liberated, should produce acid faster than the same strong acid producer locked 
entirely within a poorly reactive silicate, based on the surface area available for oxidation. 
This concept would be suited to prediction of AMD production over time for process 
wastes, and finer particles of waste rocks (e.g., –3 mm) and would be a desirable alternative 
to time-consuming and costly kinetic tests that are presently performed. Consideration of 
the sulfide suite of minerals, together with liberation and association information, should 
yield clues on the extent to which galvanic interaction may be expected, and their contri-
bution to possible passivation effects. Together with the modeling of environmental effects 
like temperature and fluid flow dynamics the outcomes present an attractive alternative to 
costly and time-consuming kinetic tests to predict how much AMD will form, and when.

Acid mine drainage prediction studies should form part of an integrated strategy that 
optimizes process efficiency while mitigating environmental problems so that sustainable 
operations may be pursued in line with, and as part of, a geometallurgical program. The 
consideration of mineralogy, mineral modal abundance, mineral reactivity, and mineral 
liberation, as added in this work, should improve these predictive studies.
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Abstract
Detailed multidisciplinary investigation of selected tailings storage facilities (TSFs) from the 
Witwatersrand gold mines generated datasets of mineralogy, chemistry, hydraulic properties, 
oxygen content with depth and leachate pore water chemistry. Three oxidation zones, namely 
mature oxidation (MOZ), transitional oxidation (TZ) and unoxidized (UZ) are recognized and 
mapped.

Pyrite, the major primary sulfide mineral, generally increases with depth, whereas jarosite appears 
at shallow depth at the expense of pyrite and decreases with depth, consistent with the progression 
of the oxidation front. Slight modifications of grain size distribution due to oxidation is evident. 
Hydraulic conductivity and moisture content increases and residual water content decreases with 
depth. Oxygen diffusion varies from 2 to 5 m with an average of about 4 m depth, correlating well 
with the measured oxidation zone thicknesses.

Sulfide minerals paragenesis, relative depletion and enrichment of certain major and trace ele-
ments in the MOZ and the TZ, respectively, and the pore water pH in the OZ, all indicate oxidation 
process reached “Late Stage” in the TSFs.

This study indicates that integrated investigation provides insights in the kinetics of oxidation 
processes and establishes a relationship between the volume of oxidized part of a TSF and the volume 
and quality of generated AMD.

Keywords: Tailings storage facilities, oxidation process, oxidation zone, mine drainage, oxygen 
diffusion, pore water chemistry

4.1 Introduction

Mine residue deposits are substantial contributors of pollution that adversely affects water 
resources, soil, and the surrounding ecosystem. As a result, studies to investigate the 
potential of mine residue deposits to generate pollution and its qualities and quantities are 
frequently conducted. Tailings storage facilities (TSF) generate voluminous, mining-affected 
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water of varying quality and metal concentrations. The quality and chemical composition 
of the drainage from a TSF is directly related to the volume of the tailings portion subjected 
to oxidation processes.

Although the oxidation zone thickness in a TSF is site specific, geochemical prediction 
of drainage from a TSF is in most cases based on extrapolations from other sites. The 
oxidation processes and the resultant oxidation zone thickness is governed by the interplay 
of various factors such as particle size distribution, mineralogy and chemistry, water and 
oxygen availability, temperature and infiltration, and diffusion rates, as well as the age of the 
TSF after decommissioning. 

South Africa has been mining gold for over 130 years and was the largest gold min-
ing country for over a century. This gold mine operation created of over 270 mine residue 
deposits such as TSFs and waste rock deposits over an area of 400 km2 (Figures 4.1 and 
4.2). It is estimated that billion tons of mine residues are contained in these mine residue 
deposits [1].

This chapter presents and discusses data such as oxidation zone thickness, physical, 
mineralogical, geochemical, and geohydrological characteristics of tailings, as well as 
oxygen diffusion with depth based on the findings of two research projects to investigate 
kinetic oxidation processes and water balance methodologies on mine residue deposits 
[2, 3]. The interplay of the factors critical to oxidation processes of tailings material and 
advances in understanding the quality and quantity of the resultant effluent from the 
Witwatersrand mine TSFs is discussed here.

4.2 Weathering and Oxidation of the Witwatersrand Gold Tailings

The oxidation processes and oxidation profiles of selected TSFs from the Witwatersrand gold 
mines were studied [2]. These TSFs were selected using criteria such as operational status 
(operational, closed, decommissioned, reclamation), age after decommissioning, geographic 
distribution, and geological variation. Available historical information such as design and 
construction, physical dimension and volume, seepage volume and quality, phreatic surface 
level data for the selected TSFs were collected [2]. Detailed site investigation of several TSFs 
and cross section mapping of exposed tailings due to reclamation were undertaken to inves-
tigate the lateral and vertical extent of oxidized and unoxidized zones [2, 4, 5]. Geochemical, 
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Figure 4.1 (a) Local topography map for TSF1; (b) 3D visualisation of TSF1, representative of the investigated 
TSFs (from [2], courtesy Anglo Gold Environmental).
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mineralogical, and hydraulic properties such as grain size distribution, porosity, permeabil-
ity, and water content and water retention characteristics of the tailings’ samples were con-
ducted on representative samples collected from the exposed cross sections and from auger 
holes [3]. The occurrence and effect of secondary permeability inducing phenomenon such 
as preferential flow pathways (e.g., cracks, fractures, mega-pores, bedding parallel flows) on 
oxygen and water infiltration and therefore on oxidation processes of tailings materials were 
investigated. A multilevel oxygen flux measurement with depth in selected TSFs was con-
ducted following the methodology of [6] as discussed in detail in [2, 5, 7].

Most of the Witwatersrand gold mine TSFs are deposited in bench configuration of vari-
able areal extent and height. The height of the investigated TSFs ranges from 1.1 to 34 m 
(Figures 4.1 and 4.2) with benches ranging from 1 to 4 (Figures 4.3 and 4.4). Cross-sections 
of profiles exposed during reclamation together with logging of several auger holes up to 
10 m depth each were used to characterize variations of oxidation and identify three depth 
dependent oxidation zones (Figure 4.4). The lateral extent, thicknesses, and relative posi-
tion of these zones are governed by the number and configuration of depositional benches 
(Figure 4.4). These three oxidation zones are: the mature oxidation zone (MOZ), transi-
tional or active oxidation zone (TZ), and primary or unoxidized zone (UZ). The MOZ is 
amorphous with its most part and is characterized by leached buff gray top layer that grades 
into a light brown bottom layer. Itis interlayered with dark gray organic thin layers. The TZ 
is characterized by alternation of oxidized and partially oxidized or entirely unoxidized lay-
ers which are in most cases parallel to the depositional layers. However, irregularly shaped 
oxidation layers grading into partially oxidized and unoxidized parts of the zone are not 
uncommon. The MOZ thickness ranges from 1.5 to 3.5 m and the TZ thickness ranges from 
3.0 to 4.5 m. The combined depth of the MOZ and TZ represents the total oxidation zone 
thickness and ranges from 5.5 to 9 m. The UZ is the thickest zone in all the TSFs forming 

Figure 4.2 Exposed mature oxidation zone (MOZ) with underlying Transitional Zone (TZ) (TSF5) with a 
vegetation cover on top.
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up to 70 % of the thickness of the TSFs. It is gray to dark gray and moist with little or no 
visible oxidation.

4.3 Water Infiltration and Oxygen Diffusion vs Oxidation Processes

4.3.1 Hydrogeology of Tailings Storage Facilities

4.3.1.1 Introduction

Tailings storage facilities are variably unsaturated porous media consisting of an unsatu-
rated upper part and saturated lower part separated by a phreatic surface. The proportion 
of the saturated zone decreases and may even disappear with time in non-operational/
decommissioned TSFs.

(a) (b)

(c)

Figure 4.3 Detailed views of exposed tailing sections: (a) oxidation zone profile (≈8-m high) with 
oxidation zone (OZ) thickness of about 4.5 m; (b) exposed section of TSF5 (≈9-m thick) with about 
3.5-m thick MOZ and over 5-m thick TZ with alternating oxidized and unoxidized layers reflecting 
compositional and textural variations, (c) exposed section showing the gradational contact between 
the MOZ and the TZ.
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The saturated zone water balance components of a TSF are relatively well understood and 
can be estimated or calculated with relative ease. However, the estimation or calculation of the 
surface flux components above the phreatic surface is not well understood. Measurement of 
these surface flux components is expensive and time consuming and complicated further by 
the lateral thickness variation of the unsaturated zone from the edge to the center of a TSF due 
to the bell-shaped curve of the phreatic surface (Figure 4.5). This results in the spatial varia-
tion of the water balance components from the edge of the pool to the center of the TSF [8].

In operational TSFs, infiltration is maximum at the edge of the pool and minimum at the 
center of the pool, while evaporation is maximum at the center of the pool and minimum 
at its edge. Decommissioned TSFs have spatially varying unsaturated zones with the posi-
tion of the phreatic surface and rate of drop of this surface difficult to estimate accurately 
which makes simple physical water balance calculations inappropriate (Figure 4.5). The 
main hydraulic properties that govern water flow paths in a porous unsaturated medium 
are particle size distribution, moisture content, bulk density, permeability/hydraulic con-
ductivity, and water retention characteristics.
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Figure 4.4 Oxidation profiles (a) OZ (MOZ), TZ, and UZ and subdivisions within the oxidized zones due to 
internal variation in oxidation intensity in TSF1, (b) oxidation zone development mimicking the depositional 
bench configuration wherein the vertical positions of the MOZ, TZ, and UZ are different in the different benches.
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Numerical modeling is the only option available to determine the water balance com-
ponents of the unsaturated zone (e.g., [8]). The existence of the spatial distribution of the 
surface fluxes (infiltration and evaporation) along the TSF profile could be used to establish 
a methodology to calculate these fluxes, which paves the way to formulate a more rigorous 
multidimensional unsaturated/saturated flow water balance modeling [8, 9].

4.3.1.2 Primary Hydraulic Characteristics

The depositional particle size distribution of the Witwatersrand gold mine tailings was rel-
atively uniformly graded and dominantly sandy silt and rarely silty sand. In operational 
TSFs, particle size distribution tends to be finer from the edge to the center (pond or pool 
area) of the TSF during deposition forming alternate layers of relatively finer and coarser 
tailings vertically as the TSF grows in thickness and areal extent. Such alternate layers create 
capillary break, which complicates flow of water in tailings materials [3].

The particle size distribution of the tailings material in the different oxidation zones does 
not show substantial differences. However, detailed observation of the hydrometer analyses 
shows that the TZ materials are slightly coarser than that of the MOZ and both are coarser 
than the underlying UZ, the latter may reflect the original depositional particle size dis-
tribution (Table 4.1 and Figure 4.6). The slight grain size increase at TZ compared to the 
MOZ indicates the reworking of grain size distribution due to the weathering and oxidation 
processes.

Commonly, the water content of the original slimes and slurries of gold mines during 
deposition are approximately 1:1 [1]. Moisture content of tailings material then becomes 
variable in time and space. Measured moisture content data range from 7 to 20 wt. % with 
an overall increase of moisture content with depth. The lowest water content recorded 
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Figure 4.5 Schematic of water balance components for decommissioned TSF: Q1, Q2: precipitation on ex-pool 
and beach areas, respectively; Q3, Q4: potential evaporation from the ex-pool and beach area, respectively; 
Q6, Q7: infiltration from the beach and ex-pool areas, respectively; Q8, Q9: sideway seepage and discharge into 
groundwater, respectively (after [2]).
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Table 4.1 Summary of the particle size distribution and water content data of 
selected Witwatersrand gold mine TSFs.

TSF1

Zone OZ TZ1 TZ2 UZ

Depth (m) 0–2 2–5 5–9 9–10

% Clay 0 0 0 0

% Silt 68 63 68 61

% Sand 32 37 32 39

% Gravel 0 0 0 0

Material Sandy silt Sandy silt Sandy silt Sandy silt

Moisture (%) 15 16.7 14.1 19.5

TSF2

Zone OZ TZ UZ-A UZ-B

Depth (m) 0–1.5 1.5–4.5 4.5–8 8–10

% Clay 0 0 0 2

% Silt 45 45 47 55

% Sand 55 55 53 43

% Gravel 0 0 0 0

Material Silty sand Silty sand Silty sand Silty sand

Moisture (%) 13.9 18.9 16.4 19.1

TSF3

Zone OZ1 OZ2 TZ UZ

Depth (m) 0–2 2–4 4–5 5–10

% Clay 0 0 0 0

% Silt 59 60 43 64

% Sand 41 40 57 36

% Gravel 0 0 0 0

Material Sandy silt Sandy silt Silty sand Sandy silt

Moisture (%) 7.3 8.2 13.2 10.8

(Continued)
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is from the TSF3 tailings and ranges from 7 to 13 wt. %, whereas TSF4 shows the high-
est moisture content which ranges from 19–28 wt. % (Table 4.1). Water retention capac-
ities and residual water content decreases with depth consistent with the general particle 
size distribution pattern (Figure 4.7). Residual water content ranges widely from 5.5 to 
20 wt. % consistent with increasing bulk densities and decreasing porosities with depth. The 
hydraulic conductivities of samples from the TSFs ranges from 7.1 × 10−5 to 1.2 × 10−2 cm/s 
consistent with uniformly graded and well sorted nature of the tailings and the formation 
of hardpans leading to the formation of relatively flat beaches and hence relatively uniform 
permeability.

4.3.1.3 Geological Structures as Preferential Flow Paths

Discontinuous oxidized layers and irregular bodies were observed within UZ far below 
the boundaries of the UZ and the TZ (Figure 4.8a). The oxidation process that formed 

Table 4.1 Summary of the particle size distribution and water content data of 
selected Witwatersrand gold mine TSFs. (Continued)

TSF5

Zone OZ1 OZ2 TZ UZ

Depth (m) 0–2 2–4 4–5 8.5–10

% Clay 0 0 0 0

% Silt 59 56 56 56

% Sand 41 43 44 44

% Gravel 0 1 0 0

Material Sandy silt Sandy silt Sandy silt Sandy silt

Moisture (%) 10.6 7.6 13.5 15.3

TSF4

Zone OZ2 OZ1 TZ UZ

Depth (m) 1.5–2.5 0–1.5 2.5–5 5–8

% Clay 0 2 2 2

% Silt 76 66 75 74

% Sand 24 31 23 24

% Gravel 0 1 0 0

Material Sandy silt Sandy silt Sandy silt Sandy silt

Moisture (%) 16.1 19.1 20.3 27.9
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these bodies is attributed to the existence of geological structures such as fractures, desicca-
tion cracks, and bedding planes which acted as preferential flow paths to water and oxygen 
below the normal oxidation fronts (Figure 4.8b).

Although, generally, gold tailings are not the best growth medium due to their miner-
alogical composition which dominated by quartz and due to their low pH after weathering 
and oxidation, the effect of vegetation in the formation of preferential flow paths was evi-
dent in rare cases in TSFs where proper rehabilitation using soil cover and grass growth was 
effective for the growth of dense grass cover. The development of up to 20 cm of organic 
rich dark gray soil with grass roots penetrating up to 15 cm into the TSF were observed 
in these TSFs. In rare cases, where trees are planted (e.g., TSF3), root induced cracks are 
evidenced which could be used as preferential flow paths for water and oxygen infiltration 
in these TSFs.
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Figure 4.6 Particle size distribution of the different TSF oxidation zones.
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4.3.2 Oxygen Diffusion

Oxidation in TSFs can occur in an aqueous or sub aqueous system where water content and 
oxygen flux will govern the rate of oxidation of minerals such as pyrite. As the phreatic sur-
face above the saturated zone migrates downwards, the oxidation system will change from 
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Figure 4.7 Water retention characteristics of the TSFs with depth as measured on four pressures (after [3]).

(a) (b)

Figure 4.8 (a) Heterogeneity in oxidation intensity in a transitional oxidation zone (TZ); (b) Desiccation 
crack formation, which might lead to preferential flow paths for water and oxygen when interlayered and 
interconnected with other planar features.
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subaqueous to sub aerial, whereby the partial pressure of oxygen and vapor pressure are the 
main factors controlling oxidation processes.

Transportation of oxygen into the tailings deposit could occur in one of three mecha-
nisms: (1) advective transport with water that contains oxygen, (2) free or forced air con-
vection through the top layer of the tailings deposit, and (3) diffusion in the gaseous and 
aqueous phases through pores in the material [10]. Diffusion is the dominant mechanism 
for transporting atmospheric oxygen from the surface of the tailings to the depth where 
oxidation takes place [11, 12, 15, 22]. Mechanisms (1) and (2) could be applicable in opera-
tional TSFs and at the top thin layers of all TSFs, whereas the atmospheric oxygen transport 
in the subaerial and aerial system of most TSFs is dominantly by diffusion in the gaseous 
and aqueous phases.

Inside a TSF, the degree of water saturation, the rate of water infiltration, the rate of oxy-
gen consumption and temperature govern variations in oxygen concentration. The shape of 
an oxygen profile is controlled by the rate and the way oxygen diffuses into the TSF and the 
rate at which the oxygen is consumed within the TSF. The evolution of oxygen profiles as 
oxidation process progresses is the function of the consumption of oxygen [14].

Field studies conducted on uncovered unsaturated tailings deposits in Canada, has 
shown that the pore gas oxygen concentration decreased from atmospheric concentra-
tions (21 vol. %) to less than 5 vol % within the upper 60 cm of the TSFs [15]. This showed 
that oxygen gradients exist in unsaturated upper part of TSFs. At water-saturated con-
ditions, i.e., below the ranges widely from 5.5 to 20 vol. % (phreatic surface), the oxygen 
concentration is limited to the solubility of oxygen in water (i.e., ≈ 21 vol. %). In general, 
however, the dissolved oxygen concentrations are very low in the saturated part of TSFs. 
Measurement of oxygen concentration in a TSF and establishment of oxygen profiles have 
become part of mine residue characterization studies. Earlier studies of TSFs have demon-
strated that the consumption of pore-gas O2 through in situ reactions results in decreasing 
O2 concentrations with depth where transport is controlled by vertical diffusion of O2 to 
the atmosphere [16].

In situ pore gas oxygen concentration with depth was measured at 1 m interval up to 
10 m depth in the selected TSFs and the results are discussed in detail elsewhere [2, 4, 9]. 
The TSFs exhibit variable diffusion rates with an averaging oxygen concentration of 10.62 
vol. % at 1 m depth and decreases substantially to an average concentration of 0.49 vol. % at 
6 m depth and drops to 0.41 vol. % at 9 m depth. The oxygen diffusion depth ranges from 
about 2 to 5 m with an average of about 4 m (Figure 4.9), in agreement with the observed 
depth of oxidation front [2, 4, 9].

O2 concentrations in all the TSFs show a negative correlation with porosity, permeability, 
and percentage of sand size grains and moisture content and a positive correlation with 
increasing silt percentages. High positive correlations exist between O2 concentration and 
vegetation density. The apparent negative correlation with porosity, permeability, and mois-
ture content may indicate that the dominant diffusion mechanism in the upper 3 to 4 m 
of these TSFs is not diffusion through pores in the gaseous and aqueous phases but rather 
by free or forced air convection through the top layer of the deposit following oxidation 
progression.

A decrease of O2 concentration within the pore spaces of the tailings with increasing 
depth is consistent with findings of similar studies elsewhere [17–19]. The most rapid sul-
fide oxidation occurs shortly after tailings deposition ends, whereupon O2 diffuses into 
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the tailings and the bacterial population within the tailings becomes established [20]. 
As oxidation proceeds, more (di-)sulfide will be consumed, and oxygen migrates deeper 
into the tailings [4]. Blowes and Jambor [18] have shown that there is a positive correla-
tion between pore-gas O2 concentrations and oxidation of sulfides in the Waite Amulet 
(Quebec, Canada) tailings. In the shallow tailings, where sulfide minerals have been 
extensively depleted, gas-phase O2 concentrations are high and decline sharply deeper in 
the tailings, as unaltered (di-)sulfide minerals become available. This is reflected in the 
Witwatersrand TSFs showing a positive strong correlation between depth of MOZ and O2 
gas concentration with depth (Figure 4.9). This comparison highlights the potential of O2 
concentration measurement with depth to decipher the depth of active oxidation in TSFs 
[2].

4.4 Geochemical and Mineralogical Evolution

4.4.1 Tailings Geochemistry and Mineralogy

Chemistry and mineralogy are the two main principal factors together with availability of 
oxygen and water that govern the rate and intensity of oxidation. Generally, the UZ shows 
high SiO2 contents for all the TSFs, suggestive of the high quartz content of the mined ore. 
Enrichment of Al, Fe, Mg, Ca, in the TZ and depletion in the MOZ is evident. Ni, Co, Zn, 
Cu, and Cr show enrichment in the TZ at the expense of depletion in the MOZ. The con-
centration of trace metals such as Cr, Ni, Co, Cu, Zn, and Pb depends mainly on the relative 
concentration of sulfide minerals.

The characteristics principal minerals of the Witwatersrand gold mine tailings are quartz, 
mica, and chlorite/chloritoid with pyrophyllite and traces of K-feldspar present in some. In 
addition, 2 wt. % to <0.5 wt. % of pyrite and jarosite are common. The effect of oxidation in 
the mineralogy of the tailings is shown by the appearance of jarosite as a secondary mineral 
and increases whereas pyrite decreases and then disappears as oxidation process intensified. 
Pyrite then reappears in the UZ (Table 4.2).

The oxidation evolution of the Witwatersrand gold TSFs shows that: 1) oxidation is 
intense and reached “Late stage” in all the MOZ as evidenced by absence of sulfide minerals 
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and concomitant presence of jarosite, 2) the presence of both pyrite and jarosite in the TZ 
in all the TSFs show “Early-2 stage” to “Mature Stage” of oxidation in TZ, and 3) most of 
the UZ show a varying degree of oxidation dominantly “Early-1” and “Early-2” stages and 
rarely the “Maturing Stage” (Table 4.4) following the classification of Jambor [21] based on 
the paragenetic relationships in the oxidized mine residue deposits (Table 4.3).

4.4.2 Pore Water Geochemistry

The pH and paste pH of the pore water increase with depth. SO4 and total metals concentra-
tions, EC, and redox values are consistently high in the TZ, intermediate in the MOZ, and 
low in the UZ (Table 4.5 and Figure 4.10). This trend indicates pore water migration with 
soluble secondary minerals from MOZ into the TZ. The quality of the pore water depicts 
the mature stage of the oxidation process attained in the TSFs when considered in terms of 
the total oxidation (MOZ + TZ) thickness. This trend is distinct in terms of pH, sulfate, and 
total metals concentrations which are high in the oxidized zone (MOZ + TZ) and consis-
tently low in UZ (Figure 4.11).

The low pH values (2.5–4.1) of the pore water are indicative of the final stage of oxi-
dation whereby weathering of both sulfide and neutralizing minerals progressed beyond 
the carbonates and oxyhydroxides, having reached the aluminosilicates buffer range with 
Al3+ and Si4+ in the pore water. Zn, Ni, and Co become mobile when the pH decreases to 
below 6, while Al, Cr, V, and Pb remain immobile until the pH decreases to 4.0, consistent 
with results of laboratory investigation [13]. This sequence of mobility is governed by the 
pH plateaus and can be tied to the times when the specific acid-neutralization reactions 
predominate.

The pore water chemistry therefore mirrors the acid mine drainage that would have been 
discharged from these TSFs subjected to extensive “Late Stage” oxidation processes and 
provides useful information on the progress, depth, and rate of oxidation consistent with 
the mineral paragenesis discussed earlier.

Table 4.3 Schematic representation of the progressive oxidation of a mine residue 
containing sulfides pyrite (py) and pyrrhotite (po) (after [24]).

Early (1) Early (2) Maturing Late

Oxidation of Fe sulfides Acceleration Slowing Consumed

Native sulfur – – –

Marcasite – – –

Fe oxyhydroxides Fe oxyhydroxides Geothite Goethite

Fe sulfates Fe2+ sulfates to Fe2+, Fe3+ Fe3+ sulfates –

– Jarosite Jarosite Jarosite

Po + Py Py > Po Py –
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4.5 Discussion, Conclusion, and Recommendations

4.5.1 Discussion

4.5.1.1 Mapping of the Oxidation Zones in Tailings Dams

Detailed site investigation and mapping of tailings profiles exposed by reclamation opera-
tions, logging of several auger-holes each up to 10-m deep in selected Witwatersrand TSFs 
provided classification of the TSFs into: MOZ, TZ, and UZ. The OZ and TZ constitute the 
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Figure 4.10 Pore water chemistry in the three oxidation zones.
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total oxidizing zone and are separated from the UZ by the active oxidation front. The vol-
ume of oxidized mine residue deposits depends on the combined thickness of the MOZ and 
active oxidizing zone (transition zone), which ranges from 4.5 to 9 m.

4.5.1.2 Hydrogeological Situation

Tailings storage facilities are a variably unsaturated porous medium with an unsaturated 
upper part and a saturated lower part with phreatic surface marking the boundary between 
the two. The proportion of the saturated zone shrinks with time in non-operational and 
decommissioned TSFs. Therefore, unsaturated flow processes dominate in such TSFs where 
pore water flow is mainly vertical and governed by the interplay of hydraulic properties of 
the tailings. Hydraulic conductivity with depth in unsaturated upper part of a TSF is depen-
dent on the volumetric water content of the tailings which varies with depth. Other factors 
that complicate unsaturated flow processes in TSFs are grain size, porosity, bulk densities, 
and mineralogy.

Laboratory and in situ investigations of the hydraulic properties provided insight on the 
relationship between hydraulic properties and oxidation processes. Although the tailings 
were dominantly uniformly graded sandy silt when deposited, detailed field observation 
and hydrometer analyses showed alternations of fine and coarse layers. This was attributed 
to the lateral grading of the tailings from coarse grained to fine grained from the edges 
to the center of the TSFs during deposition. Such depositional variations create capillary 
breaks, which complicates the flow of water in the tailings materials [3]. Tailings samples 
from the different oxidation zones show slight change in grain size distribution in that the 
TZ materials are coarser than those of the MOZ. The UZ materials are all sandy silt and 
finer than the overlying TZ and MOZ materials and reflects the original depositional parti-
cle size distribution. The consistent coarser grain size at TZ compared to the MOZ indicates 
reworking of the vertical grain size distribution due to oxidation and weathering.

The slimes and slurries of gold mines during deposition commonly have moisture con-
tents approximately 1:1 [23], which after deposition naturally decrease in time and space 
due to various factors such as climatic variation (rainfall, temperature, and evaporation 
rate) as well as mineralogy, geochemistry, and time after closure and decommissioning. 
Measured moisture content ranges from 7 to 28 wt. % with an overall increase with depth. 
Water retention capacities and residual water content decreases with depth consistent with 
the general particle size distribution pattern, increasing bulk densities, and decreasing 
porosities with depth. An order of magnitude of variation in hydraulic conductivity values 
with depth is observed for most tailings, with higher K values recorded for the deeper parts. 
This is consistent with initial moisture content data, which also increases with depth.

The formation of fractures, cracks, desiccation cracks, and bedding planes provide pref-
erential flow for water and oxygen movement for oxidation to occur in the deeper part of 
the UZ beyond the active oxidation front [2]. However, this oxidation process is probably 
not relevant compared to the normal oxidation processes.

4.5.1.3 Oxygen Diffusion With Depth

The TSFs exhibit variable oxygen concentrations with depth ranging from 10.62 vol. % at 
1-m depth and decreasing substantially to an average concentration of 0.49 vol. % at 6-m 
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depth and drops to 0.41 vol. % at 9-m depth. The optimum oxygen diffusion depth in the 
TSFs for oxidation to proceed varies from 2 to 5 m with an average depth of about 4 m, 
correlating well with the observed depth of active oxidation front.

4.5.1.4 Mineralogical and Geochemical Evolution of Tailings

Quartz, mica, and chlorite or chloritoid are the major minerals with rare pyrophyllite and 
K-feldspar presence as trace minerals. Pyrite is the major primary disulfide mineral with 
jarosite as the prevalent secondary sulfide mineral ranging from 2 wt. % to <0.5 wt. % in 
abundance. Pyrite generally increases and jarosite decreases with depth, consistent with 
oxidation progression. The oxidation evolution in the TSFs was established based on the 
mineral paragenetic relationships as follows:

• the MOZ in all TSFs shows complete consumption of sulfide minerals, 
and presence of jarosite indicating that the zone has reached “Late Stage” 
oxidation;

• the TZ shows the concomitant presence of pyrite and jarosite in all the TSFs 
supporting “Early advanced (Early-2)” to “Mature oxidation” stages;

• most of the UZ zones show varying degrees of oxidation ranging from “Early-1” 
to “Maturing Stage” of oxidation and none of the UZ show “Late Stage” oxi-
dation wherein complete consumption of sulfides is expected.

There are evidences of geochemical reworking of the tailings due to the oxidation and 
leaching processes. Although the tailings are high in SiO2 due to the high quartz content 
of the mined ore which is also reflected in the high SiO2 content of the UZ, there is a slight 
increase in the proportion of SiO2 in the MOZ compared to the TZ. Al, Fe, Mg, and Ca are 
enriched in the TZ and depleted in the MOZ. Ni, Co, Zn or Cu, and Cr are enriched in the 
TZ and are depleted in the MOZ.

4.5.1.5 Evolution of Pore Water Chemistry

The pore water chemistry in general shows a pH-increase with depth. SO4, electrical con-
ductivity and total metal concentrations are all consistently high in the TZ and low in UZ 
with intermediate values recorded in the MOZ. Due to the migration of secondary minerals 
in pore water from the MOZ into the TZ, there is a general increase of total metal concen-
trations with depth. Because the total oxidation zone is the summation of the MOZ and 
the TZ, the total sulfate and metal concentrations in the pore water indicate the potential 
drainage quality if discharged from these TSFs.

4.5.1.6 Oxidation Processes and Drainage Formation

The mineralogical and geochemical evolution of the tailings presented in the preceding 
sections show that oxidation has reached “Late-stage” and is active at “Maturing” and 
“Advanced (Early-2)” stages of oxidation. The presence and absence and the amount of 
sulfides and acid neutralizing minerals could be estimated indirectly by the pH of tailings 
material.
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The pore water pH which is confined between 3 and 4 in the total oxidized zone (MOZ + 
TZ) supports the mineralogical evidence that the oxidation processes reached “Late-stage” 
and attained the aluminosilicates buffering stage as shown by the Al3+ and Si4+ concentra-
tions in the pore water. When the pore water pH is below 6, the mobility of Zn, Ni, and Co 
increases, whereas Al, Cr, V, and Pb become mobile only after the pH decreases to 4. Such 
mobility patterns are associated with pH plateaus and related to periods of predominance 
of certain buffer reactions.

The leachate generated from a TSF which is represented herein by the pore water qual-
ity reflects the stage of oxidation that governs the acid generating and acid neutralizing 
reactions. The oxidation of sulfide minerals releases protons, SO4

2−, Fe2+, and metals. The 
amount of metals released is a function of the tailings mineralogy, sulfide mineral oxidation 
rates, and formation of secondary minerals by the removal of metals from the pore water.

In regard to neutralization reactions in the Witwatersrand tailings the contribution of 
carbonate minerals is very limited due to the minor concentration of carbonates in the 
original mineralogy of the tailings. No gibbsite or other Al bearing secondary phase were 
evident. This may be due to the difficulty in identifying gibbsite or other Al bearing precipi-
tates [4]. The precipitation of Al bearing phases is, however, supported by other indications. 
The breakdown of Al bearing primary minerals in the tailings of the Witwatersrand basin is 
evidenced by the presence of Al3+ in the tailings pore water and by the relatively high Al2O3 
in the bulk samples of the unoxidized tailings as compared to the oxidized zone tailings. 
The oxidation of Fe2+ to Fe3+ causes in most tailings the precipitation of ferric hydroxides, 
the most common of which is goethite [Fe(OH)3]. In the absence of carbonates, the near 
constant pore water pH should only be attained due to the primary buffering capacity of Al 
and ferric hydroxides by releasing Al and Si into the pore water system. Blowes et al. [20] 
and Jambor and Blowes [24] argued that the dissolution kinetics of aluminosilicates varies 
but is generally slow compared to the groundwater flow rate.

4.5.2 Conclusions

All factors governing oxidation processes and drainage formation from the Witwatersrand 
TSFs have been investigated. The data collected from the TSFs have improved our under-
standing of mine drainage formation processes and the accuracy of drainage predictions 
for TSFs.

Oxidation processes and its variation with depth as well as the total oxidation thickness 
and the position of the active oxidation front are established. Modification of the grain size 
distribution takes place during oxidation and leaching processes. Although the principal 
mechanism of oxygen diffusion and moisture inflow into the tailings is progression of oxi-
dation processes, the interplay of primary and secondary hydraulic properties (geological 
structures as preferred potential follow paths) improves our understanding of oxygen and 
water infiltration mechanisms and oxidation processes at the active oxidation front and 
deeper below the front. The measured rate of oxygen diffusion has shown to vary in the 
different TSFs from about 2 to 5 m in depth with an average of 4 m, consistent with the 
observed and measured oxidation fronts.

The mineralogical and geochemical evolution of the tailings’ materials and the pore 
water chemistry has been established and is well understood. The effect of oxidation in the 
mineralogy of the tailings is evidenced by the appearance of jarosite as a secondary mineral 
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and its increase as oxidation process is intensified whereas pyrite decreases and disappears 
in the AOZ but reappears in the UZ. Oxidation process reached “Late-stage” in in all the 
TSFs as evidenced by the mineral paragenesis (absence of sulfide and presence of jarosite) 
while still active at “Early advanced (Early-2)” to “Maturing” oxidation stages as evidenced 
by the concomitant presence of pyrite and jarosite.

The low pH values the pore water (2.5–4.1) and the total metal concentrations of the 
pore water mark the final stage of acid generation (aluminosilicate buffering). The various 
pH buffer plateaus (6, 4, and 2.5–3) of the pore water indicate the times when specific 
acid-neutralization reactions predominate which in turn determine the leaching sequence 
of metals. Zn, Ni, and Co leach into the pore water when the pH of the pore water decreases 
to below 6, whereas the decrease of pH to 4 starts leaching of Al, Cr, V, and Pb.

The extent of the acidity and the metal concentrations reflected in the pore water chem-
istry are by far lower than what would be expected if all the products of the oxidation and 
leaching processes remained in the TSFs as pore water.

4.5.3 Recommendations

Key findings that have practical application are as follows:

1) The depth of active oxidation zone varies between 1.5 and 5 m in depth with 
an average value of around 4 m. This suggests that, in the absence of more 
site-specific data, geochemical prediction assessments for tailings dams 
should consider the active oxidizing layer to be around 4-m thick. A further 
approximately 4 m of depth marks the active oxidation front;

2) Oxygen diffusion depth correlates very well with the actual observed active 
oxidation front and it is recommended that where a higher degree of confi-
dence in the results of the prediction are required, oxygen diffusion measure-
ment be undertaken to determine the depth of oxidation front;

3) It is expected that in 10–20 years, most TSF would have established an active 
oxidation zone of around 4m thickness. Variations in this depth are more 
likely to be linked to physical properties such as particle size distributions 
and chemical composition (e.g., available sulfides) than to TSF age after 
decommissioning.
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Abstract
South Africa like many other countries has a water shortage. It is feared that the demand for water 
is already equal to the supply, and yet daily millions of liters of wastewater and brines are gener-
ated in various processes. The wastewater and brines can be a source of potable water and other 
valuable products like pigments and important salts. This chapter reviews technologies that have 
been used to treat various streams of wastewater such as neutralization technologies used in treat-
ing acidic mine water to new and emerging technologies which are now being commercialized to 
recover potable water and valuable products from various types of wastewater. The emerging tech-
nologies include the reverse osmosis (RO)/cooling process which uses RO and cooling techniques 
to treat brines and other wastewaters to recover drinking water and pigments. In the review, each 
of the technologies in the spectrum is reviewed with a discussion of the equipment and methods 
used in the process. The advantages and disadvantages of each technology are described. Also 
included in the discussion are case studies of where the technology has been applied. Concluding 
with a review of emerging water treatment technologies, emphatically illustrates that wastewater 
streams should be viewed as opportunities to recover saleable products and not as a threat to the 
environment.
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5.1 Introduction

5.1.1 Formation of Acid Mine Water

South Africa is known as a water scarce country. Various studies already indicate that the 
demand for water is already equal to the supply. These limited water resources are fur-
ther polluted with mine water and poorly treated sewage. Mine water pollution is widely 
debated in the media locally and globally and mine water increases the mineralization 
of surface and groundwaters in some areas. It poses a health risk where water users are 
exposed to high metal concentrations over time. The environment becomes more polluted 
despite the fact that (i) South Africa has extensive legislation in place, (ii) large investments 
are made in Research and Development and construction of full-scale treatment plants, 
(iii) Environmental Impact Assessment studies are carried out, and (iv) despite mine water 
amounting to only 3.4% of the surface water.

Mine water typically contains the following components: acid, iron(II), several 
metals, and dissolved salts [27]. Acid mine drainage (AMD) formation is caused by 
the contribution of the following events: (i) oxidation of pyrite in the ore strata aided 
by bacterial action resulting from dissolved oxygen in the ingress water contacting 
exposed, pyrite containing rocks within the mining strata and producing acid, Fe(II), 
sulfate, and other dissolved salts; (ii) partial neutralization of acid because of natural 
alkalinity occurring in the mined and broken rock environments; and (iii) repeated con-
tact of pyrite-rich rock with water and oxygen as the water level fluctuates on account 
of pumping at a constant rate and water being recharged in proportion to seasonal 
rainfall [27]. Depending on the amounts of exposed natural alkali present in the ore 
strata that contribute to full or partial neutralization, mine water can be classified into 
three groups: (i) acid mine water (pH < 5.6), largely rich in H+ and Fe2+; (ii) Ca2+/Mg2+ 
rich mine water, where calcite or dolomite in the ore strata is sufficient to neutralize 
the protons; and (iii) Na+-rich mine water. Reaction 5.1 shows the reaction for pyrite 
oxidation.

 4 FeS2 + 15 O2 + 14 H2O → 4 Fe(OH)3 + 8 H2SO4 (5.1)

5.1.2 Water Volumes

The users who are downstream of the pollution source are commonly affected by compro-
mised water quality. For Mpumalanga, it was calculated that 44,000 m³/d of mine water 
was discharged into the Upper Olifants River Catchment in 2000 [1]. It was estimated that 
it would increase to 131,000 m³/d by 2020. The volume of AMD discharged in Gauteng 
amounts to 350,000 m³/d. This is only 3.4% of the total volume of river water in the region 
(Table 5.1). The percentage will even be less if mine water is allowed to raise to higher 
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water levels before it is pumped to surface. The individual figures for mine water that is 
discharged into the two main rivers, the Vaal and Crocodile Rivers, amounts to 3.0% and 
4.6%, respectively. Thus, since mine water amounts to only 3.4% of the surface water, a cost 
comparison is needed for desalination of the mine water versus complete prevention of 
mine water discharge into rivers. Methods such as forced evaporation and irrigation or one 
of these should be considered in combination with treatment of the residual leachate. In 
the controlled release of mine water, better quality water can be used to dilute the increased 
salinity of river water following mine water discharge. Up to seven times more good quality 
water, compared to the mine water, is used for dilution. It may be more cost-effective to 
keep surface water free from the mineralized mine water through forced evaporation or 
irrigation plus treatment of the residual water or leachate than to desalinate mine water.

In Mpumalanga, three mine water desalination plants are in operation [2]. The plant in 
eMalahleni was designed for treating 25,000 m³/d of mine water and has been expanded 
to 50,000 m³/d. The capital cost of the first phase amounted to R 400 million and the sec-
ond phase to R 500 million with a water recovery of 99%. A second desalination plant was 
constructed at Optimum Colliery with a capacity of 15,000 m³/d at a cost of R 800 million. 
Pilot studies in place are focused on treatment of the brine that is generated. A third plant 
was commissioned in 2015 at Middelburg Colliery with a capacity of 25,000 m³/d. At a 
running cost of R 15/m3, the annual running cost amounts R 493 million. A large portion 
of the 75,000 m³/d treated mine water that is treated at eMalahleni and Optimum is sold as 
drinking water, and a smaller portion is used by the mine. The balance is discharged into 
the Olifants River.

5.1.3 Legislation

Mey and Van Niekerk have summarized the mining-related legislation in South Africa 
[3]. The Minerals Act (Act No. 50 of 1991) has specific stipulations for environmental 
management of mines as per the Environmental Management Program Reports (EMPR). 
In 2002, the Minerals and Petroleum Resources Development Act No. 28 (MPRDA) was 
introduced, which requires a comprehensive Environmental Management Plan (EMP) 
that includes public participation and financial allowances for post-closure environmental 

Table 5.1 Volume of mine water produced in Gauteng and Mpumalanga [2]. Flow in m³/d.

River Basin Mine water
Mine water 
(sum) River water

Mine water/ river 
water (%)

Vaal Central   82 242 10,800 2.24

Eastern 110

Far Western 150

Crocodile Western   40   40      650 6.15

Olifants Mpumalanga 200 200   2,728 7.33

Total 282 14,178 3.40
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and water liabilities. In addition, the National Water Act (Act 36 of 1998) (NWA) makes 
provision for issuing of licenses by the regulator for the different water uses. Finally, 
the National Environmental Management Act (Act No 8 of 2004) (NEMA) stipulates 
the activities requiring a full Environmental Impact Assessment (EIA). The National 
Environmental Management Waste Act (Act 59 of 2008) addresses the fragmentation in 
waste legislation. Although the legislation in place is of world standard, certain adjust-
ments need to be made for it to be more practical. EIA studies and the approval required 
for the construction of water treatment plants are time consuming. Each application 
needs to be considered by the authorities that lack manpower resources and experience. 
Delegation of responsibilities to the industry could result in low-cost solutions that can 
be implemented by each party.

5.1.4 Government Initiatives

The Expert Team of the Inter-Ministerial Committee on Acid Mine Drainage who, in 2010, 
investigated mine water issues, proposed, among other actions, that the AMD associated 
with mining on the Witwatersrand be managed as follows: (i) pumping facilities should 
be installed in each of the Gauteng mining basins to keep the rising water levels below 
the Environmental Critical Level; (ii) neutralize excess mine water in the short term; and 
(iii) desalinate excess mine water in the medium to long term [4].

The Trans-Caledon Tunnel Authority (TCTA) has been appointed by the Department 
of Water Affairs and Sanitation (DWAS) to implement neutralization and manage the 
processes needed for the neutralization of the water in the Western, Central, and Eastern 
Basins [5]. Treatment using limestone for neutralization of acid, followed by lime addition 
for the removal of iron(II) as Fe(OH)3 and other metals, has been carried out. Detailed 
studies of the waters from the Witwatersrand mining basins have predicted that the costs of 
installing AMD neutralization plants in the three basins will be around R 924 million [6], 
based on the most cost-effective solution [7]. Using proven technology, the High-Density 
Sludge (HDS) process was recommended for neutralization and reverse osmosis (RO) for 
desalination. No attention was given to disposal of resulting brine and sludge. For treatment 
of 212,000 m³/d of mine water in South Africa (Western Basin: 30,000 m³/d; Central Basin: 
72,000 m³/d; Eastern Basin: 110,000 m³/d), the capital cost will amount to R 10 billion and 
the annual running costs to R 2.7 billion [8]. The environment will benefit very little if only 
e.g., 50% of the mine water is desalinated. All mine water has to be desalinated to benefit the 
environment in the long term. It is therefore important that the most cost-effective technol-
ogy or method be identified that will prevent mineralization of surface water as a result of 
the discharge of mine water.

Several locally developed and imported treatment technologies are available. The most 
appropriate technology will be project specific. Various factors, including life cycle costs, 
incoming water quality, waste generation and management, environmental aspects, project 
associated risks, regulatory aspects, interested and affected party buy-in among others will 
influence the selection of the most appropriate technology. All the precipitation treatment 
processes rely on chemical precipitation through the production of sparingly soluble salts to 
remove unwanted components from the mine water. The precipitation treatment processes 
are generally only effective at removing multivalent ions from water and elevated concen-
trations of sodium or chloride cannot be removed.
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5.1.5 Required Criteria

The ideal treatment configuration for mine water treatment should meet the following 
criteria:

• Water quality: Water of drinking water quality needs to be produced. Even 
when treated water is discharged into public streams, legislations require that 
the Total Dissolved Solids (TDS) need to be less than 750 mg/L.

• Zero waste: Tenders from the mining industry requires that brine and sludge 
need to be removed from the mining site. New legislation requires that liquid 
that is disposed at waste disposal sites should have a maximum water content 
of 40%.

• Easy approval of EIA studies: If the two above criteria are met, the EIA 
approval process is much easier than when not met. If these criteria are not 
met, the EIA process can take more than a year.

• Minimum treatment cost: The mining industry deals with high production 
cost. Treatment cost needs to be minimized by selecting a technology with 
lowest cost, if possible, it should generate income to offset the cost completely 
or partially.

• Water utilization: Treated mine water should be utilized to justify the cost of 
treatment, rather than to discharge purified water into public streams with 
contaminated water.

• Job creation: South Africa has a high unemployment rate of 30%. Job losses in 
the mining industry have contributed to this. The mining industry has access 
to large areas of land, 400,000 m³/d of excess water and labor. By using puri-
fied water for crop production, the need or job creation and food production 
will be met.

• It would be preferred that local labor and local technologies are used.
• If saleable products can be produced, this reduces costs and can address 

chemical imports/exports trade deficits.

5.2 Neutralization Technologies

5.2.1 Neutralization Using Lime

5.2.1.1 Conventional Treatment With Lime

Lime is used to treat AMD for the neutralization of acid and subsequent metal removal. 
Gypsum is formed in the process when the sulfate concentrations exceed the gypsum sol-
ubility product. Due to the low solubility of gypsum, partial sulfate removal is achieved 
between 1,500 and 2,500  mg/L. The solubility of the gypsum, apart from temperature, 
depends on the composition and ionic strength of the solution [9].

The low-density sludge (LDS) process (Figure 5.1) that allows for mixing of AMD and 
lime and has provision for functions such as mixing, aeration, and removal of solids, but 
the settling rate of the solids is slow, the sludge is bulky and problematic to dispose of [10].
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5.2.1.2 High-Density Sludge Process

The recycled sludge or high-density sludge (HDS) process was developed by the Bethlehem 
Steel Corporation (USA) and published in 1970 [11]. In this process (Figure 5.2), a part of 
the settled sludge is initially mixed with the AMD being treated, followed by the addition 
of lime. Due to the “seeding” effect, a denser sludge is produced [10] and the HDS process 
consists of the following stages [9].

• pH correction/sludge conditioning;
• Neutralization/aeration, and
• Solid/liquid separation.

The pH correction phase is done in a reaction tank by lime addition and a sludge con-
ditioning tank where the recycled, settled sludge coming from the settling tank underflow 

Lime

Air

Neutralisation/aeration tank

Acid water

Clarifier

Neutralised
water

Settled sludge

Figure 5.1 Low-density sludge (LDS) treatment process for acid water neutralization [9].

Lime
Acid water

Reaction tank
pH correction

Air

Neutralization/aeration tank

Clarifier

Neutralized
water

Settled sludge
Return sludge

Figure 5.2 The high-density sludge neutralization process for AMD treatment [9, 11, 12].
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and the lime solution addition flow. Addition of lime in the pH correction stage results in 
the final treated water having a pH of around 8. The conditioned sludge from the pH cor-
rection stage is allowed to flow into the neutralization and aeration tank, which also serves 
as a mixer that keeps the solids in suspension, mixing the conditioned sludge with the mine 
water entering the tank. It also serves to aerate the tank contents resulting in the oxidation 
of ferrous iron. After the neutralization and oxidation, the tank effluent overflows into the 
clarifier where sludge can settle and separated from the liquid. A poly-electrolyte solution 
can also be added to the clarifier to initiate and promote flocculation. The oxidation stage 
of the HDS process also serves to oxidize metals, including oxidation of Fe(II) to Fe(III) 
at around pH 7.2, Mn (II) to Mn(IV) at a pH > 9 or precipitate others such as manganese 
hydroxide (pH > 11) or aluminium hydroxide (pH 6.5) [13].

Precipitation of metals in the HDS process results in an excess of alkalinity (50–100 mg/L 
as CaCO3), especially when there are high lime dosages. A gelatinous sludge is formed, 
which does not settle easily, even when polyelectrolyte polymers are added to aid precipi-
tation. To produce large sludge particles, recirculation of a portion of the settled sludge is 
carried out [11] and this leads to improved sludge settling [14].

The HDS process has the following advantages over the conventional LDS neutralization 
process [11, 12]:

• Sludge, which is denser, in fact up to 10 times higher than that obtained in 
the LDS process is generated and consequently less demanding sludge drying 
operations are required.

• Because the sludge settles faster, a smaller clarifier can be used leading to a 
cost saving on the clarifier of approximately 38% [9].

5.2.2 Limestone Neutralization

Gunther et al. reported on the first full-scale implementation of the integrated limestone 
neutralization in South Africa [15] at the Landau Colliery, Anglo Coal in 2001, where lime 
neutralization with the HDS process was replaced with limestone with the aim to save on 
alkali cost [15]. Limestone was previously not considered as an effective alkali due to its lim-
ited solubility and armouring rock limestone particles, which resulted in poor utilization of 
the limestone [16].

In the limestone neutralization and iron(II) oxidation process, powdered limestone is 
used for neutralization [17], which is achieved by contacting the powdered CaCO3, a high 
sludge addition and oxygen at pH 5.5 or higher. By this procedure, precipitation of, e.g., Fe3+ 
and Al3+, and gypsum occur in one reactor. Additionally, in a processing facility, limestone 
slurry can be added to neutralize acid leachate from unwashed coal. In the Landau Colliery, 
lime was not used. Instead, powdered limestone was employed, that lowered the neutraliza-
tion cost by 55% to R 4.5 million/a [15]. Mass balance modeling was used to optimize the 
treatment process. Other aspects that were investigated included: (i) a novel, robust lime-
stone handling and dosing system was devised where powdered, waste limestone from the 
paper industry was slurried to a constant density, and (ii) a load cell–based density meter 
was used to control the limestone slurry density [17].
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5.2.3 Limestone Handling and Dosing System

Landau Colliery uses two limestone make-up and dosing units (Figure 5.3). The first is at 
the Navigation Plant that contributes up to 50 t/d. The second is at the Kromdraai open-cast 
mine that supplies up to 30 t/d. The units consist of inclined concrete slabs, slurry tanks, 
and recycle pumps. Spray nozzles, load cell density control systems, and pumps make up 
the lime slurry transfer system (Figure 5.4). The flat concrete slab at an angle of 3° was 
replaced with a V-shape concrete structure. This offers the benefit that limestone only needs 
to be slurried at the bottom of the V and the limestone higher up in the dump will fall to the 
bottom of the V as limestone is slurried away [15].

The control philosophy is as follows: Limestone is loaded onto the inclined V-concrete 
slab and is slurried (5–15% solids) by a waterjet, the direction of which is determined by the 
density of the slurry which is monitored continuously using a density meter. When the slurry 
reaches a density less than a set value, the water-jet is directed onto the limestone-dump. 

Figure 5.3 Limestone handling and dosing system at Navigation Section of Landau Colliery.

Figure 5.4 New V-shape limestone storage system at Sibanye Gold Mine.
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Additionally, when the density of the slurry is at a further set value, the waterjet is directed 
onto the lower part of the slab where the slurry is allowed to enter the limestone-slurry 
make-up tank without slurrying additional limestone. An automatic valve, linked to a level, 
controls the level of lime slurry in the make-up tank. A stone trap between the slab and 
the slurry make-up tank is used to remove any stone and grit in the powdered CaCO3. 
Limestone slurry from the make-up tank is transferred via pumps to the various points of 
application [15, 18].

The in-line density meter controls the density by using a load cell to measure the mass 
of a specific volume of slurry (side stream off the recycle line) that flows through the pipe. 
A pneumatically controlled spray system has a density meter, which, as required, directs 
the nozzles to spray onto the limestone. The load unit is equipped with a digital readout 
displaying the mass of the density cell that is able to be calibrated. It can be zeroed when the 
cell is empty and can be calibrated at a density of 1 kg/L when filled with clear water. During 
normal operation, it provides readouts of the density of the actual slurry flowing through 
the cell. The density meter is pre-set to activate or stop a control-unit at pre-determined 
high or low values [15].

Initially, limestone was dosed to replace lime, in June 2001, at the Navigation Plant. 
Thereafter, it was also implemented during June 2002 in the coal processing plant at 
Navigation and at the Kromdraai Liming facility, during January 2003, to replace lime com-
pletely [15]. The chief aim of the Navigation Liming Plant is to supply neutralized, make-up 
water to the coal processing facility. The feed water to the liming facility has a pH of ≈3, 
an Fe(II) concentration of about 50 mg/L as Fe2+, an acidity of approximately 380 mg/L (as 
CaCO3), and a flow rate of around 5,000 m³/d. The average acid load amounted to ≈1.9 t/d 
(as CaCO3). Over the 12-month trial period, the average limestone usage mounted to 
2.2 t/d. The over dosage amounted to a low 0.3 t/d.

5.2.4 Utilization of Alkali in Mine Water for Removal of Iron(II)

Mine water with a low Fe2+ concentrations is normally treated with lime and aeration for 
Fe2+ removal, resulting in high sludge volumes due to CaCO3 and ferric hydroxide precip-
itation. Mohajane showed that hydrogen peroxide can be used for removal of Fe2+ from 
alkaline mine water [19, 20]. It was found that by dosing hydrogen peroxide in a mole 
ratio of 1:1, Fe2+-concentrations decreased from 120 mg/L to 0.1 mg/L, total acidity from 
200 mg/L to zero, alkalinity from 300 mg/L to 50 mg/L, and the pH was raised from 5.6 
to 7.6 by stripping. The drop in acidity was due to Fe2+ oxidation and precipitation and the 
drop in alkalinity due to CaCO3 precipitation. The benefits associated with hydrogen per-
oxide treatment compared to the conventional lime/aeration treatment include less sludge 
production and lower chemical costs.

5.2.5 Modeling

After the limestone neutralization process was successfully implemented by Anglo Coal at 
Navigation Section of Landau Colliery, gypsum scaling in the coal washing plant was still 
a problem due to high sulfate concentrations of up 11,500 mg/L in selected streams prior 
to neutralization. Modeling was used to predict the effects on gypsum scaling of various 
treatment strategies [21].
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The toe-seep water, with an acidity of 12,000 mg/L (as CaCO3) and 12,500 mg/L sulfate, 
was found to be the next water to focus on as part of the overall water management strat-
egy. A modeling procedure was employed to seek to estimate the following: (i) the degree 
of gypsum precipitation taking place within the prevailing systems in the Navigation lim-
ing and in the coal processing units; (ii) the effect of gypsum precipitation on the gypsum 
saturation index following separate and joint treatment of the waste coal dump toe-seep 
wastewater and the less polluted water-streams treated in the current Navigation liming 
unit; (iii) the effect of gypsum precipitation on the properties of the effluent from the coal 
processing facility, when a side-stream of the main stream from the lime-thickener to the 
coal processing unit, is treated; (iv) the additional sulfate concentration lowering required 
to ensure that the water in the coal processing facility is not over-saturated with gypsum, 
(v) the amount of sulfate that would precipitate by pre-washing the acid coal and (vi) the 
capital and running costs associated with different treatment alternatives [15].

A mass-balance model was developed with respect to water-flow and chemical species, 
and making provision for the following stages of the water network system which included: 
(i) the existing Navigation Liming Plant, (ii) the new gypsum precipitation facility located 
subsequent to the existing Navigation Liming Plant, (iii) the new toe-seep treatment facility 
that, includes or excludes gypsum precipitation, (iv) the biological sulfate removal plant, 
(v) the coal processing plant, (vi) the sludge disposal site, and (vii) the dumping site for 
discarded fine coal and coal discard [15].

The parameters into the modeling software included the following: (i) five flow-rates 
each from the liming unit, toe-seep to the discard leachate neutralization plant, from the 
sulfate removal unit, from the thickener underflow to remove dump and penstock return 
water; (ii) the chemical compositions of three feed waters including that to the liming unit, 
to the toe-seep unit and penstock; (iii) the composition of the treated water following sul-
fate removal; (iv) the amount of sulfate removal through gypsum precipitation where this 
occurs, i.e., at the discard dump and the coal processing unit and precipitation treatment 
facilities; and (v) the amounts of alkali used in the liming plant and the coal processing 
facility [15]. The output parameters were as follows: flow rates, chemical compositions, and 
gypsum saturation of all other streams, and the estimated capital and operating costs.

The model depended on the following parameters: (i) the steady-state equilibria at each 
point; (ii) ionic balance, i.e., the mole equivalents of the cation concentrations, acidity, 
iron(II), iron(III), calcium, and magnesium concentrations being the same as those of the 
anion present, i.e., sulfate; and (iii) the over saturation index (OSI = [SO4]solution/[SO4]equilibrium) 
where [15]:

 [SO4]equilibrium = 1,500/48 + [Mg2+] (determined empirically) (5.2)

The process flow-diagram used for the spreadsheet-based model included the following: 
Feed-waters and various plants/sites, i.e., limestone neutralization reactor, coal washing 
plant, coal discard dump, and desalination plant. The following treatment alternatives were 
evaluated: (i) the current situation, (ii) joint treatment of toe-seep coal mining water and 
less contaminated streams, (iii) separate treatment of toe-seep water and less contaminated 
streams, (iv) gypsum precipitation in water from the coal processing facility, (v) tertiary 
sulfate removal, and (vi) pre-washing water [15].
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It was determined that gypsum precipitation in the liming and coal processing facilities 
amounted to 30% and 60%, respectively. During separate treatments of toe-seep, coal dis-
card leachate water and the liming unit, the capital cost for a neutralization/gypsum pre-
cipitation unit was estimated to be R 3.0 million, relative to R 10.3 million when combined 
treatment is applied. Only slightly less gypsum precipitation takes place during separate 
treatment, i.e., 8.9 t/d against 9.5 t/d. Gypsum crystallization from the wastewater in the 
coal processing facility is a less effective way for controlling the SI that can be controlled at 
OSI = 1 by treating the feed wastewater to the coal processing unit for sulfate precipitation 
and subsequent removal. A flow rate of about 222 m3/h requires treatment for precipitation 
and removal of sulfate to around 350 mg/L to yield an OSI of 0.98 (which is <1). The capital 
cost of a 222 m3/h biological sulfate removal unit was estimated at about R 21.8 million and 
the running cost at R 4.10/m3. Pre-washing of the coal will lower costs [15].

5.2.6 Lime/Limestone Neutralization

5.2.6.1 Description of the Process

In the integrated limestone and iron(II)-oxidation process, concomitant oxidation of 
iron(II) occurs when limestone is used for neutralization [22, 23] (Figure 5.5). Powdered 
limestone is used in this process to promote iron(II)-oxidation at a pH of about 5.5, neu-
tralization of acid in the mine water, metal precipitation (e.g., Fe3+ and Al3+), and gypsum 
precipitation in one reactor. The novelty of this system consists in the conditions that were 
identified where associated iron(II) oxidation is promoted at a pH of about 5.5, by the dos-
age of powdered limestone in the presence of air. Limestone is a comparably cheap alkali 
and is used for neutralization of the bulk of the acid, producing CO2 which is stripped 
off by aeration and transported to the third stage. Lime is then used in the second stage 
for the precipitation of magnesium and other metals as their sulfates. The solubility prod-
uct of gypsum governs the degree to which sulfate precipitates from solution. The CO2 
produced in the first phase leads to CaCO3 precipitation in the third phase. This precipi-
tation occurs at pH 8.3, and the CaCO3 produced has high purity and can be sold as a by- 
product or recycled to the first phase of this process to augment the powdered limestone 
addition [23]. This process has several benefits including: (i) the treated effluent water is 
not saturated with gypsum and (ii) if the feed water contains Al, then sulfate precipitation 
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Figure 5.5 Setup for lime/limestone neutralization treatment process [9].
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is not only achieved through gypsum crystallization, but also through ettringite formation 
(3CaO.3CaSO4.2Al2O3) which precipitates in the pH range 11.3–11.4 [9].

The equipment used in this process consists of cheaper mixed or aerated reactors, fol-
lowed by clarifiers. There are several system configurations, and each has advantages and 
disadvantages peculiar to that configuration. The limestone/lime process is a robust and 
proven process but usually fails to meet the legal treated water quality standards for dis-
charge into a river or the re-use of the water. The treatment also produces large volumes of 
mixed precipitated sludge that requires long-term disposal. This treatment process can be 
used for the metal removal pre-treatment step in several desalination processes, such as RO 
or ion-exchange desalination [9].

5.2.6.2 Removal of H2SO4, Fe3+, and Al3+ with Limestone

The cost of the three projects amounted to R 2.5 billion [24]. The construction cost of the 
plant in the Central Basin amounted to R 319 million and was operational by August 2012 
[25]. The cost of the plant in the Eastern Basin was estimated at R 950 million and was 
operational by December 2015 [24]. In the Western Basin, it was decided to upgrade the 
existing neutralization facilities. The Trans Caledon Tunnel Authority (TCTA) elected to 
use proven technology that treats AMD with limestone for neutralization of acid, followed 
by the addition of a small amount of lime for removal of iron(II) and other metals (pers. 
comm. A. van Niekerk, 2011). The projects made provision for pumping of mine water to 
the environmental critical levels (ECL) of 165, 168, and 290 m for the Western, Central, and 
Eastern Basins, respectively [25, 26]. Ten specialized submersible pumps (double suction, 
2400 kW, 6600 V, 50 Hz) were installed in the three Basins to pump water to the ECL [27]. 
Two were installed in the Central Basin, three in the Eastern Basin, and two in the Western 
Basin, while two were placed on standby. A tenth, smaller pump was initially installed in the 
Western Basin. The cost of two large pumps amounted to R 60 million [25].

Grab samples showed the water quality of the main parameters of the feed water, after 
pre-treatment with limestone and final treatment after lime treatment and gypsum crys-
tallization (Table 5.2). As can be seen, the acidity was slightly lowered during the pre- 
neutralization with limestone (2,500 to 2,368 mg/L as CaCO3), iron(II) is removed during 
lime addition and sulfate is removed from 3,630 mg/L to less than 1,900 mg/L owing to gyp-
sum crystallization. This water has no metals remaining in solution at potentially toxic con-
centrations and can be discharged safely into the environment. The lime dosage amounts to  

Table 5.2 Chemical composition of feed and treated water from the Central Basin neutralization 
plant (sampling date 2014-08-15).

Parameter Feed Pre-treated Final

pH 5.2 5.3 9.3

Acidity (mg/L CaCO3) 2,500 2,237 –

Iron(II) (mg/L Fe) 949 894 <1

Sulfate (mg/L SO4) 3,630 3,559 1,867
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1,391 mg/L and consumption for treatment of 83,000 m³/d amounts to 4,485 t/month. At a 
price of R 2000/t, the lime cost amounts to R 9 million per month or R 3.55/m3 (1 August 
2015).

5.2.6.3 Removal of H2SO4, Fe3+, Al3+, and Fe2+ with Limestone

The research conducted by the Tshwane University of Technology (Department of Water, 
Environmental and Earth Sciences) revealed that limestone could be used for the total 
removal of iron(II) in about 90 min reaction time following which lime could be used for 
the complete removal of the remaining metals [28]. The conclusion reached was that the 
cost of alkali for AMD treatment in the Western Basin was estimated at R 5.83/m3 (2002 
cost figures), compared to an estimate of R 80/m3 AMD if lime is used for both stages.

5.3 Chemical Desalination

5.3.1 SAVMIN

The SAVMIN™ process involves the removal of metals and sulfate at ambient conditions 
from contaminated mine water (pers. comm. M. van Rooyen, 2015). The process can pro-
duce a product stream that meets the standards for drinking water and comprises four 
stages (Figure 5.6): Stage 1: Metal precipitation, Stage 2: ettringite precipitation, Stage 3: 
Carbonation, and Stage 4: Recovery of aluminium hydroxide via ettringite decomposition.

In the first stage of the SAVMIN™ process (metal precipitation), AMD is treated with 
lime to raise the pH to a value between 10 and 11.5. Gypsum as well as (semi-)metals, as 
metal hydroxides, are precipitated during this stage. The combined metal hydroxides and 
gypsum solids are separated from solution and leave the process as waste. Further treatment 
of the metal hydroxides and gypsum solid waste material might be required; however, this 
does not form part of the SAVMIN™ process. In some cases, this waste might be dumped 
in a properly lined hazardous waste disposal site. In Stage 2, the pH is raised further and 
aluminium hydroxide is added to the gypsum-saturated solution from Stage 1, which 
results in the removal of calcium and sulfate by the formation of ettringite (3CaO.3CaSO4.
Al2O3.31H2O). The overflow solution is treated with carbon dioxide in Stage 3 to lower the 
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pH and cause the precipitation of calcium carbonate, which is then separated from the 
treated water. The calcium carbonate can either be collected as a by-product or disposed of 
as waste. The solution from Stage 3 is the product: clean water obtained from the SAVMIN™ 
process. The final stage 4 of the process consists of the recovery of aluminium hydroxide 
via ettringite decomposition. Sulfuric acid and make-up aluminium sulfate are added to 
the ettringite slurry (underflow from Stage 2) to decrease the pH of the stream to a value 
between 6.0 and 9.0. Aluminium hydroxide precipitates, together with gypsum, which ulti-
mately reports to the solids. The recovered aluminium hydroxide is separated from the gyp-
sum solids and recycled to Stage 2. The “clean” gypsum is recovered as by-product or waste 
and the overflow, saturated in gypsum, is recycled to Stage 1. Trial studies at the Stilfontein 
mining facility in South Africa successfully treated 500 m3 of water with a sulfate concen-
tration of 800 mg/L to below 200 mg/L.

5.3.2 Barium Sulfate Treatment Process

The precipitation of sulfate using barium carbonate was demonstrated by Norris [29] and 
later by Trusler [30] and others [30–33] who showed that BaCO3 can be used for sulfate 
removal. This process is based on the following, simplified reaction:

 BaCO SO3 4
2(s) + −  → BaSO CO4 3

2(s) + −  (5.3)

Wilsenach demonstrated that the high cost of the method could be dealt with by reclaim-
ing BaCO3 through the roasting of barite (BaSO4) to form BaS and purging an aqueous 
solution of BaS with CO2 for BaCO3 to be formed [31]. When magnesium is present in 
the water, it is removed by lime dosing. The high solubility of MgCO3 lowers the extent of 
dissolution of BaCO3 and lime dosing results in CaCO3 precipitation which leads to higher 
Ba2+ concentrations in solution.

The slurry from the reactor is pumped to a thickener tank where treated water is removed 
and recycled in the mine and associated process operations (Figure 5.7). The thickened 
slurry is filtered, dried, and processed to reclaim barium carbonate and harvest the sulfur 
from the H2S produced. In an improvement of this process by [32], a two-stage fluidized 
bed reactor system was designed to deal with the low reactivity of BaCO3. However, a weak-
ness of this process is that CaCO3 and BaSO4 are mixed and should be separated before or 
after the kiln stage [9, 34]. BaS has been demonstrated to be a suitable alternative to BaCO3 
[34, 35]. Hydrogen sulfide that forms is stripped from the treated water and the H2S gas that 
is removed can be reacted with Fe3+ to recover sulfur (Figure 5.8).

Dosing of the AMD with BaCO3 leads to sulfate removal but this can also be achieved 
by dosing Ba(OH)2 [36–39], thus eliminating the necessity for elaborate water treatment 
with the BaCO3 or the BaS processes. In this case, no long retention times are needed as 
in the BaCO3 process, and no stripping of H2S as in the BaS process. Barium compounds 
are expensive and environmentally toxic and it is economically favorable to have a barium 
recovery plant for reclaiming of barium salts [9]. Sulfate can be precipitated from solution 
using any or all of the three barium compounds, BaS, BaCO3, and Ba(OH)2, from unac-
ceptably high concentrations to within regulatory standards. AMD streams can be directly 
treated using BaS and/or Ba(OH)2, although in practice lime treatment is required for such 
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solutions to prevent metal hydroxide sludge being mixed with BaSO4 sludge. The Ba(OH)2 
process also removes Mg and NH3 and thus the TDS concentrations are lowered including 
concentrations of deleterious elements such as Mn, Al. A benefit of this treatment process 
is the recovery of saleable by-products and these products can be used to offset the costs of 
treatment. The BaCO3 and BaS processes have the capacity to produce sulfur, NaHS, and 
CaCO3 on a commercially viable scale [9].

The processes at the wastewater treatment site require a completely mixed reactor, clarifier, 
and sludge drier. Thus, the process required for desalination treatment with BaCO3 bears sim-
ilarities to the neutralization process. BaCO3 dosage is stoichiometrically linked to the sulfate 
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that should be removed and thus the process control becomes easier. Barium sulfate which is 
produced is environmentally safe owing to its low solubility. The raw material, BaCO3, has a 
low solubility and would have negative health effects, and consequently, an over dosage of bar-
ium carbonate should be avoided. To achieve this, sulfate should not be precipitated to less than 
100 mg/L. At the treatment site, the normal safety procedures must be observed as stipulated 
by law and dangerous chemicals such as barium sulfide and hydrogen sulfide dealt with [9].

In the Alkali-Barium Calcium™ (ABC) process, barium sulfate precipitation occurs 
(Figure 5.9) [32, 39]. The BaSO4 and CaCO3 contained in the sludge are separated and 
removed from the mainstream process. This is done by drying the sludge followed by pro-
cessing it for recovery of BaCO3, CaCO3, and sulfur or H2SO4. The recovered barium car-
bonate can be re-used in the AMD treatment plant at a profitable price while the other 
chemicals can be marketed to other users. The ABC technology was proved to be viable in 
a 1 m3/h pilot plant at Harmony Gold Mine (now Sibanye Gold Mine) on the West Rand, 
Gauteng during 2007/8 (Figure 5.10) [9, 32].

Overall, the TDS concentration decreased from 2,641  mg/L in the feed water to 
360 mg/L in the treated water (Table 5.3) [38–40]. When treating with CaCO3, the acid-
ity of about 370 mg/L (as CaCO3) was removed as shown by the pH increase from 3.3 to 
5.8 and iron(III) and aluminium(III) concentrations decreased to below 1 mg/L. During 
pre-treatment with CaCO3, Ca(OH)2, or CaS, bivalent metal concentrations (e.g., Fe, Ni, 
and Co) decreased below 0.5 mg/L, and the Mn concentration below 4 mg/L. The following 
low solubility products for the various metal sulfides explain this: FeS (17.3), MnS (14.96), 
and NiS (20.7) [41]. During lime treatment, the magnesium concentration was lowered 
from 145 to 1 mg/L and the sulfate concentration from 1,910 mg/L to between 1,600 and 
1,900 mg/L. Mn concentration was also reduced to less than 1 mg/L during lime treatment. 
During BaCO3/CO2 treatment, the pH decreased from 11.5 to 8.4. Ca2+ concentration was 
lowered to about 75 mg/L due to CaCO3 precipitation. During BaCO3 treatment, the sulfate 
concentration was lowered from about 1,600 to around 10 mg/L.
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The low solubility of BaCO3 allows the Ba2+ ions in solution to react with SO4
2−. The dis-

solution of BaCO3 can only continue to release Ba2+ if the CO3
2− that is produced is precipi-

tated from solution as CaCO3. In order to obtain rapid removal of sulfate, it is necessary to 
dose excess BaCO3. This was facilitated using a fluidized-bed reactor. Sulfate-rich water was 
pumped through a bed of BaCO3 and in contact with high concentrations of excess BaCO3, 
to form BaSO4 and CaCO3. This was continued until the BaCO3 in the bed was exhausted 
followed by dosing with fresh BaCO3. Further studies showed that a reactive BaCO3 can be 
produced when BaCO3 is forced to precipitate in micro fine crystals.

5.4 Membrane Processes

5.4.1 Reverse Osmosis

Membrane processes use a physical membrane barrier to help separate the charged ions 
from the clean water, producing two effluent streams, one with low dissolved solids concen-
tration and the other with a high dissolved solids concentration. Pre-treatment for RO often 
involves limestone and/or lime dosing and aeration for the neutralization and oxidation of 
the mine water and the removal of metals. This is then followed by stringent filtration using 
either sand filtration and cartridge filters, or ultra-filtration, before the main RO step. The 
RO phase is a proven technology for the removal of dissolved solids from brackish or saline 
feed waters and it passes pressurized water in a parallel stream through a semi-permeable 
membrane, leaving dissolved ions behind the membrane. RO can retain bacteria, dissolved 
salts, sugars, proteins, particles, dyes, and other substances contained in the feed water with 
a molecular weight greater than 150–250 Daltons.

The potential use of RO is expensive since it can yield water of high quality. This reduction 
in TDS is costly and water recovery is less than ideal. The higher the required reduction in 
TDS concentrations, the more expensive a RO plant becomes. A recovery rate between 50% 
and 80% can be achieved with a single stage RO plant and can be increased up to 95% with 
multiple RO stages, thus reducing the waste brine volume and the cost of brine disposal.

Figure 5.10 Chemical desalination pilot plant at Harmony Gold Mine based on the CSIR ABC™ process.
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Table 5.3 Chemical composition of AMD feed water before and after 
the various treatment stages [32]. Units in mg/L, pH without units, U 
in µg/L, cations and anions in meq/L, sample from 2008-04-09.

Parameter Feed Treated

pH 3.30 7.90

Alkalinity, CaCO3 0 140

Sulfate 1,910 90

Chloride 44.46 49.52

Fluoride 5.40 0.07

Ammonia N 0.76 0.64

Nitrate N 0.41 0.46

Sodium 46.48 53.28

Potassium 4.38 4.80

Magnesium 124.61 0.98

Calcium 205 75

Barium 0.20 0.50

Silicon 11 0.45

Manganese 63.69 0.09

Total acidity, CaCO3 714.16 0.59

Free acidity, CaCO3 370 0.00

Iron(II) 180 0.30

Iron(III) 2 0.00

Aluminium 2.97 0.01

Chromium 0.26 0.00

Zinc 3.20 0.06

Copper 21 0.02

Cobalt 2.05 0.02

Nickel 5.60 0.01

Lead 0.03 0.01

Uranium 465 20

TDS 2,641 360

Σ Cations 41.84 6.35

Σ Anions 41.50 6.24
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Multiple-stage RO can even achieve water recoveries of greater than 99%, depending on 
the feed water quality (Figure 5.11). These high-water recoveries are achieved where the 
feed water consists of predominantly divalent ions that can be precipitated from the preced-
ing stage’s brine before being treated in the next RO stage. Multiple-stage RO systems can 
also have some nanofiltration (NF) membranes to allow monovalent ions to pass through 
the membrane (see section on nanofiltration) and increase the overall water recovery by 
limiting or eliminating the production of brine.

Tubular RO systems, with regular flow direction reversal and cleaning using sponge 
balls, can be used for highly scaling water streams that cannot be treated in conventional 
spiral wound RO systems. The sludge and brine waste streams require long term disposal 
due to the hazardous nature and high concentration of dissolved salts.

5.4.2 NF Technologies

NF bears similarities to RO in terms of having the same pre-treatment expectations and 
waste disposal problems. However, in NF, the waste brine volume is reduced because NF 
effectively only separates the multivalent ions, while monovalent ions pass through the 
membrane. However, it is important to note that a solution with a mixture of monova-
lent and divalent ions such as sodium sulfate, will behave like a divalent salt in solution as 
the retained multivalent salt should remain charge neutral and will therefore not allow the 
sodium ions to go through the membrane. NF is a viable alternative where divalent ions 
like Mn2+ and Mg2+ are the main ionic constituents in the feed wastewater to be treated [9].

5.4.3 High Recovery Precipitating Reverse Osmosis (HiPRO®) Process

Since 2005, three mine water desalination plants were built in South Africa, where RO is the 
main section of the process configuration, to address AMD management needs in the Upper 
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Olifants River Catchment (Figure 5.12). Such needs include preventing pollution of the 
water in the Upper Olifants River and to supply drinking water to Municipalities of Witbank 
and Middleburg [42]. The demand for drinking water increased by 3.5% per annum [43]. 
The first plant was commissioned in September 2007 [44] and thereafter upgraded to treat 
30,000 m³/d [45]. The second plant was commissioned in August 2011 [46] at Optimum 
Colliery with a capacity of 15,000 m³/d and a peak capacity of 18,750 m³/d [47]. Water recov-
ery amounted to 98%. The third plant is currently in the commissioning stage at Middleburg 
Colliery, South 32. The plant has a capacity of 25,000 m³/d. The capital cost of the plant was 
R 750 million, fixed cost of R 8/m3, and variable cost of R 4/m3 (pers. comm. M. Koen, 2015).

Figure 5.12 Typical acid mine drainage; Fanie Nel Discharge, Mpumalanga, South Africa (courtesy Christian 
Wolkersdorfer).
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Keyplan’s High Recovery Precipitating Reverse Osmosis (HiPRO®) Process has three 
stages, each stage having pre-treatment, ultrafiltration (UF), and RO steps (Figures 5.13 
and 5.14) [47, 48]. The treated water produced by each stage is of potable quality and the 
brine of each stage becomes the feed for the next stage. Partial sulfate removal is achieved 
through precipitation of gypsum during lime dosing in the pre-treatment stages. The RO 
stage is mainly used for removal of soluble sodium sulfate and sodium chloride, resulting 
in 98% water recovery. In the pre-treatment stage, limestone is used for the removal of 
H2SO4, Fe3+, Al3+, and Fe2+ (partially) when the feed water has a low pH (eMalahleni plant, 
Table 5.4). Lime is used for removal of remaining Fe2+, manganese, and other metals present 
in low concentrations. Ozone is used for iron and manganese removal at Optimum Colliery, 
where only low concentrations of iron and manganese are present in the feed water. Solids 
are removed in Stage 1 clarifier. An anionic polymer flocculant is dosed to promote solids 
agglomeration. Clarification is followed by sand filtration prior to further treatment via 
UF. Pre-treatment Stages 2 and 3 differ from Stage 1 in the sense that pH is raised to a con-
centration high enough for precipitation of magnesium hydroxide, in addition to gypsum 
precipitation. In the reactors, the formed sludge is kept in suspension with large agitators. 
Hydrocyclones are used to draw off large sludge particles. Small particles in the overflow are 
introduced into the respective Stage 2 or Stage 3 clarifiers while the coarse sludge from the 
underflow of the hydrocyclones are subsequently dewatered by a vacuum belt filter.

UF is the final solids-removal process before RO treatment. Each UF Skid has 38 modules 
in the case of the Optimum plant, run in dead-end mode. In order to remove the entrained 
solids, each skid is regularly backwashed. The backwash water from the Sand Filters and the 
UF’s are collected in the Plant’s Drain Sump and further treated. Antiscalant and sulfuric 
acid are dosed upstream of the UF’s in Stage 1 to prevent scaling of RO membranes with 
gypsum. In the case of Stages 2 and 3 where the water has an elevated pH after pre-treatment, 
antiscalant acid is dosed after the UF’s, as well as sulfuric acid for pH correction.

RO is the final treatment stage, designed for the feed water quality and to meet the 
required water recovery. The CaSO4 saturation of Stage 1 RO feed water amounts to around 

Figure 5.14 Demonstration plant (4.5 m3/h) that was used to demonstrate the HiPRO process at the 
Navigation Section of Landau Colliery during 2004 to 2005 [44].
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90–95%, and the recovery is limited by the CaCO3 scaling tendency. The maximum obtain-
able Stage 1 RO recovery was about 70%, and the design of the Stage 1 RO used NF mem-
branes to allow the monovalent bicarbonate ions to flow into the permeate. The advantages 
of this were: (i) the low salinity permeate becomes stable, and (ii) the lowered concentra-
tions of bicarbonate in the reject places less demand for the use of additional lime in the 
Stage 2 precipitation reactors. The Stage 2 and Stage 3 RO designs are aimed at 65% and 
60% water yield, respectively, because of higher CaSO4 saturation concentrations in the feed 
water. The permeate stream from each RO skid is harvested in a common water tank, while 
the reject from each stage is pumped to the next stage, with a small amount of Stage 3 reject 
being passed on to the brine pond. Mixed sludge, gypsum, and brine which are produced 
become waste streams. It was determined that: (i) 98% water recovery is achieved, (ii) excel-
lent quality drinking water is produced; (iii) less waste is generated, and specifically, less 
than 12-L brine/m3 feed, less than 6-L mixed sludge (dewatered)/m3 feed, less than 15-L 
gypsum slurry (dewatered)/m3 feed; (iv) potentially useful by-product gypsum; and (v) the 
variable cost, excluding power, amounted to R 5.00/m3 and fixed cost to R 2.50/m3 [47].

5.4.4 Electrodialysis

Electrodialysis (ED) requires the same sort of neutralization and metal removal pre-treatment 
as RO. The suspended solids removal requirements are, however, not as stringent, and normal 
filtration is sufficient. ED or ED Reversal (EDR) involves the transport of ions across water-tight 

Table 5.4 Chemical composition of the feed and treated mine 
water in the eMalahleni plant. Parameters in mg/L, electrical 
conductivity in mS/cm, and pH without unit [49].

Parameter Feed Treated

pH 2.7 6.0–9.0

Electrical conductivity 460 <70

Total dissolved solids 4,930 <450

Chloride 70 <100

Sulfate 3,090 <200

Acidity, CaCO3 1,050 0

Sodium 130 <100

Potassium 13 <25

Magnesium 230 <30

Calcium 660 <80

Aluminium 40 <0.15

Iron 210 <0.01

Manganese 35 <0.05
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membranes that allow electrons to flow through them (Figure 5.15). A DC electrical current 
is applied in this process passing through a series of alternating cation and anion selective 
membranes. Anions migrate to the anode but cannot pass through anion-impermeable mem-
branes and are concentrated, while cations migrate in the reverse direction and are impeded by 
cation-impermeable/anion-permeable barriers. The first container has thus had salts depleted 
and the clean water can be extracted. The process is greatly improved by current reversal by the 
anode and cathode being periodically reversed. Thereby the potential for membrane fouling is 
partially eliminated and membrane regeneration by self-cleaning is facilitated.

The current reversal used in the process is the reversal of the polarity of the plates and mem-
branes. This results in a self-cleaning action by changing the direction in which ions flow through 
the membranes. The reversal of ion-flow prevents build-up of slime and lowers the requirement 
for pre-treatment chemicals. The main operating cost of EDR is the energy input for the trans-
port of the ions across the membranes. The energy input required by EDR is almost directly 
proportional to the ionic concentration of the feed water. Therefore, EDR is typically more cost 
competitive, compared to conventional RO, at lower feed water TDS concentrations. EDR will 
selectively remove only ionic species and consequently if the feed water is high in organic com-
pounds or non-ionic species, some mode of filtration prior to the EDR unit is required. Water 
of a very good quality can be produced by ED, similar in quality to ion-exchange or RO. As with 
conventional ion-exchange or RO, ED produces brine that requires long term disposal or ther-
mal volume reduction followed by crystallization and disposal of the crystallized salts.

EDR does not respond to effluent temperature or pH. This is a major advantage over RO 
techniques. Capital costs of EDR are also less owing to lower working pressures. CaSO4 scal-
ing takes place owing to inadequate pre-treatment. At the Beatrix Gold Mine (South Africa), 
water recovery of about 80% was achieved during a pilot-plant demonstration. The raw water 
had high Fe, Mn, Na, and Cl concentrations, as well as high sulfate concentrations [50].

5.4.5 Vibration Shear Enhanced Process

The Vibration Shear Enhanced process (VSEP) is based on conventional RO processes 
but uses torsional vibration of the membrane surface, creating high shear energy at the 
membrane surface (Figure 5.16). This enhances throughput (98% water recovery) and 
reduces colloidal fouling, hence reducing the degree of pre-treatment required and possibly 
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Figure 5.15 Illustration of the electro-dialysis process [9].
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eliminating it. It achieves very high reductions of color, turbidity, or iron. VSEP has the 
potential to replace most of the RO pre-treatment requirements, resulting in lower operat-
ing costs and less brine production. Units are modular and portable. However, a small brine 
stream still remains that requires disposal.

5.4.6 Multi-Effect Membrane Distillation

The multi-effect membrane distillation (Memsys) system is similar to the multistage flash 
distillation process in that it makes use of waste heat and reduced pressures to vaporize the 
water (Figure 5.17). The process also makes use of hydrophobic membranes which allow 
the water vapor to pass keeping the concentrated brine behind. The water vapor, which 
passed through the membrane, condenses on a plastic surface and is recovered, while the 
concentrated brine is fed to the next stage. Studies indicate that concentrations of 15 g/L 
TDS can be achieved using this process.

5.4.7 Forward Osmosis Desalination

Forward Osmosis (FO), a recent alternative membrane process, is potentially capable of 
treating wastewater to produce high quality water. Technically, FO is the transport of water 
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Figure 5.16 VSEP membrane (image courtesy New Logic Research; G. Johnson, 2020).

Stage 1 Stage 2 Stage 3 Condenser

Co
ol

in
g

Brine

H
ea

tin
g

Feed T1 > T2 > T3

T1 T2 T3

p2 p3p1

p∞ > p1 > p2 > p3

p∞

Distillate

Membrane

Foil

Figure 5.17 MEMSYS process (Image courtesy of Quality Filters) [9].



Technologies for Treatment of Wastewater and Brine 123

molecules across a semi-permeable membrane [51]. What drives this separation is an 
osmotic pressure gradient, created by a “draw” solution of higher concentration relative to 
that of the feed solution, being used to give rise to a net flow of water through the mem-
brane into the “draw” solution, so as to separate the feed water from its constituent solutes. 
Free from energy input other than from the ambient environment, this technology relies 
on water molecules passively diffusing by natural osmosis into a more concentrated “draw 
solution”, whose volatile “draw salt” is then evaporated by low-grade heat (Figure 5.18). 
One such process applies the ammonia-carbon dioxide FO process [52, 53]. Since dissolved 
ammonium ions and carbonic acid readily become gaseous, ammonia, and carbon dioxide, 
upon heating, the draw solutes can be recovered and reused in a closed loop system.

FO is dependent on the osmotic pressure difference across the membrane to separate out 
clean water from the feed, however, the FO step is mostly perceived as a “pre-treatment” 
process. To increase FO-wastewater treatment feasibility, new membrane designs are 
required, and improved “draw” solutions are required to enhance wastewater treatment, 
energy recovery, and operating conditions.

5.4.8 Biomimetic Desalination—Aquaporin Proteins

Aquaporin is a protein found in most living cells. The unique structure of this protein allows 
water molecules to penetrate the cell wall, while excluding other molecules based on size, 
shape, and electrostatic charge (Figure 5.19). Investigators have mimicked this protein and 
are in the process of manufacturing membranes with similar characteristics as the proteins 
found in cell walls. The aquaporin membrane will enable the desalination of high TDS 
waters at lower pressures than required by current RO membranes.

5.4.9 Carbon Nanotube Distillation

Carbon nanotube (CNT) enhanced membrane distillation can be used for water desali-
nation [54]. The immobilization of the CNTs in the pores of a hydrophobic membrane 
promotes vapor permeability while preventing liquid penetration into the membrane 
pores. This is due to the change in water-membrane interactions. It has been found that a 
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mineralization of 34,000 mg/L at 80 °C, the nanotube incorporation leads to a 1.85 increase 
in flux and a 15-fold reduction in TDS (Figure 5.20).

5.5 Ion-Exchange Technologies

5.5.1 Introduction

Ion-exchange technologies rely on the exchange of one charged ion with another to remove 
unwanted constituents from the water. When the exchanged cations are hydrogen and 
the anions, hydroxide, then the net effect is that the water is desalinated as the hydrogen 
and hydroxide ions combine to form water. The ion-exchange resins, whether natural or 

Membrane

Salt Water Fresh Water

Figure 5.20 Illustration of the carbon nano-tube desalination process [54].

Figure 5.19 Illustration of lipid bilayer membrane containing aquaporin proteins [9] (pers. comm. H. 
Kandelia, 2020).
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synthetic, are normally regenerated using acids and alkalis. The spent regenerant solutions 
contain the ions removed from the water plus some excess regenerant and typically require 
disposal if they are not beneficiated further. Ion-exchange technologies are generally effi-
cient at removing all charged ions from the water being treated and as such can effectively 
desalinate water with high concentrations of sodium and chloride as well as removing some 
of the more difficult to remove metals like uranium.

5.5.2 Conventional Ion-Exchange

Conventional ion-exchange is a well proven process that still finds wide application in 
industry especially for boiler feed water demineralization or water softening. It is based on 
the use of well proven combinations of process equipment and the lowest cost regenerants 
that produce soluble spent regenerant solutions, typically hydrochloric acid and sodium 
hydroxide. The spent regenerant solutions require either disposal in brine ponds or further 
volume reduction treatment using thermal evaporation processes and disposal of the final 
salts as hazardous waste.

5.5.3 The GYP-CIX

The GYP-CIX process uses the same principles as conventional ion-exchange, except that 
the process configuration is based on reactors with fluidized resin beds and a fluidized bed 
resin regenerator. This process configuration renders the capital costs more expensive but 
allows for the use of low-cost sulfuric acid and lime as the regenerants while producing 
gypsum as by-products.

Previously, the limitation to the use of sulfuric acid and lime in the ion-exchange process 
was scaling or fouling, due to the calcium sulfate produced during the regeneration process. 
This fouling has been minimized by the use of a fluidized bed configuration as opposed to a 
packed bed or column and there the precipitation does not destroy or limit the performance 
of the resin.

5.5.4 KNeW

In the KNeW (Potassium Nitrate ex Waste) process, acid mine water is neutralized with 
Na2CO3 to precipitate calcium and magnesium followed by resin treatment for removal 
of dissolved solids (Figures 5.21 and 5.22) (pers. comm. J Bewsey, 2015). The remaining 
cations, mostly sodium, are removed on a cation resin and anions (SO4 and Cl) on the 
anion resin (R-OH). The cation resin is regenerated with HNO3 to produce a metal nitrate 
solution. Residual metals are removed as metal carbonates (mainly FeCO3, CaCO3, and 
MgCO3) for use as soil ameliorants. The NaNO3 solution is mixed with equimolar KCl, 
heated to evaporate water to exceed the solubility of NaCl (NaCl is less soluble than KNO3), 
followed by cooling to 35 °C to crystallize KNO3, which is a primary fertilizer. The anion 
resin is regenerated with ammonia to produce ammonium sulfate. Methanol addition is 
used to precipitate a pure (NH4)2SO4 from the chloride contaminant. Ammonia is recov-
ered by increasing the pH with NaOH to >12. The economic feasibility of the KNeW pro-
cess depends on selling the products.
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5.6 Biological Processes

5.6.1 Background

Several biological processes can generate alkalinity. These include photosynthesis [55–57], 
denitrification [58, 59], ammonification, methanogenesis, and reduction of iron and sulfate 
[55, 58–60]. These processes offer the potential for neutralization of AMD [55]. Biological 
sulfate-reduction is one of the most promising bioprocesses for mine water treatment 

Figure 5.22 KNeW pilot facility at 36 Steyn Road, Farm Rietvallei 180IQ, Krugersdorp (pers. comm. 
J. Bewsey, 2015).
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because of combined removal of acidity, metals, and sulfate together with metal recovery 
[61, 62]. The process mediated by sulfate-reducing bacteria (SRB) depends on biological 
sulfate reduction leading to hydrogen sulfide production and alkalinity (Reaction 5.4):

 2 2 4
2CH O SO+ −  → H S HCO2 32+ −  (5.4)

where CH2O denotes the electron donor. When hydrogen is used as an electron donor for 
sulfate reduction, the reaction yields hydroxide ions (Reaction 5.5):

 8 22 4
2H SO+ −  → H S HS H O OH2 25 3+ + +− −  (5.5)

The biogenic hydrogen sulfide reacts with and causes precipitation of dissolved metals as 
low solubility sulfides (Reaction 5.6):

 H2S + M2+ → MS(s) + 2 H+ (5.6)

where M2+ denotes a metal ion, such as Zn2+, Cu2+, Ni2+, Co2+, Fe2+, Hg2+, Pb2+, Cd2+, or Ag+.
The metal sulfide precipitation reaction releases protons, enhancing the acidity of the 

water. The acidity that is generated is neutralized by OH− or HCO3
− produced during sulfate 

reduction (Reaction 5.4). This results in precipitation of metals as hydroxides, e.g., Fe(OH)3, 
or as carbonates, e.g., CaCO3, and neutralization of H+ (Reactions 5.7 and 5.8) [63, 64].

 HCO H3
− ++  → CO H O2 2(g) +  (5.7)

 OH− + H+ → H2O (5.8)

Tuttle proposed the use of microbial sulfate reduction in mining applications as early as 
in the late 1960s [65]. Currently, much attention is being given to SRB-based passive treat-
ment systems and active bioreactors for the treatment of AMD. Biologically produced H2S 
is also used for selective recovery of metals from various bio-hydrometallurgical process 
streams.

5.6.2 Biological Sulfate Reduction

The five anaerobic, Desulfovibrio spp. and the three Desulfotomaculum spp. are responsi-
ble for the reduction of sulfate to hydrogen sulfide. These organisms possess a respiration 
metabolism, in which sulfate, sulfite, and other reducible sulfur compounds act as the final 
electron acceptors, with the formation of hydrogen sulfide [66]. The organic substrates 
for the bacterial action involved in these reactions are generally short-chain acidic com-
pounds such as lactic and pyruvic acid. A wide variety of organic substrates have been 
studied, including molasses, sewage sludge, straw, newspaper, sawdust, manure, and short 
chain organic acids in wastes from the chemical industry. Nature provides these substrates 
through fermentative actions of other anaerobic bacteria on more complex organic sub-
strates [67]. Sulfate reduction can be in situ for the treatment of mine water because of the 
natural occurrence of the sulfate reducing bacteria under anaerobic conditions. In anoxic 
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conditions, sulfate may be reduced and precipitated from mine waters as stable sulfides. 
Under these conditions, sulfide minerals remain stable with low solubility [68]. Flooded 
underground mine workings, tunnels, and open pits can pre-exist in reduced states and 
provide suitable media for sulfate reduction in the presence of organic substrates. A dedi-
cated reactor can be also be used for sulfate reduction or anaerobic conditions can be cre-
ated in a passive system, such as the conditions prevailing in a constructed wetland. Sulfate 
reduction already occurs in mine workings as indicated by the presence of sulfide; hence, 
the H2S odor from many mine water discharges [69].

Middleton and Lawrence determined the kinetics of microbial sulfate reduction in a 
completely mixed reactor using acetic acid as the carbon source and determined a sulfate 
reduction rate of about 0.29 g SO4 L

−1 d−1 (biomass content was not specified) [70]. Cork 
and Cusanovich employed a continuously purged system, using an inert carrier gas (75% Ar 
and 25% CO2) for feeding sulfide removed from actively growing cultures of Desulfovibrio 
desulfuricans and Chlorobium thiosulfatophilum for oxidation to sulfur [71]. A sulfate 
reduction rate of circa 6.3 g SO4 L

−1 d−1 was observed in a completely mixed reactor with 
12.6 g/L lactic acid as carbon source, at pH 6.5 and 30 °C (biomass content was not exactly 
specified). About 91% of the hydrogen sulfide produced was fed into a sulfide oxidizing 
reactor with Chlorobium spp., where about 88% was reduced to sulfur, leading to a sulfur 
yield of about 80%. In a process akin to the previous one, called the BIOSULFIX process, 
where hydrogen sulfide is removed in an external stripping chamber, a sulfate reduction 
of about 6.5 g SO4 L

−1 d−1 was observed by [72] and of similar order of magnitudes by [73].
A proposed biological sulfate removal process, for waste treatment containing sulfate, 

such as industrial wastewaters or waste gypsum is made up of primary anaerobic, aerobic, 
and secondary anaerobic stages [73, 74]. In the primary anaerobic step, sulfate is reduced 
to hydrogen sulfide in the presence of appropriate organic carbon sources, while metals are 
removed from solution as the corresponding insoluble sulfide precipitates. In the aerobic 
stage, soluble organic matter and calcium carbonate from the first stage are removed, while 
in the secondary anaerobic phase, barely biodegradable organic constituents, present in 
carbon sources such as molasses, are removed. The success of this process depends on the 
removal and downstream processing of the H2S which is produced in the primary anaero-
bic stage and that carbon monoxide can be used as an energy source for biological sulfate 
removal [74, 75]. It was demonstrated to be cost-effective, as CO is often available as a waste 
gas [76]. The biological sulfate reduction processes in wastewater low in organic matter are 
largely dependent on the choice of external electron donor. A mixture of H2 and CO (syn-
thesis gas) has been suggested as a cheap alternative to pure H2 [74, 77].

5.6.3 Constructed Bioreactors

An anaerobic bioreactor uses bacterial reduction of sulfate and iron to precipitate metals 
as metal sulfides (Figure 5.23). For effluent treatment to be effective, a uniform flow rate is 
required. The removal of sulfate was dependent on the energy source and residence time 
[78]. Producer gas was effectively used as a reliable energy source [79, 80]. Dill observed 
during pilot plant studies a sulfate reduction rate of 1.7–2.2 g L−1 d−1 with sulfate concen-
trations being lowered from 3,000 mg/L to less than 250 mg/L [81].
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5.6.4 Paques Technologies

Paques Technology B.V. (The Netherlands) has commercialized the Upflow Anaerobic Sludge 
Blanket (UASB) reactor (Figure 5.24) technology for the anaerobic treatment of wastewater 
[82–84]. This treatment concept enables industrially used water to be purified and produces 
renewable energy, fertilizers, and soil conditioners and has been widely used by industry and 
municipalities. The SULFATEQ™ process removes sulfate to less than 300 mg/L and turns it 
into hydrophilic (non-clogging), elemental sulfur. It also allows recovery of valuable metals 
such as Co, Ni, and Zn as marketable metal sulfides. The typical range for this application is 
an influent sulfate concentration of 1,000–25,000 mg/L and a pH value of 2–8, and it can be 
used as a stand-alone installation or as the final treatment in a lime-gypsum plant [85, 86].
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The process consists of two stages (Figure 5.25). In the first stage, sulfate is reduced bio-
logically to dissolved sulfide in high-rate bioreactors. Ethanol or hydrogen can be used as 
energy source. In the second stage, sulfide is oxidized to sulfur with air and separates from 
the water. Valuable metals can be harvested when economically justified. The main advan-
tages of this process over alternative ways for sulfate removal are: (i) effective removal of sul-
fate below 300 mg/L; (ii) use of the intermediate products, sulfide, and alkalinity, to harvest 
metals or produce elemental sulfur; (iii) removal of calcium and magnesium ions which are 
responsible for water-hardness to <100 mg/L and <4,000 mg/L, respectively; (iv) removal of 
acidity without diminishing of neutralization agents like caustic soda; (v) the process can be 
used for streams which are pH-neutral, e.g., sodium sulfate solutions; (vi) it is a safe process 
to employ under ambient conditions; and (vii) it has better selectivity for metals to pro-
duce high product quality. The process is also efficient for removal of “difficult” dissolved 
elements like manganese, selenium, and thallium and is a process which is flexible, robust, 
and proven that has been used for about 15 years in full-scale facilities with no perceptible 
release of odors and lowering the eco-toxicity of effluents.

The first full-scale applications for groundwater treatment with SRB were installed in 
1992 by at the Nyrstar Budel B.V site [87]. The installation uses an organic energy source 
as electron donor. For more concentrated sulfate solutions and higher load applications, 
a system using hydrogen gas is preferred.

In 2002 Anglo Coal had a 3,000 m³/d biological sulfate removal plant built, which was 
based on the Paques process for mine water treatment at the Navigation Section of Landau 
Colliery in the eMalahleni area [88] (Figure 5.26). It lowered sulfate concentrations from 
2,300 to 180 mg/L. This plant was operated from 2002 until 2005 when the energy source, 
ethanol, or hydrogen became too expensive.

5.6.5 BioSURE Technology

A 10,000 m³/d BioSURE biological sulfate removal process was operated at the Grootvlei 
Gold Mine. The process uses waste materials such as sewage sludge as an electron donor 
source. This technology is limited by the economic accessibility of sewage sludge or other 
organic wastes which can be used as carbon and energy sources. A benefit is that it provides 
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an alternative co-disposal of sewage sludge, reducing the cost of the landfilling sewage 
sludge [89]. The running cost was calculated at R 3.30/m3 of water, but the project was ter-
minated when it became clear that the cost-effective availability of sewage sludge was the 
limiting factor at that site.

Greben et al. introduced an innovative biological sulfate reduction and sulfide oxida-
tion to sulfur technology, in which the degradation products of grass cellulose from grass 
cuttings were used as the carbon and energy sources [90, 91]. Sulfate removal at an average 
of about 85% was demonstrated. A hybrid fermentation reactor was used that had been 
inoculated with bovine rumen fluid bacteria as source of the cellulose degrading and sulfate 
reducing bacteria, to reduce sulfate ions to sulfide. Biological sulfide oxidation was carried 
out with different air flow rates entering the sulfide oxidizing reactor. It was found that 
using 0.2 L/min of air most sulfide was oxidized to sulfur with the purity varying from 17 to 
81%. It was shown that: (i) the acidic pH of the mine water was raised, (ii) the metals were 
removed as metal-sulfide precipitates, (iii) about 85% of the sulfate was removed, and (iv) 
the excess sulfide after metal-sulfide precipitation could be oxidized to almost pure sulfur.

5.6.6 The VitaSOFT Process

The VitaSOFT process was developed in response to additional development requirements 
found during the testing and full-scale demonstration of the BioSURE® process [92]. 
Further work was required to implement this process elsewhere, in particular where the 
mine water has a high acidity, low pH, high concentrations of dissolved metals, and a sulfate 
concentration in excess of 2,000 mg/L. One of the disadvantages is its reliance on primary 

Figure 5.26 Biological water treatment plant at Landau Colliery [from 88].
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sewage sludge, which may not always be available, as well as on a continuous supply of iron 
hydroxide, and availability of the associated disposal requirements for large amounts of 
iron sulfide sludge. VitaSOFT addressed these shortcomings and developed a more robust 
process with broader and more flexible application potential. Maize silage was used as an 
alternative carbon source, with advantages over primary sewage sludge, such as long shelf 
life, a higher percentage biodegradability, and lower nitrogen concentration. Enough alka-
linity could be generated in the biological sulfate-reducing process to neutralize acidic mine 
water and precipitate contaminating metals as sulfides without the need for an upstream 
HDS process. Biological iron oxidation was used to regenerate the iron hydroxide required 
for sulfide removal, so that a constant supply would not be required. Finally, the effluent of 
the biological sulfate reducing process could be softened and stabilized by removal of cal-
cium carbonate and magnesium hydroxide, to decrease the salinity of the water to meet the 
final effluent standards for discharge.

It was demonstrated that maize silage can be applied either as a supplementary carbon 
source where primary sewage sludge is available, or as a primary source where there are 
no alternatives. The lower nitrogen concentration of silage compared with primary sewage 
sludge resulted in a lower ammonia concentration in the effluent. The implication of this 
is that there is no requirement for integration of the process with a wastewater treatment 
plant, or for an alternative nitrification/denitrification step. An integrated biological sulfide 
oxidation reactor was introduced into the process. A substantial portion of the sulfide was 
removed biologically as elemental sulfur, minimizing the requirement for iron hydroxide. 
The generated alkalinity also precipitated all the calcium in the water as calcium carbonate 
without lime addition. Lime was only required for the removal of manganese and magne-
sium in a two-stage process. The cost saving using lime and limestone is therefore two-fold: 
there is no requirement for an upstream HDS process, and less lime is required for desali-
nation than would typically be required without the contribution of the biogenic alkalinity. 
Biological iron oxidation was successfully proved as a practical means to regenerate iron 
hydroxide from iron sulfide.

5.6.7 In Situ Reactor

Waters rich in sulfate can be treated in situ because sulfate reducing bacteria occur nat-
urally. Fixed bed reactors and in-pit reactors have been utilized but stirred reactors with 
a suspended solid media have also been suggested, to achieve higher reduction rates by 
improving operating conditions and reactor utilization [93].

The Summer Camp Pit Lake in Nevada, USA, was studied from a limnological- 
microbiological-geochemical viewpoint [94]. The upper (oxygen rich) oxic zone had high 
concentrations of total epifluorescent algae and heterotrophic aerobic bacteria and higher dis-
solved oxygen concentrations and this resulted in total sulfur being dominated by sulfate ions. 
This 6-m-deep oxic zone was followed by a transitional zone having an increase in heterotro-
phic anaerobic bacteria and having decreasing amounts of total epifluorescent algae and het-
erotrophic aerobic bacteria. In this latter transitional zone, sulfate and thiosulfate were slowly 
undergoing reduction to sulfide. Deeper this zone was followed by an anoxic zone with little 
or no dissolved oxygen and was dominated by heterotrophic anaerobic bacteria. In this zone, 
sulfate was reduced to sulfide and consequent metal sulfide precipitation. The addition of raw 
potatoes and cattle manure amended systems led to increased sulfate reduction [95]. The raw 
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potato-stimulated sulfate reduction occurred best at low concentrations while manure stimu-
lated sulfate reduction by bacteria proceeded best at mid to high concentrations. When using 
about 2,500 mg C/L raw potato, 80% sulfate reduction was achieved and additionally soluble 
arsenic reduction, following an initial increase, decreased to less than 1% of initial values in 
some cells. This was thought to be as a result of formation of arsenic sulfide.

5.6.8 Constructed Aerobic Wetlands

It is important to distinguish between aerobic and anaerobic constructed wetlands, as each 
of these systems treats a different type of mine water. While aerobic constructed wetlands 
treat net-alkaline mine water, anaerobic constructed wetlands treat net-acidic mine water. 
Constructed wetlands have found application at decommissioned mines where it is diffi-
cult to contain the effluent [96, 97]. In the Pelenna Valley pilot scale wetland, the designed 
discharge flow rate was 3 L/s at an average pH of 5.6 [98]. The total iron concentration was 
21.7 mg/L, while the sulfate concentration was 459 mg/L. Sulfate concentrations gradually 
decreased over the 10-year period of the study.

5.6.9 Permeable Reactive Barriers

Contaminants can be eliminated from water in an aquifer by allowing the water to flow 
through a Permeable Reactive Barrier (PRB). The PRB is a reactive zone where substances 
are introduced to react with the contaminants. Examples of such substances are limestone 
for neutralization and organic material for biological sulfate removal. The lowering of high 
sulfate concentrations in groundwater at an Ontario, Canada, mine site have been reported 
[99]. A mixture of gravel and compost was used to form a sulfate reduction zone that pre-
cipitated iron sulfide equivalent to a rate of sulfate removal of about 14 mg/L/day over a 
3-year period. A major disadvantage of such a system is the requirement for stoichiomet-
rically equivalent amounts of metal ions and sulfide ions being present in the PRB in order 
to control sulfur dispersion.

5.6.10 General Aspects and Various Passive Technologies

Wastewater treatment systems are usually implemented at point sources that are commonly 
downstream of metal and acidity sources. At point sources, water flow is generally high 
and typically active processes are employed that require careful operation and diligent and 
timeous maintenance. This is a problem for the remote and diffuse sites such as those found 
in USEPA Region 8 (USA) where year-round access is difficult. By comparison, passive 
systems, such as passive bioreactors and permeable reactive barriers, can be used at the end 
of a tailing pile or at toe-seeps to treat a lower flow of water at the contaminant sources. 
Passive systems are also employed to implement both biologically and chemically medi-
ated processes. Little operation and maintenance are required which is advantageous for 
remote sites.

Figueroa et al. have investigated a two-stage passive treatment system for effective 
removal of iron and aluminium [100]. Fe and Al present in mine water passing through 
passive bioreactor systems has reportedly caused clogging by Fe(OH)3 and Al(OH)3 pre-
cipitates [101]. This results in failure well before the organic substrates in the bioreactors 
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have been consumed. To remedy this, Hedin et al. have suggested the implementation of 
pre-treatment for mine water having O2, Fe, and Al concentrations above 1 mg/L. They 
suggested pre-treatment by wetlands or vertical flow reactors, similarly designed [102]. 
One method to prevent the clogging of bioreactors by Fe(OH)3 and Al(OH)3 is to pass the 
water through a limestone drain. The dissolution of limestone leads consumption of pro-
tons thereby increasing both alkalinity and pH of the water. Two major types of limestone 
systems that can be used have different chemistries and different mechanisms for metal 
removal. Anoxic limestone systems (ALSs) are employed when the mine water is in a chem-
ically reduced state, with low dissolved O2, or if the water is intercepted before exposure to 
atmospheric conditions [103]. The anoxic water conditions cause the metals to remain in 
reduced states. Most importantly, Fe will be predominantly in the Fe2+ state, and Mn in the 
Mn2+ state. Aluminium ions are not affected by the redox potential of the wastewater and 
are only affected by the pH change caused by the limestone. For wastewaters with pH levels 
greater than about 4.5, the Al precipitates.

The other main types of limestone systems for treating wastewaters with higher amounts 
of oxidized metal species are open to the atmosphere and are designated as oxic limestone 
systems (OLSs) [104–106]. In such systems, the increases in pH and alkalinity take place 
concomitantly with metal precipitation. As the pH in an OLS is increased, iron and alumin-
ium will precipitate on the limestone surface, forming a passivating coating. Although the 
coating does not prevent complete limestone dissolution, it slows the process. This should 
be considered when designing the OLS [105, 107]. The accumulation of Fe3+ and Al3+ pre-
cipitates in the limestone drain will cause blocking, preferential flow-paths, and short- 
circuiting, and these problems should be considered in the design process to ensure that the 
OLS has the desired lifespan.

Anaerobic passive bioreactor systems have been installed at many sites in the United 
States and Canada. The success of these systems has been variable. The efficiencies of con-
structed anaerobic wetlands treating mine water vary with season and wetland age [108]. 
Ordóñez et al. were unable to achieve SO4

2− reducing conditions in a pilot-scale wetland 
[109], while a field-scale, passive, bioreactor, constructed in West Fork, Missouri, effectively 
removed lead from the mine water. Periodic rotary tilling and back flushing were needed to 
prevent the cells from blocking [110]. In addition, work at sites in Colorado and Wyoming 
concluded that problems are encountered when wastewater at near freezing is treated in 
a passive treatment system [111]. It appeared as if the system would operate reasonably 
well for a certain period, but when stressed, the sulfate-reducing ability ceased. Subsequent 
attempts to restart SO4

2− reduction proved difficult. Permeable, reactive barriers are should 
include a substantial fraction of gravel, to ensure good hydraulic conductivity.

Passive bioreactor treatment systems design has no consensus on design criteria. The 
absence of specifications for the organic substrate, inorganic material components, and 
physical, chemical, and biological characteristics is recognized examples. In one instance, 
the system design by Ordóñez et al. employed only undefined compost as the organic sub-
strate, while Zaluski et al. recommended mixtures of different organic substrates [101, 109]. 
Consequently, there is a requirement for thorough physical, chemical, and biological char-
acterization of the organic substrates to be used in passive bioreactor systems relative to 
SO4

2− reducing activity and metal removal efficiency.
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5.7 Electrochemical Processes

5.7.1 Electrocoagulation

Up to now, electrolytic wastewater treatment is more seldomly used compared to chemical 
treatment [112]. Electrolytic treatment is at times suitable and may be more effective in 
producing high quality water. Electrodes of Al, Fe, steel, and graphite are used. Applications 
such as electro-coagulation (EC), electro-flotation (EF), and electro-coagulation/flotation 
(ECF) are employed in the treatment of wastewater. The process operating parameters 
affecting these processes have been studied, i.e., reactor design, current density, time, and 
electrode type and arrangement. Among the electrochemical processes, the EC process is 
known to be the best choice, not solely because it can attain better removal but also because 
the process is affordable and technologically relatively simple.

5.7.2 Nanoelectrochemical Process for the Treatment of AMD

This sulfate reduction technology has been used successfully since 2008 for removal of met-
als, arsenic, and for cyanide destruction (pers. comm, P Zeevy, 2015). In this electrolytic 
process, sulfate and metals are removed through the formation of Crystalline Metallic Nano 
particles with the chemical formulas M1M2SO4 or M1M2M3SO4. The process occurs on 
the electrode surface in the reactor and within the flowing wastewater medium. The reac-
tors have several individual electrolytic cells that combine modular cathodes and anodes of 
different types. These cathodes and anodes are chosen according to the types and contami-
nant concentrations in the wastewater and the pH values.

The electrolytic reactor includes a set of coated, carbon-carbon electrodes, and one or 
more sets made of pure metal. The electrodes are arranged in an alternating manner such 
that each cell is different from the one next to it. Parts of the inner electrolytic cells oper-
ate in series and other parts in parallel. When connected to an external power source, the 
anode material will be consumed electrochemically due to oxidation, while the cathode 
will undergo passivation. For this reason, bi-polar electrodes are used, that automatically 

Table 5.5 Chemical composition of feed and treated water at the 
Sibanye Gold pilot plant using electrocoagulation. Parameters 
in mg/L, electrical conductivity in µS/cm, pH without units.

Parameter Feed Treated

Electrical conductivity 4,000 800

pH 6; 2.6 8.0

Sulfate 3,000; 2,500 100

Iron 0.05

Manganese 0.05
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change polarity and remove the passivation process. The current densities are controlled 
centrally by a system that monitors the current according to the influencing parameters of 
the wastewater and automatically allows the desired current to reach individual cells. The 
process stimulates a series of reduction and oxidation reactions that take place simultane-
ously within the reactor cell.

Mine water from the Western and Central Basins were treated successfully in a pilot 
plant for removal of metals, including uranium and sulfate, to produce water of drinking 
quality (Table 5.5). EDS measurements indicated the presence of two types of elemental 
compositions: (i) Fe-Al-S-O (according to different standard analyses, it was assumed that 
it belongs to the family of FeaAlb(SO4)c(OH)d.x(H2O)e) and (ii) Fe-Al-Ca-S-O, assumed to 
belong to the family of FeaAlbCac(SO4)d(OH)e.x(H2O). XRD analysis yielded spectra of dif-
ferent oxides of Fe, Al, and Mn in different oxidation states. This technology offers the 
following benefits: (i) no need for pre-treatment, (ii) little sludge production, (iii) no brine 
produced, and (iv) uranium removal to below 5 µg/L.

5.8 Freezing-Based Technologies

5.8.1 Basics

Freezing water involves the exchange of only about one sixth of the energy required to 
evaporate water, since the heat of fusion for ice is six times less than that evaporation. 
Approximately, 438.5 kJ of energy is required to freeze 1 kg of water, while 2,570.5 kJ is 
required to freeze 1 kg of water at 25 °C. Therefore, freezing based technologies can be more 
energy efficient than evaporation-based technologies.

5.8.2 Eutectic Freeze Crystallization

The eutectic temperature is the temperature at which a solute crystallizes out of solution 
when it is cooled to that temperature. Different dissolved salts have unique eutectic tem-
peratures, and at a temperature of –25 °C, all dissolved salts within the solution will crys-
tallize (Figure 5.27). This process enables recovery of relatively pure salts from a brine 
mixture. To improve efficiency, a fluidized bed–type configuration is used. This results in a 
carry-over of a part of salt, and thus, the water recovered in the form of ice may not meet 
drinking water standards. It will, however, be of a quality that can be returned to the feed 
stream of a typical mine water treatment plant.

5.8.3 HybridICE™ Technology

When water containing dissolved salts freezes, it preferentially forms ice crystals that are 
pure leaving behind a more concentrated salt solution. The ice can be separated and allowed 
to melt to produce a low dissolved solids product water. The removal of water from the 
resultant brine results in an equilibrium shift within the solution, resulting in salts crys-
tallizing out of the solution. Since ice is less dense than water and the brine, it floats to the 
surface, while the denser salt crystals settle to the bottom. The pure water as ice and salt 
crystals can be easily separated. The waste heat produced in the cooling step is used in a 
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vacuum evaporator to evaporate the concentrate, leaving behind a concentrated, waste salt 
brine. With the HybridICE process, a mixture of salts is recovered. This is not saleable and 
would need to be disposed of at a hazardous waste facility in the case of mine water [9].

5.9 Sludge Processing

5.9.1 Background

Ideally, zero waste generation and disposal are required to protect the environment. Mine 
closure certificates are only granted upon acceptance of a mine closure plan. To ensure the 
continued existence of many mining operations, it is essential that low-cost solutions be 
sought and implemented. It is also important that legislation be realistic and in line with 
scientific principles. Where regulations are in place that do not lead to clear environmental 
benefits, they should be revised. If zero waste generation and disposal is required at the 
mine site, all sludges and brines have to be collected, transported, and dumped at existing 
toxic waste disposal sites.

The effects of gypsum- and Fe(OH)3-rich sludge from an HDS plant, on the acid gener-
ation rate in a waste coal dump when pyrite was exposed to air, water, and iron-oxidizing 
bacteria has been studied [17, 22]. It was found that, when an Fe(OH)3/gypsum mix-
ture from a neutralization plant was mixed with coal discard, it reduced the acidity from 
1,100 mg to 60 mg (CaCO3/kg discard week). This was ascribed to the presence of some 
unused limestone in the sludge which resulted in a higher pH. It was further pointed out 
that the load of metals and acid in the sludge from the neutralization plant is not relevant 
when compared to the amounts of different metals present in the dump. Further, the sludge 
resulting from neutralization is inert. It does not contain pyrite which could generate acid 
when oxidized. Another argument is that the sludge from neutralization and desalination is 
not of a toxic nature. It contains mainly non-toxic compounds such as gypsum and CaCO3. 
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Figure 5.27 Eutectic freeze crystallization [9].
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The ideal way for waste minimization is to extract saleable compounds from the waste as 
discussed in the next section.

5.9.2 Recovery of Saleable Products or Raw Materials

Saleable products or process raw materials can be recovered from the sludge produced in 
several of the processes discussed above. During neutralization with limestone or lime, a 
sludge rich in gypsum and metal hydroxides is produced when the sulfate concentration is 
above the gypsum saturation [22, 36]. Saleable products such as sulfur, CaCO3, and metals 
can be recovered by regeneration [110]. If the sludge is a mixed sludge, it will be considered 
as a waste that has to be disposed of. No values are assigned to sludge from the neutraliza-
tion technologies, only to sludge produced during desalination.

Several of the desalination processes are dependent for their economic viability on the 
feasibility of the recovery of process raw materials. Gypsum is produced as a by-product in 
the HIPRO process. In the barium process, BaCO3 is regenerated from BaSO4, or the BaSO4 
sold as drilling mud. Other saleable products that can be recovered from the barium pro-
cess sludge are sulfur and CaCO3. In the case of the SAVMIN™ process, Al(OH)3 should be 
recovered from ettringite (3CaO.3CaSO4.Al2O3) while gypsum and CaCO3 are produced as 
by-products. In the case of the KNeW process, the by-products, NaNO3 and (NH4)2SO4, can 
be sold to cover the cost of the raw materials, HNO3 and NH4OH. Where process raw mate-
rials are recycled, their costs are included in the cost of raw materials. These cost figures 
make provision for purity and utilization efficiency. In calculating the value of a recovered 
process raw material, the same price is used as the purchase price.

There are many different sludge disposal processes ranging from off-site transport to dis-
posal in mine dumps [113]. The choice depends on many factors including: land availability, 
regulatory considerations, sludge production rate, sludge stability, available budget, and aes-
thetic considerations [114, 115]. The apparent disadvantages of these disposal options for large 
quantities pose an environmental problem due to leaching of rainwater or storage water pro-
ducing an acidic effluent. Moreover, it results in loss of all commercial value. The effluent prob-
lems are mainly caused by the water solubility of gypsum (pers. comm. H. Kandelia, 2020).

Several ways of direct application and technologies to utilize waste gypsum have been 
developed in South Africa. These applications/technologies include the use of waste gypsum 
as: (1) fertilizer and soil conditioner, (2) cement and wallboard production, and (3) filler for 
road construction. However, only 5% to 10% of the total gypsum produced finds utility for 
such applications and the rest is stockpiled on land or dumped to sea.

5.10 Integrated Processes—ROC Process

5.10.1 Background

RO and Freeze Desalination (FD) are some of the main candidates for treatment of heavily 
polluted mine water. Although RO has been widely accepted as an efficient desalination 
process for both seawater and mine water, it suffers from predominantly two drawbacks, 
namely, membrane fouling/scaling and limited water recovery. In mine water, scaling is 
mainly driven by gypsum due to the use of lime/limestone pre-treatment, while water 
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recovery as a function of osmotic pressure increase as water recovery increases. Limitations 
in water recovery lead to the generation of large volumes of brine which are currently dis-
posed of in evaporation ponds. The use of lime/limestone also results in the generation of 
a mixed sludge which is costly to dispose of. On the other hand, FD processes are energy 
intensive and have been shown to be inadequate in producing the desired product water 
quality due to ice contamination. There is therefore need for energy-efficient, cost-effective, 
and environmentally friendly technology for treatment of brines, particularly those gener-
ated from mining affected waters.

5.10.2 Process Description

The ROC (Reverse Osmosis/Cooling) process was developed for the treatment of brines 
from desalination processes, such as reverse osmosis (Figure 5.28). The focus is to increase 
the water recovery from typically 85% to 99% and chemical recovery (e.g., calcium carbon-
ate, magnesium hydroxide and sodium sulfate) to minimize sludge and brine disposal. In 
the ROC process, brine is treated with Sodium Carbonate (Na2CO3) and Sodium hydroxide 
(NaOH) in the pre-treatment stage to allow selective recovery of Fe(OH) 3, Al(OH) 3, CaCO3, 
MnO2, and Mg(OH)2. Ammonia (NH3) is removed with RO at pH 7. Magnesium in the 
brine is removed as Mg(OH)2 at pH 11 by dosing NaOH. As the pH is already high, NH3 can 
be stripped from the brine stream with air and absorbed in H2SO4. After pre-treatment, the 
sodium rich water is passed through a membrane stage to produce drinking water and brine. 
The brine has a concentration high enough to allow Na2SO4 crystallization upon cooling.

Use of Sodium salts enables the recovery of magnetite, pigments and other valuable prod-
ucts which is not possible with the current lime/limestone process. Sodium salts are used 
to manipulate stream chemistry and drive it toward more soluble Sodium Sulfate instead of 
Gypsum. This has an added advantage of reducing membrane scaling. Sodium Sulfate has a 
peculiar solubility: 4% at 0 °C and 20% at 20 °C. The ROC process exploits this peculiarity 
to treat the brine generated from RO by cooling it to 0 °C, thereby precipitating Sodium 
Sulfate, which, in turn, lowers the osmotic pressure. The lower osmotic pressure enables the 
use of RO to further treat the brine in a closed loop, resulting in a Zero Liquid Discharge 
process.

Na2CO3

30 m3/h
Brine Pre-treatment Reverse osmosis Treated water

Fe(OH)3

Al(OH)3 Melted
iceCaCO3

MnO2

Freezing

MgSO4·7H2O Na2SO4·10H2O

Figure 5.28 Process configuration of the ROC process.
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Overall, combining the three stages, Sodium alkali pre-treatment, RO desalination, 
and Cooling crystallization, yields the following improvements to current technologies: 
(i) reduced RO membrane scaling—long membrane life and higher plant availability, (ii) 
increased water recovery—no brine generation, (iii) elimination of mixed sludge generation— 
no sludge disposal costs, and (iv) production of valuable products from polluted water.

The ROC process will solve one of the major environmental challenges of the worldwide 
industry. Waters laden with sulfate and other saline components will be treated to produce 
drinking water. Implementation of this cost-effective treatment technology will solve one 
of the major threats to food security which is freshwater salinization by producing water 
of good enough quality to discharge into public streams while valuable by-products could 
be recovered (e.g., gypsum and sodium sulfate). Lower freshwater demand will be one of 
the major benefits of this process which, in turn, will avail more water to other economic 
sectors.

It has been demonstrated that pigment can be recovered in the initial steps of treating 
mine water (Figure 5.29). Pre-treatment with UF and desalination with RO are proven tech-
nologies which have been implemented before (Figures 5.30 and 5.31). A commercial plant 
using the Freeze Crystallization (FC) process is being constructed for treatment of brine at 
A-Thermal Retort Technologies (Figures 5.32 and 5.33).

5.11 Feasibility Models

5.11.1 Introduction

A model was required to quantify the feasibility of competing process configurations that 
are considered for a specific application, where a process configuration is considered a com-
bination of the technologies categorized as pre-treatment, desalination, brine treatment, 
and product recovery. The model was used to identify a cost-effective process configuration 
for the mine water from South Africa’s Witwatersrand Western Basin, having the most pol-
luted water of the three basins there, with a mine water make of 82,000 m³/day. The input 
parameters of the model were used to quantify the output parameters.

Figure 5.29 Pigments produced from iron-rich mine water.
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Figure 5.30 2.4 m3/h RO stage of the R&D plant (Commissioned in 2018).

Figure 5.31 Completed desalination project (Namib Mills, Windhoek).

Figure 5.32 Integrated process for brine treatment.
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Input parameters

• Application (e.g., Central Basin, Eastern Basin or Western Basin);
• Flowrate and quality of feed water;
• Price, purity, and utilization of raw materials (e.g., limestone, lime, sodium 

carbonate);
• Price of electricity;
• Staff and salaries/wages;
• Price and yield of products (e.g., water, by-products, crops to be produced 

from irrigation); and
• Transportation (e.g., R 1,000/t) and disposal cost (e.g., R 1,500/t) of waste 

(brine or sludge).

Output parameters

• Flow and water quality of treated water and brine;
• Dosage, usage, and cost of raw materials (e.g., limestone, lime, sodium car-

bonate), electricity, labor, and irrigation;
• Yield and value of water and by-products in R/m3 (e.g., R 8.00/m3 for water 

with TDS < 750 mg/L and R 0.00/m3 for water with TDS > 750 mg/L);
• Mass and composition of sludge;
• Transport and disposal cost of waste (brine or sludge) in (R/m3);
• Capital cost (in R) and capital redemption cost (in R/m3); and
• Net cost/income of process stage or process configuration for a specific appli-

cation (in R/m3).

5.11.2 Feasibility of Individual Stages

5.11.2.1 Neutralization Technologies

Western Basin water was used to determine the main cost components when treated with 
the following stages: Pre-treatment with Na2CO3 for removal of metals, desalination, and 

(a) (b)

Figure 5.33 Chiller and cooler reactor (a) and ice brine separation system (b).
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brine treatment. This was done for four selected technologies: ROC, HiPro, SAVMIN™, and 
CSIR ABC (Barium) processes.

Neutralization technologies need to be used as pre-treatment before desalination for 
removal of acid and metals. Due to the high TDS of the neutralized water, it cannot be 
released into public water bodies. A summary of the results shows the following (Table 5.6):

• Western Basin water can be neutralized with lime at a cost R 11.44/m3 or with 
limestone/lime at a cost of R 9.47/m3. As new projects require zero waste dis-
posal, the disposal cost was calculated when sludge and brine streams need to 
be disposed at toxic waste disposal sites, as the sludge is a mixture of gypsum 
and metal hydroxides. Disposal cost will add R 16.65/m3 when lime or lime/
CaCO3 is used for pre-treatment. The following assumptions were made for 
calculating the disposal cost: (i) transportation cost: R 1,000/t; (ii) disposal 
cost: R 1,500/t; and (iii) the sludge has a solids content of 50%.

• Western Basin water can be neutralized with Na2CO3 at a cost of R 14.26/m3. 
This cost figure is less than the cost of lime neutralization. The higher price 
of Na2CO3 compared to lime (R 11.97/m3 versus R 5.57/m3) was offset by the 
saving in the cost of sludge disposal (R 0.54/m3 versus R 16.65/m3) and the 
value of pigments (R 3.57/m3) that can be recovered.

5.11.2.2 Desalination Technologies

Using one of the desalination technologies, the TDS was reduced to less than 100 mg/L with 
the RO processes (HiPRO and ROC), while with the chemical processes (SAVMIN™ and 
CSIR ABC), it was greater than 400 mg/L (Table 5.7). This results from the chemical processes 

Table 5.6 Cost figures of neutralization technologies for Western Basin Water; if not stated 
otherwise, costs in R/m³.

Cost item Lime CaCO3/Lime Na2CO3

Capital cost (million R/(1,000 m³/d)) 8 8 8

Capital Redemption Cost 3.79 3.79 3.79

Chemicals cost 5.57 3.61 11.97

Electricity (kWh/m3 @ R 1.50/kWh) 1.50 1.50 1.50

Disposal cost 16.65 16.65 0.54

Labor cost 0.20 0.20 0.20

Maintenance (10% of Capital Redemption) 0.38 0.38 0.38

Value of products 0.00 0.00 −3.57

Gross cost (disposal cost excluded) 11.44 9.47 14.26

Gross cost (disposal cost included) 28.09 26.12 14.81
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not being able to remove monovalent ions (Na+, K+, and Cl−). The chemical cost of chemical 
processes (SAVMIN™ and CSIR ABC) was higher than that of the RO processes (HiPRO and 
ROC) due to the need for dosing Ca(OH)2 and Al(OH)3 (assumed 30% losses) in the case 
of the SAVMIN™ process and BaCO3 in the case of the ABC process. The cost of chemicals 
can be reduced through the recovery of Ca(OH)2 from gypsum in the case of the SAVMIN™ 

Table 5.7 Cost figures of desalination technologies for western basin water; if not stated otherwise, 
costs in R/m³.

Cost item SAVMIN™
Lime/BaCO3 
CSIR ABC

Lime/RO 
HiPRO

Na2CO3/
RO ROC

TDS of treated water (mg/L) 442.80 467.19   68.82   93.50

Capital cost (million R/(1,000 m³/d))   12   10   15   15

Capital redemption cost     5.68     4.74     7.10     7.10

Chemicals cost   11.44   29.23     0.35     0.20

Electricity (kWh/m3 @ R 1.50/kWh)     1.95     1.95     5.25     5.25

Disposal cost   23.46   21.78 169.80 130.00

Labor cost     0.33     0.33     0.33     0.33

Maintenance (10% of capital redemption)     0.57     0.47     0.71     0.71

Value of products  −4.79  −4.72

Gross cost (disposal cost excluded)   19.97   31.93   13.74     8.87

Gross cost (disposal cost included)   43.43   53.71 183.54 138.87

Table 5.8 Cost figures of Brine treatment technologies for Western Basin water; if not stated 
otherwise, costs in R/m³.

Cost item Freeze crystallization Evaporation

Capital cost (million R/(1,000 m³/d))   60   160 

Capital redemption cost   1.42 3.79

Chemicals cost   0.00 0.00

Electricity (kWh/m3 @ R 1.50/kWh)   3.75 18.75

Disposal cost 13.00 6.50

Labor cost   0.10 0.10

Maintenance (10% of capital redemption)   0.14 0.38

Gross cost (disposal cost excluded)   3.99 19.23

Gross cost (disposal cost included) 16.99 25.73
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Table 5.9 Cost figures for sludge treatment technologies for Western Basin water; if not stated 
otherwise, costs in R/m³.

Cost item ROC SAVMIN BaCO3

Main compound in sludge Na2SO4 CaSO4·2H2O BaSO4

Capital cost (million R for a 75,000 m³/d plant) 60 60 60

Capital cost (million R/1,000 m³/d) 0.8 0.8 0.8

Product to produce Na2CO3 CaCO3 BaCO3

Dosage required (mg/L) 2,632.62 2,591.59 4,050.00

Molar mass of main compound 142.04 172.17 233.39

Purity (%) 99.00 95.00 95.00

Carbon content in coal (%) 65.00 65.00 65.00

Coal required (mg/L Feed) 1,037.18 878.42 1,013.36

Coal waste (mg/L) 363.01 307.45 354.68

Sludge losses (20%) (mg/L) 705.34 891.51 958.02

Coal + sludge losses (mg/L) 1,068.36 1,198.96 1,312.70

Coal price (R/t) 600.00 600.00 600.00

Disposal cost (R/t) 2,600.00 2,600.00 2,600.00

Lime (replace 20% losses) 1.11

BaCO3 (replace 20% losses) 5.85

Electricity usage (kWh/m3) 1.00 1.00 1.00

Electricity price (R/kWh) 1.50 1.50 1.50

Capital redemption cost (R/m3 Feed) 1.57 1.57 1.57

Coal cost (R/m3 Feed) 0.62 0.53 0.61

Electricity cost (R/m3 Feed) 1.50 1.50 1.50

Labor (R/m3 Feed) 1.00 1.00 1.00

Disposal cost (R/m3 Feed) 1.83 2.32 2.49

Maintenance cost (10% of capital redemption) 0.16 0.16 0.16

Total (R/m3 Feed) 9.30 8.57

Product cost (R/t) 3,531.69 3,307.38 3,622.54

Product Purchase Price 4,500.00 2,500.00 7,000.00

Savings (Trade deficit offset) 968.31 3,377.46

Recovery through thermal treatment (%) 70.00 70.00 70.00

Product value 8.29 4.54 19.85
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process and BaCO3 from BaSO4 in the case of the ABC process. The transport and disposal 
costs for the sludges and non-saleable products typically amount to R 1,000/t and R 1,500/t, 
respectively. This serves as motivation why waste streams need to be processed, especially in 
the case of the RO technologies where the disposal cost exceeds R 100/m3 feed water.

5.11.2.3 Brine Treatment

FC and evaporation can be sued for brine treatment (Table 5.8). As has been shown, the 
cost of FC is less than the cost of evaporation due to lower energy cost and lower cost for 
material of construction. It is further noted that treatment of the brine by FC results in large 
disposal saving costs due to the reduction in the brine volume. Without brine treatment 
with FC, the disposal cost of the ROC process (Na2CO3 pre-treatment/RO) amounts to 
R 130.00/m3 feed (Table 5.7). By treating the brine with FC, the disposal cost is reduced to 
R 13.00/m3. This cost can be further reduced by treating the brine/Na2SO4 sludge further 
to recover the raw material, Na2CO3.

5.11.2.4 Product Recovery

The previous sections showed that the cost of mine water treatment is dominated by the cost 
of brine and sludge disposal. Treating the sludge will not only reduce the cost of sludge dis-
posal but also the cost of raw material when recovered from the sludge (Table 5.9). Na2CO3 
can be recovered at a cost of R 3,532/t (compared with R 4,500 when purchased) and BaCO3 
can be recovered at a cost of R 3,623/t (compared with R 7,000/t when purchased). These 
figures were not included in the feasibility section.

5.11.3 Feasibility of Various Process Configurations

Cost of desalination differs when: (i) cost of waste disposal is excluded and (ii) cost of waste 
disposal is included (Table 5.10). The HiPRO process is currently used for desalination of 
100,000  m³/d of mine water in Mpumalanga, a coal-rich province in South Africa. The 
treatment cost was calculated to be R 25.18/m3 (Column P1). This figure included capital 
redemption cost (R 3.79/m3) but excluded waste disposal cost (R 186.45/m3). This high cost 
for waste disposal shows the importance of processing of waste streams when zero waste 
disposal is implemented. Column P1.2 shows that disposal cost is substantially reduced 
when FC is used to reduce the volume of brine to be disposed by 90%. The total treatment 
cost increases from R 25.18/m3 to only R 30.59. The disposal cost is reduced from R 186.45/m3 
to only R 29.65/m3.

The ROC process was developed to deal with the shortcomings of the HiPRO process. 
By replacing lime with Na2CO3 in the pre-treatment stage, gypsum scaling of the RO mem-
branes is avoided, metal compounds could be recovered selectively instead of as mixed 
gypsum/metal hydroxide sludges, and the brine concentration could be increased from 
30 g/L TDS to 80 g/L TDS. This way, the treatment cost was reduced from R 30.59/m3 to 
R 29.05/m3 and the Waste Disposal cost from R 29.65/m3 (Column P1.2) to R 13.54/m3 
(Column 2.2).

Chemical technologies competed with the RO technologies if the concentrations of 
monovalent ions (Na+, K+, and Cl−) are low and the sludge is processed through thermal 
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treatment for the recovery of raw materials. The total cost of the ABC process (BaCO3) 
amounted to R  43.37/m3 (column P3.2 in Table 5.10). This included the cost of BaCO3 
(R 29.23/m3). By processing the BaSO4 sludge to BaCO3, the chemical cost of R 29.23/m3 
(column P3.2 in Table 5.10) can be reduced to R 14.67/m3 (Table 5.9). The total cost of the 
SAVMIN™ process amounted to R 31.41/m3. This included the cost of lime (R 11.44/m3). By 
processing the gypsum sludge to produce Lime, the chemical cost of R 11.44/m3 (column 
P4.1 in Table 5.10) can be lowered to R 9.51/m3 (Table 5.9).

5.12 Conclusions

This chapter showed that a combination of technologies needs to be considered in order 
to achieve maximum environmental protection at affordable costs. For this reason, water 
treatment technologies were divided into the following categories: (i) neutralization,  
(ii) desalination, (iii) brine treatment, and (iv) sludge treatment. Affordability is a key fac-
tor, since water treatment needs to be applied by all mine water users. The environment 
does not benefit if only a portion of the mine water is treated to a good water quality and 
the balance is only neutralized or not treated at all.

Neutralization with CaCO3, Ca(OH)2, or Na2CO3 is essential, as it removes metals to 
below potentially toxic concentrations as well as achieving partial desalination due to gyp-
sum crystallization. Desalination needs to be applied if treated water is to be used for drink-
ing or industrial purposes. NF and RO are used for desalination in full-scale applications. 
Ion-exchange is also a promising technology to consider. Chemical desalination using pro-
cesses such as SAVMIN™ or CSIR ABC can be used for treatment of water low in sodium. 
In the case of NaCl-rich waters, the chemical desalination processes need to be combined 
with ion-exchange or membrane processes for final “polishing”. Desalination using bio-
logical processes will find application where biological energy sources are available at low 
cost. Passive treatment biological systems can be used in applications where small volumes 
of water, which are not heavily polluted, need to be treated in remote areas. With the ROC 
process, brine and sludge can be treated by combining FD and thermal treatment with 
chemical pre-treatment and RO. This allows for reduced treatment cost as saleable products 
can be recovered such as drinking water, pigment, aluminium sulfate, calcium carbonate, 
and sodium sulfate.

The feasibility section showed that the waste disposal cost is unaffordable if the concept 
of zero waste disposal at the treatment site is applied. Brine treatment with FC and thermal 
treatment of the sludge might reduce the cost of waste disposal to acceptable ranges.
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Abstract
Neutralization that results in the precipitation of high-density sludge (HDS) remains the preferred 
method for treating acid mine drainage (AMD). The HDS is usually discharged onto landfills, with 
little further exploitation and thus poses an environmental challenge. This study proposes aims at 
using various neutralizing agents (e.g., NaOH, CaCO3, and MgCO3) to obtain selective precipita-
tion of ochers from AMD. The study approach involves establishing an experimental design and 
parameter optimization using geochemical modeling. Simulations of the neutralization process 
have been conducted using the PHREEQC geochemical modeling code. In the simulations, AMD 
and varying amounts of different neutralizing agents were used as input while the output was the 
different ochers and treated water. Selected simulations used to conduct the experimental studies 
were based on the yield of precipitated ochers and the chemistry of the treated water. Precipitates 
were generated using NaOH and MgCO3 at different pH values (pH 3–9) at 25 °C. Precipitates var-
ied from yellow, brown to black. Powder X-ray diffraction confirmed the mineralogy of these pre-
cipitates as goethite, hematite, and magnetite, respectively. Bluish and turquoise precipitates were 
obtained from solutions that contained ferrocyanide. Precipitates were used as simple art paints to 
demonstrate their potential.

Keywords: Ochers, geochemical modeling, high-density sludge, acid mine drainage treatment, 
neutralizing agents, selective precipitation

6.1 Introduction

Acid mine drainage (AMD) results from mines and contains various concentrations of met-
als and sulfate ions. (Di-)sulfides such as Pyrite (FeS2) are the main starting point of AMD, 
due to the ease of oxidation when it is exposed to oxygenated water. Once discharged, AMD 
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can reach streams where it can negatively affect aquatic organisms [1]. Due to the poten-
tially hazardous nature of the constituent elements (e.g., Hg, As, and U), there is usually a 
need for the affected water to be treated [2]. AMD formation can be summarized by the 
following reactions:

 2 22 2 2FeS 7 O H Og l+ +( ) ( )  → 2 4 42
4
2Fe SO H(aq) (aq) (aq)

+ − ++ +  (6.1)

Ferrous ion (Fe2+) is further oxidized to ferric ion (Fe3+) in oxygenated water.

 4 42
2Fe O H( )aq g

+ ++ +( ) (aq)  → 4 23
2Fe H O l(aq) ( )

+ +  (6.2)

Ferric ion produced depends on the pH of the solution. When the pH of the solution is 
>3.5, Fe3+ ion oxidizes pyrite further [3].

 FeS Fe H Os l2
3

214 8( ) ( )(aq)+ ++

 
→

 
15 2 162

4
2Fe SO H(aq) (aq) (aq)

+ − ++ +  (6.3)

Finally, the ferric ion oxidizes the pyrite producing ferrous ion and protons (H+), resulting 
in the formation of AMD. Surrounding compartments are exposed to high acidity, result-
ing in increased solubility, mobility, and bioavailability of potentially toxic trace elements 
[1]. Several methods have been used for the treatment of AMD, including: adsorption, ion 
exchange, membrane technology, and neutralization. Adsorption and ion exchange are 
effective but have shortcomings when it comes to selective removal of pollutants and show 
poor performance at high concentrations [1]. Membranes are also effective, but brines are 
produced as by-products which are deemed hazardous to the environment. Precipitation 
technologies using neutralizing agents have been the most widely used type of treatment 
for AMD. This results from their versatility, easiness to recover valuable minerals, and the 
ability to treat large volumes of water [3]. Using neutralizing agents such as lime results 
in solids with low densities that are usually difficult to precipitate. AMD treatment also 
involves the addition of limestone or quick lime to increase the pH and oxidizing ferrous 
ion to ferric ion [4]. Downside is that the resulting high-density sludge (HDS) has to be 
disposed of at landfill sites. In this study, the aim was to provide a simulated approach of 
neutralizing AMD while generating (precipitating) ocher during the neutralization pro-
cess and to assess their potential use for pigment in paints. This is exacerbated by the fact 
that this sludge is heterogeneous and complex. Thus, beneficiation of sludge can produce 
material that can lead to the recovery of minerals such as hematite (Fe3O4) which can be 
used as the anticorrosive pigment [5]. Geochemical models assist in the characteriza-
tion of contaminated environmental sites and in making predictions on the potentially 
negative effects caused by anthropogenic activities such as mining. PHREEQC [6] is a 
geochemical modeling code applicable in mine water treatment studies. It is a powerful 
tool to understand the chemical equilibria for water chemistry and includes acid-base 
reactions, reactions for precipitation/dissolution, aeration/gas transfer, and oxidation- 
reduction reactions, among others. Ochers are found in a variety of geological depos-
its (commonly in Fe ores and sulfide bearing ore deposits) [7]. Iron precipitates are 
defined as the natural clay earth pigments with a variety of colors produced depending 
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on the geochemistry of the commodity in the surrounding environment [8]. These Fe 
precipitates are formed as oxides and hydroxides, together with some trace metals [9, 
10]. Sedimentary ore deposits are the main source of iron-rich minerals (e.g., hematite 
and magnetite) which are formed from geochemical processes that involve the reaction 
of iron and oxygen in marine environments [11, 12]. Different types of iron ores (e.g., 
magnetite, hematite, and pisolitic ironstone deposits) are formed, influenced by the geo-
logical and mineralogical settings of the surrounding environment [13]. Some minerals 
(e.g., siderite) can result from igneous rocks formed from hydrothermal fluids, volcanic, 
and metamorphic ore deposits [14, 15]. These Fe ores are formed by hot solutions which 
migrate Fe and metamorphosed rocks of favorable chemical composition with Fe min-
erals combined to form irregular ore commodities. Commonly, the color of the Fe pre-
cipitates is determined by the chemistry of the elements in their medium (e.g., mafic and 
ultramafic rocks are enriched with minerals like magnetite) based on the geological setup 
of the area [16, 17]. Mineral alteration during physical and chemical weathering forms 
a variety of Fe ore deposits (ores containing high quantities of greater than 60% Fe) and 
other oxides such as silicates (with SiO2 ranges from 0.6 to 5.7%) and aluminum oxide 
(Al2O3 ranges from 0.6 to 3.7%) [18, 19]. When Fe ore commodities are weathered, they 
form a variety of ochers or Fe precipitates due to geochemical reactions taking place in 
that environment, making them the main source of Fe precipitates [20]. Black precipitates 
are mostly formed from magnetite deposits, while red and yellow iron precipitates can 
form from the weathering of magnetite [20, 21]. Iron precipitates (hematite and magne-
tite) are generally higher in grade with Fe percentages from 64 to 67% [4]. With time, 
the chemical composition of Fe ores with fine textures continues to decline, as economic 
ore deposits (higher grade reserves) are replaced with low grade commodities for both 
delivering goods from the supplier and beneficiated products [22]. Low grade Fe com-
modities from the suppliers are likely to be replaced in the future with beneficiated fine 
Fe precipitates and some concentrates from banded iron formation (BIF) [23]. Global Fe 
ore trade (both imports and exports) released by the Australian Government Bureau of 
Resources and Energy Economics (BREE), Bloomberg, United National Conference on 
Trade and Development (UNCTAD) shows that the world trade in terms of exports in 
the year 2018 was 6,124 Mt and 9,463 Mt in 2019. This shows that here might be a high 
demand of Fe precipitates globally. In 2018, South Africa exported 75 Mt (import was 
1,200 Mt) and 65 Mt (import was 1,190 Mt) in 2019, implying a decline that could be a 
worldwide trend. Iron ore imports in countries like China and Japan inclined in 2018 
and 2019 (China in 2018 was 1.064 Gt and 1.069 Gt in 2019; Japan in 2018 was 100 Mt 
and 115 Mt in 2019). Natural ochers were used in ancient times in artistics and crafts 
for wall and body paintings [24]. Due to the beneficial use of ochers, they have been 
transformed into commercially acceptable pigments [25–27]. In general, iron precipi-
tates contain different quantities of octahedral Fe oxides (e.g., hematite and goethite) [28, 
29]. Reddish (hematite) and yellow (goethite) Fe oxides are commonly observed in the 
natural Fe oxides [30, 31]. An increased demand for Fe minerals or ochers for art and 
paints and the depletion of the naturally occurring resources will undoubtedly lead to the 
exploitation of alternatives. AMD is one such alternative that can be considered owing 
to its elevated concentrations of dissolved Fe. Current neutralization methods of AMD 
have yielded HDS which is not of much use as a result of its mixed nature, i.e., it contains 
various precipitates in a single mass.
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6.2 Methodology

6.2.1 Simulation Studies—Model Setup as an Experimental Design Approach

Previous descriptions have shown that the simulated neutralization of AMD and subse-
quent precipitation of ochers can be used as an experimental design technique. It helps 
in gaining insights into the experimental setup to be used and what can be anticipated. A 
forward geochemical modeling approach was used in which two or more initial states were 
used to determine the resulting state. For instance, reacting the AMD (initial state 1) with 
a neutralizing agent (initial state 2) while changing the temperature of the reaction (initial 
state 3) will result in treated water (final state 1) and some precipitates (final state 2). AMD 
compositions in this study were taken from a previous study by [32] (Figure 6.1). Using 
PHREEQC (Phreeqc.dat database), the AMD’s speciation and solubility was assessed and 
the neutralization and treatment of the affected water using a variety of neutralizing agents 
was simulated. In these simulations, different parameters with different neutralizing agents 
were assessed: varying pH values, equilibration with gases such as CO2 and O2 and varying 
temperatures. PHREEQC was also used for batch calculations that can be reacted or equili-
brated with a gas (e.g., O2 for fugacity). Our aim was to provide a holistic approach in com-
bating the AMD problem and to generate ochers during AMD treatment using PHREEQC. 
These neutralizing agents were used for the treatment of the AMD: MgCO3, MgO, 
Mg(OH)2, CaCO3, CaO, CaHCO3, Ca(OH)2, Na2CO3, Na2O, NaOH, NaHCO3, NH3, and 
NH4OH. In the input file, the chemical composition of the AMD was used as “Solution 1”, 
with the above neutralizing agents dosed as “Reaction 1” in 1 L AMD (Figure 6.1). 
Magnesium carbonate and sodium hydroxide were found to be the best neutralizing agents 
in improving the water quality and the precipitation of Fe oxides (including yield wise). 
Each of the reaction steps represented a different simulation, e.g., in the reaction with 
CaCO3, 4 mol of the neutralizing agent were added in 10 steps. In a separate reaction step  

Figure 6.1 PHREEQC script for forward modeling of AMD.
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(Figure 6.2), MgCO3 is reacted with the same initial water to obtain a different output. In 
another step, a mixture of MgCO3 and NaOH was reacted with the initial water, giving 
another outcome. In yet another reaction step, MgCO3 was reacted with the same initial 
water at a fixed pH of 9.0 (shown as “Fix H+ −9.0 MgCO3 10”) to reach a different output. 
Notable changes in the treated water were the pH, pe (redox potential), and total alkalinity 
as the species change. Up to 1,000 simulations were conducted with about 200 proving 
to be satisfactory with respect to the desired predicted treated water quality and ochers 
precipitated. In addition, the solution was equilibrated with CO2 (Figure  6.3) and with 
atmospheric O2 (Figure 6.4).

Figure 6.2 PHREEQC script for forward modeling of AMD at fixed pH value.

Figure 6.3 PHREEQC script for forward modeling of AMD equilibrating with CO2.

Figure 6.4 PHREEQC script for forward modeling of AMD equilibrating with atmospheric O2.
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6.2.2 Experimental Studies

6.2.2.1 Experiment 1

The aim of the experiments was to produce Fe precipitates using synthetic AMD (Table 6.1) 
based on [4] without heating (energy) throughout the experiments. A stepwise selective 
precipitation mechanism was applied to assess the effect of parameters such as oxidation, 
pH adjustment, settlement rates, and temperature (experiments conducted at room tem-
perature). All the weighted chemicals were transferred into seven 600 mL beakers and 
dissolved in 500 mL of deionized water. A magnetic stirrer was used to homogenize the 
samples at 2 rpm (Figure 6.5).

Table 6.1 Chemicals (names, formula) and masses, m, used to synthesize AMD in Experiments 
1 (m1) and 2 (m2).

Chemicals Chemical formula m1, g m2, g

Aluminium potassium sulfate dodecahydrate AlK(SO₄)₂·12H₂O 0.50 0.50

Manganous sulfate monohydrate MnSO4.H2O 0.30 0.30

Ferrous sulfate heptahydrate FeSO4.7H2O 1.00 1.00

Copper sulfate anhydrous CuSO4 0.20 0.20

Calcium sulfate dihydrate CaSO4. 2H2O 15.0 15.0

Ferric sulfate anhydrous Fe2(SO4)3 1.00 1.00

Nickel nitrate hexahydrate Ni(NO3).6H2O 0.20 0.20

Cadmium nitrate tetrahydrate Cd(NO3)2.4H2O 0.20 0.20

Zinc nitrate tetrahydrate Zn(NO3)2.4H2O 0.30 0.30

Ferrocyanide [Fe(CN)₆]⁴– – 1.00

(a) (b)

Figure 6.5 (a) pH adjustment on each beaker; (b) Stirred solutions at 2 rpm at ambient temperature for 48 h.
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6.2.2.2 Using NaOH as a Neutralizing Agent

pH values were measured (Figure 6.6) after homogenization and ranged between 2.76 and 
2.80 in the seven beakers. To precipitate iron oxides from the synthesized AMD, different 
pH values were used, ranging from pH 3 in beaker A to pH 9 in beaker G. To reach the 
targeted pH, drops of 1 mol L−1 NaOH were added to raise the pH. Seven beakers were 
stirred at 2 rpm for 48 h at room temperature. After 48 h, the beakers were removed from 
the magnetic stirrer to allow the precipitates to settle through a vacuum suction using a 
0.45 µm Whatman cellulose nitrate filter paper. After filtering the Fe precipitates, some of 
the filtrates were selected for retreatment with NaOH for further precipitation to yield more 
precipitates.

6.2.2.3 Addition of Ferrocyanide to Mineral Salts Used to Simulate AMD 
(Experiment 2)

To produce the turquoise Fe precipitates in Experiment 2, ferrocyanide ([Fe(CN)6]
4−) was 

added to the chemicals used to synthesize AMD (Table 6.1). This was just a once-off exper-
iment that was conducted to assess the possibility of obtaining such precipitates. Chemicals 
were transferred into four 600 mL beakers and 500 mL of deionized water was used to dis-
solve them. A magnetic stirrer was used to homogenize the samples at 2 rpm (Figure 6.7). 

(a) (b) (c)

Figure 6.6 (a) pH adjustment with NaOH in initial solutions; (b) Precipitates formed in solutions after 
stirring for 48 h at 25 °C; (c) Vacuum system used to filter precipitates.

(a) (b)

Figure 6.7 (a) Mineral salts that were weighed out (600 mL beakers) in weighing balance and dissolved in 
deionized water; (b) Beakers stirred for 48 h to allow oxygen circulation in the reactions.
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pH values in each beaker after homogenization ranged between 2.58 and 2.67. To precip-
itate the cyanide containing iron ochers from the synthesized AMD, different pH values 
were used by adding NaOH, ranging from pH 3 in beaker A to pH 9 in beaker D. After the 
pH adjustments, the precipitates were extracted through filtration.

6.2.2.4 Using MgCO3 as a Neutralizing Agent

For neutralization with MgCO3, the experimental setup was similar to that for NaOH, with 
the same initial pH values in the beakers as above. Adjustment of pH was conducted using 
MgCO3, added as a powder followed by stirring at room temperature, (25 °C) as for the 
experiments using NaOH. Selected filtrates from the MgCO3 neutralization were used for 
retreatment with MgCO3 to assess the possibility of precipitating more ochers.

6.2.3 Characterization of Fe Oxides

Precipitated ochers characterization was conducted using powder X-ray diffraction (PXRD) 
(Bruker D2 Phaser, Germany). Main aim of this analysis was to confirm the Fe oxides pre-
cipitated using both MgCO3 and NaOH. Inductively coupled plasma-optical emission spec-
trometry (ICP-OES) (Spectro Genesis, Spectro, Germany) was used to analyze different 
trace metal concentrations in the synthesized AMD and treated water. Filtrates were ana-
lyzed to verify if the water quality improved.

6.3 Results and Discussion

6.3.1 Simulation Studies

6.3.1.1 Individual Neutralizing Agents

Different neutralizing agents gave different pH values and varying amounts of precipitated 
iron minerals (Table 6.1). Magnesium-based neutralizing agents provided satisfactory 
results in terms of treatment of AMD, pH, and the iron precipitates produced. In particular 
MgCO3, MgO, and Mg(OH)2 proved to be the best neutralizing agents, as they raised the pH 
to above 9 which is in agreement with what the industries are currently allowing for waste 
disposal after treatment [1]. Advantage of using MgCO3 is that gypsum does not precipitate 
with the iron minerals, allowing their easy separation. This is a challenge with the current 
HDS process, where co-precipitation with iron minerals is unavoidable, resulting in a het-
erogeneous and complex sludge as indicated previously. Calcium carbonate (CaCO3) and 
sodium hydroxide (NaOH) also produced acceptable treated AMD and iron precipitates at 
pH > 9. Though these individual neutralizing agents yielded acceptable pH values, poor 
overall water treatment results were obtained (e.g., ineffective removal of potentially toxic 
elements and sulfate). Other neutralizing agents such as NH3, NH4OH, and NaHCO3 gave 
poor results with both, the precipitated minerals and the treated water. Maximum pH after 
the addition of these agents was less than 7, resulting in ineffectively treated AMD. Iron pre-
cipitates were very few and had low saturation indices (SI), implying that they may not be 
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precipitating effectively. Therefore, these neutralizing agents were not used for subsequent 
simulations for the AMD treatment.

At lower concentrations (0.2–1 mol) of the neutralizing agents, goethite (FeOOH), 
hematite (Fe2O3), and siderite (FeCO3) could be separated at acid pH values (5–6.9) for 
all the neutralizing agents used. Hematite was observed to be a derivative of goethite as 
in the treated water a small amount of hematite was observed. Essentially, a loss of water 
by goethite will result in the formation of hematite. At higher concentrations (1.2–2 mol), 
the following iron precipitates were observed: Fe(OH)3, FeS, goethite (FeOOH), hematite 
(Fe2O3), mackinawite (FeS), pyrite (FeS2), and siderite (FeCO3) at varying pH values for the 
effective neutralizing agents. They were chosen based on the acceptable pH reached and 
better quality of the water treated (pH values in brackets): MgCO3 (9.44), MgO (12.15), 
Mg(OH)2 (11.34), Na2O (12.77), CaCO3 (9.43), and NaOH (9.65).

6.3.1.2 Combined Neutralizing Agents

Main aim of combining the neutralizing agents was to identify changes in pH, treated water 
composition, and iron precipitates produced. This was done by combining the individual 
neutralizing agents that were considered effective for AMD treatment and those that were 
deemed to be poor as individual neutralizing agents. It should be noted here that the rea-
soning was premised on that a mixture of good and bad neutralizing agents would produce 
acceptable effects. pH range that was of interest was from 7 to 9 which is an acceptable pH 
range for discharging to streams. At this pH range, the concentration of trace metals in the 
water is low, reducing their potential environmental threat. Masses of iron minerals that 
precipitated were observed to be higher compared to those produced by the individual neu-
tralizing agents. Combinations that yielded good precipitates at pH values between 7 and 
9 and treated water were: MgCO3+NH3, MgO+NaOH, and Mg(OH)2+NH4OH (Table 6.2). 
At higher masses of the combinations, the phases Fe(OH)3, FeS, goethite (FeOOH), hema-
tite (Fe2O3), mackinawite (FeS), pyrite (FeS2), and siderite (FeCO3) precipitated. A benefit 
of using MgCO3, MgO, Mg(OH)2, CaCO3, and NaOH as neutralizing agents is that the 
obtained minerals are not precipitated simultaneously with gypsum [33].

Table 6.2 Effect of the combined neutralizing agents on pH 
of the treated AMD.

Combined neutralizing agents pH

Na2O + NH3 9.17

CaO + CaHCO3 9.47

MgO + NaOH 9.84

Mg(OH)2 + NH4OH 9.19

MgCO3 + NH3 8.04

MgCO3 + NaOH 7.23

NH3 + NH4OH 6.50
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In other instances, depending on the individual and combined neutralizing agents used, 
the iron minerals precipitated were observed to decrease. For instance, the combination 
of CaCO3+Na2CO3 decreased the iron precipitates by 30% compared to CaCO3 individu-
ally. Mg(OH)2+NH4OH combination decreased the iron precipitates by 40% compared to 
Mg(OH)2 individually. Likewise, the MgCO3+NH3 combination decreased the iron pre-
cipitates by 25% compared to the MgCO3 individually. MgO had similar observations as 
MgCO3. When the Na2O+NH3 combination was used, the iron precipitates were found to 
be 30% less compared to Na2O individually.

6.3.1.3 Equilibrating with CO2

To assess the effect of CO2 on AMD, degassing of CO2 was conducted with individual and 
combined neutralizing agents (Table 6.3) with the highest pH reached being 9. Most indi-
vidual neutralizing agents gave satisfactory results when CO2 was introduced. Gypsum was 
observed to precipitate before the introduction of CO2, meaning that it would be possible 
to separate gypsum from other minerals by controlling equilibration with CO2. This treated 
water quality showed greater improvement and more iron precipitates were produced with 
the most common iron precipitate being siderite which varies with the type of neutralizing 
agent used. Comparing individual MgCO3 which had a molality of 0.1091 and the com-
bined MgCO3+NaOH which had a molality of 0.1041, the concentration does not vary 
much as it changes by only 0.44%. This implies that MgCO3 is a good neutralizing agent 
when equilibrated with CO2 as both individual and combined neutralizing agent.

6.3.1.4 Equilibrating with O2

AMD was then equilibrated with atmospheric oxygen, where a pH of 8 was reached with 
most neutralization agents (Table 6.4). Iron precipitates and the resulting treated were not 
satisfactory for these neutralizing agents even though Jarosite-K (KFe3(SO4)2(OH)6) was 
observed to precipitate. Jarosite-K was predicted to precipitate for both the individual and 
the combined neutralizing agents when the system was equilibrated with oxygen. A less 
complex sludge would likely be obtained as the predictions showed that fewer precipitates 
would be produced.

Table 6.4 Final pH-values in AMD for individual neutralizing agents equilibrated with O2.

Neutralizing agent MgCO3 MgO Mg(OH)2 Na2O CaCO3 NaOH

pH 8.73 8.80 8.71 8.37 8.73 8.43

Table 6.3 Final pH-values in AMD for individual neutralizing agents equilibrated with CO2.

Neutralizing agent MgCO3 MgO Mg(OH)2 Na2O CaCO3 NaOH

pH 9.58 9.58 9.58 9.76 9.51 9.64
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6.3.1.5 Fixed pH

pH was fixed to assess the changes in iron precipitates and the treated water (Table 6.5). Nitric 
acid was used to fix the pH at 3.0 resulting in fewer precipitated iron minerals, including Fe2O3, 
Fe(OH)3 and FeOOH being common in the treated water of most of the neutralizing agents. 
As was expected, since the pH was low, the composition of the treated water did not change 
much. However, the precipitation of these minerals means that the pH must be lowered to 3.0 
with nitric acid if the interest is in their precipitation. In the alkaline range, pH 9.5 was the 
maximum pH where the treated water was satisfactory, and the iron mineral precipitates were 
substantial (judging from the molar yields predicted). A pH of 9.5 proved to work better than 
pH values above 10. This, of course, depends on the mineral of interest for a study. Although 
most iron minerals precipitated at pH ≥ 9, using MgCO3, MgO and NaOH improved water 
treatment. Consequently, these neutralizing agents can be used for AMD treatment.

6.3.1.6 Varying Temperature

Temperature was varied from 25 to 100 °C to assess the effect of heating the water before 
treatment. A temperature of 33 °C, with other factors held constant, was found to yield sat-
isfactory. This was ideal as this temperature is quite ambient and easily attainable.

6.3.1.7 Varying Concentrations of Neutralizing Agents

Varying the dosages of neutralizing agents resulted in non-convergence of the simula-
tion iterations as the highest pH reached was 14 at higher molarities (10 mol). Calcite was 
observed to precipitate gypsum at higher amounts and pH. At higher concentrations, there 
were fewer precipitates predicted and the treated water quality was poor as most metals 
dissolved in the solution. To be certain that the model works, a different AMD was used 
with the same neutralizing agents at a different temperature. It was observed that the iden-
tified effective neutralizing agents worked best (Table 6.5). Precipitated iron minerals are 
as follows: Fe(OH)3, FeS, goethite (FeOOH), hematite (Fe2O3), mackinawite (FeS), pyrite 
(FeS2), and siderite (FeCO3) which were common in all the identified effective neutralizing 
 agents.

6.3.2 Characterization of HDS

6.3.2.1 Aims and Dry Matter

Both fresh and aged (3 months) HDS were characterized to assess their physical properties 
as well as their chemical properties (through microwave digestion and leaching tests). Main 
aim was to set a benchmark for determining if either sludge is usable for further adsorption 
of elements from AMD (e.g., when pumped into mine voids) and to adsorb phosphate in 

Table 6.5 pH values produced by the effective individual neutralizing agents.

Neutralizing agent MgCO3 MgO Mg(OH)2 Na2O CaCO3 NaOH

pH 9.02 9.51 12.21 9.57 8.89 9.05
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agricultural-type water. Dry solids in the HDS ranged from 2.5% to 37.2% and an increase 
from 20% to 25% was observed from fresh to aged HDS. Metal and sulfate concentrations 
in the aged sludge were found to be higher than for fresh sludge.

6.3.2.2 Physical Characterization of HDS

HDS samples from the Germiston mine water treatment plant were characterized to 
determine their mineralogy. Fresh sludge was divided into portions with some being aged 
through air drying in the laboratory. Mineralogical composition of HDS was determined 
using PXRD and X-ray fluorescence (XRF).

6.3.2.3 Chemical Characterization of HDS

To determine the release of metals from the dried sludge, leaching, and microwave digestion 
were done followed by analysis using ICP-OES for metals and IC for anions, mainly sulfate. 
For the metals, microwave digestion of the sludge was conducted using a 1:3 mixture of 
nitric and hydrochloric acids (0.1 g of sludge to 10 ml of the aqua regia mixture) followed 
by analysis using ICP-OES. For the sulfate content, 1 g of sludge:20 mL of deionized water  
(at pH 7) was used over a shaker for 24 h followed by filtration with a 0.45-µm cellulose 
nitrate filter followed by analysis using IC.

6.3.2.4 Mineralogy and Chemical Composition of HDS

Results for the mineralogy determined in the HDS showed that the dominant minerals 
include: magnetite, hematite, goethite, maghemite, pyrophyllite, chloritoid, mica, chlorite, 
jarosite, pyrite, gypsum, copiapite, and clay minerals, mostly kaolinite and montmoril-
lonite. Observations of elevated concentrations of iron oxides in the HDS were also con-
firmed by XRF analysis (Figure 6.8). Presence of the iron minerals is apparent from the 
reddish-brown coloration of the sludge. In addition, the fresh HDS was leached in deion-
ized water (Figure 6.9).
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As can be seen, the results show elevated concentrations of sulfur and trace elements 
such as U. These are accumulated concentrations following precipitation and co- precipitation 
with iron precipitates during the neutralization process. Use of limestone and lime for neu-
tralization in these plants can be seen by the elevated concentration of Ca resulting in large 
amounts of gypsum being precipitated (as substantiated by the PXRD results). Results 
of the aged HDS show elevated concentrations of elements compared to the fresh sludge 
(Figure 6.10). This can be explained by the fact that, in the fresh sludge, most of the minerals 
are likely to be in soluble forms, while in aged sludge, these have been allowed to precipitate 
onto the bulk sludge, resulting in the observed increased concentrations. A high sulfate con-
centration of 3,356 mg L−1 corroborates the observations for the fresh sludge. Three times 
higher concentrations were observed compared to that of fresh sludge. Low concentrations 
of nitrite, bromide, and nitrate show (Figure 6.11) that these ions did not play a substantial 
role in the chemistry of the sludge. Physical and chemical properties of the HDS showed 
differences between the fresh and aged sludge, with the aged sludge showing an increase in 
stability compared to the fresh sludge. Low concentrations of metals and high alkalinity in 
the fresh sludge may reduce metals leachability. Aged HDS properties may transform based 
on its mineral composition into carbonate rock enriched with iron oxide and metals may 
be accumulated in the matrix of solid sludge and might be a secondary source of pollution. 
Further characterization of both the fresh and aged sludge would shed some light as to the 
possibility of further adsorption that can occur on their surfaces. This will make it possible 
to deduce if use in conditioning AMD or adsorption of phosphate is feasible.
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6.3.3 Experimental Studies

6.3.3.1 Procedure Description

In this section, the formation of precipitates is presented and described. This includes the 
initial formation of the precipitates from the initial AMD solutions whose pH was adjusted 
with NaOH and MgCO3. From those, some filtrates were selected for further treatment with 
each neutralizing agent to precipitate more ochers. Characterization of the ochers is also 
presented as well as some illustrations of the applications of the ochers to paint and artwork. 
Lastly, the changes in water chemistry are presented, that is, the composition of the initial 
AMD and the composition after treatment with NaOH.

6.3.3.2 Formation of Precipitates

6.3.3.2.1 Using NaOH as a Neutralizing Agent
Precipitates obtained at the seven pH values of precipitation (pH 3, 4, 5, 6, 7, 8, and 9) 
ranged from yellowish to brown (Figures 6.12 to 6.19) and are shown below (Figures 6.13 to 
6.19, starting from the left beaker to the right one). Precipitates were dried at 180 °C in the 
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Figure 6.11 Minor anions in the high-density sludge.

(a) (b)

Figure 6.12 (a) Seven beakers stirred for 48 h to allow oxygen circulation in the reactions. The pH values for 
precipitation increase from the left to the right beaker (i.e., pH 3 to 9); (b) Vacuum system used to filter the 
samples.
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(a) (b) (c)

Figure 6.13 Yellow precipitates (pH 3): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with pestle 
and mortar after drying.

(a) (b) (c)

Figure 6.14 Yellow-brown precipitates (pH 4): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground 
with pestle and mortar after drying.

(a) (b) (c)

Figure 6.15 Yellow-brown precipitate (pH 5): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with 
pestle and mortar after drying.

(a) (b) (c)

Figure 6.16 Brown precipitate (pH 6): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with pestle 
and mortar after drying.
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oven for an hour followed by pulverizing with a mortar and pestle to yield a powder. As no 
difference in coloration and mineralogy was observed between these precipitates and those 
that had been air dried over 5 days, oven drying was chosen as a faster method. Grinding 
with a mortar and pestle produced ochers that can be workable for art paintings as will be 
discussed later. Brown to reddish color was due to hematite (Fe2O3) and the yellowish color 
to goethite (FeOOH) as confirmed by PXRD analysis. Further details are provided in the 
characterization section. The recovered precipitates ranged from 22.2 to 27.8 g L−1 of treated 
AMD (Table 6.6).

(a) (b) (c)

Figure 6.18 Reddish-brown precipitate (pH 8): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground 
with pestle and mortar after drying.

(a) (b) (c)

Figure 6.19 Brown precipitate (pH 9): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with pestle 
and mortar after drying.

(a) (b) (c)

Figure 6.17 Light brown precipitate (pH 7): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with 
pestle and mortar after drying.
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6.3.3.2.2 Retreatment of Filtrates with NaOH
After filtering the Fe precipitates above, three selected filtrates (i.e., those from pH of pre-
cipitation of 3, 5, and 7) were “retreated” (further neutralized) with NaOH followed by 
stirring for 48 h at 2 rpm and filtration. This was done to assess if further precipitates could 
be recovered following the initial precipitation. Reddish-brown to black iron precipitates 
were obtained (Figures 6.20 to 6.22), implying that the filtrates had potential to yield more 
precipitates. As mentioned before, the filtrate of pH 3 was neutralized to a new pH of 5; the 

Table 6.6 Mass (g L−1) of precipitates recovered at different pH values using NaOH.

pH Color of precipitate m precipitate

3 Yellow 22.22

4 Yellow-brown 22.00

5 Yellow-brown 26.16

6 Brown 27.82

7 Brown 24.14

8 Reddish-brown 27.36

9 Brown 26.46

(a) (b) (c)

Figure 6.20 Reddish-brown precipitate (pH 5): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground 
with pestle and mortar after drying.

(a) (b) (c)

Figure 6.21 Brown precipitate (pH 7): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with pestle 
and mortar after drying.
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filtrate of pH 5 to pH 7; and that of pH 7 to pH of 9. Results show that close to 10% addi-
tional yield was obtained in the retreatment (Table 6.7).

6.3.3.2.3 Addition of Ferrocyanide and Precipitation with NaOH
Following the addition of ferrocyanide to the initial AMD solution (Figure 6.23), bluish, 
greenish, and brownish Fe precipitates were obtained (Figures 6.24 to 6.27). Only 4 pH 
values of precipitation were assessed, i.e., pH 3, 5, 7, and 9 (beakers A, B, C, and D in Figure 
6.24a, respectively). To recap, the precipitates formed were as follows: at pH 3 a light blue 
precipitate, at pH 5 a dark blue precipitate, at pH 7 a green precipitate and at pH 9 a dark 

Table 6.7 Mass (g L−1) of precipitates recovered at different pH regimes following retreatment 
of selected initial filtrates with NaOH.

pH Color of precipitate m precipitate

5 Reddish-brown 2.672

7 Brown 2.242

9 Black 1.896

(a) (b) (c)

Figure 6.22 Black precipitate (pH 9): (a) Filtered precipitates (25 °C); (b) Dried (180 °C for 1 h); (c) Ground 
with pestle and mortar after drying.

(a) (b)

Figure 6.23 (a) Bluish, green, and brown precipitates forming at various pH regimes during neutralization; 
(b) Sample filtration with a vacuum system.
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(a) (b) (c)

Figure 6.24 Light blue precipitates (pH 3): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with 
pestle and mortar after drying.

(a) (b) (c)

Figure 6.25 Dark blue precipitates (pH 5): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with 
pestle and mortar after drying.

(a) (b) (c)

Figure 6.26 Green precipitate (pH 7): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with pestle 
and mortar after drying.

(a) (b) (c)

Figure 6.27 Brown precipitate (pH 9): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with pestle 
and mortar after drying.
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brown precipitate. Yield for the recovered precipitates ranged from 1.644 to 3.514 g L−1 of 
the initial synthetic AMD solution (Table 6.8). Precipitates involving ferrocyanide largely 
consist of Prussian blue (FeIII[FeIIIFeII(CN)6]3) and have been observed in previous studies 
[34] in the vicinity of active gold tailings dams (Figure 6.28). These Prussian blue precipi-
tates are formed via the following reaction:

 4 Fe3+ + 3[Fe(CN)6]
4- → FeIII[FeIIIFeII(CN)6]3 (6.4)

Precipitates obtained experimentally (Figures 6.13 to 6.15) show that they are quite per-
sistent and tend to overshadow the other precipitates, e.g., the yellow and brown ones. 
Distribution of the colorations observed in the field (Figure 6.17) substantiates this per-
sistence as the bluish coloration is quite elaborate.

6.3.3.2.4 Using MgCO3 as a Neutralizing Agent
Precipitates obtained following neutralization with MgCO3 (Figure 6.29) show similar 
colors to those obtained when using NaOH (Figures 6.13, 6.16, and 6.19). These similari-
ties are due to the same experimental conditions for both alkaline materials. Same chem-
icals were dissolved at room temperature and had similar fixed neutralization pH values. 
Yellowish to brown Fe precipitates were obtained (Figures 6.29 to 6.36). In addition, the 

Table 6.8 Mass (g L−1) of the recovered precipitates at different pH values (of ferrocyanide 
containing solutions) using NaOH.

pH Color of precipitate m precipitate

3 Light blue 1.644

5 Dark blue 2.194

7 Green 3.030

9 Dark brown 3.514

(a) (b) (c)

Figure 6.28 Prussian blue coloration: (a) in the foreground at an AMD affected stream, (b) in a water retain 
dam of a slimes dam (photo courtesy T. S. McCarthy), and (c) in a solution trench of a slimes dam (the pipe 
was discharging ferrocyanide containing water at pH 9 that mixed with AMD in the trench at pH 3, resulting 
in the formation of Prussian blue).
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yields of the recovered precipitates are generally comparable to those obtained using 
NaOH (Table 6.9). Some of the filtrates from the initial neutralization experiments were 
used for further treatment with MgCO3 to assess any potential precipitates that could be 
obtained (Table 6.10). Filtrates that were retreated were from beakers A, B, and C (with 
initial neutralization pH values of 3, 4, and 5, respectively). Targeted new pH values were 
5 (for the filtrate that was at pH 3); 7 for the filtrate at pH 4 and 9 for the filtrate at pH 9 
(Figures 6.37 to 6.39).

(a) (b)

Figure 6.29 (a) Beakers stirred for 48 h to allow oxygen circulation in the reactions; (b) Vacuum system used 
to filter the samples.

(a) (b) (c)

Figure 6.30 Yellow precipitates (pH 3): (a) Filtered (25 °C); (b) Dried in oven (180 °C); (c) Sample grinded 
with pestle and mortar after it was dried.

(a) (b) (c)

Figure 6.31 Yellow-brown precipitates (pH 4): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground 
with pestle and mortar after drying
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(a) (b) (c)

Figure 6.32 Yellow-brown precipitate (pH 5): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with 
pestle and mortar after drying.

(a) (b) (c)

Figure 6.33 Yellow-brown precipitate (pH 6): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with 
pestle and mortar after drying.

(a) (b) (c)

Figure 6.34 Light brown precipitate (pH 7): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with 
pestle and mortar after drying.

(a) (b) (c)

Figure 6.35 Reddish-brown precipitate (pH 8): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground 
with pestle and mortar after drying.
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(a) (b) (c)

Figure 6.36 Brown precipitate (pH 9): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with pestle 
and mortar after drying.

Table 6.9 Mass (g L−1) of precipitates recovered at different pH values using MgCO3.

pH Precipitate

3 Yellow 17.0

4 Yellow-brown 19.1

5 Yellow-brown 27.1

6 Yellow-brown 28.5

7 Brown 25.0

8 Reddish-brown 29.4

9 Brown 31.6

(a) (b) (c)

Figure 6.37 Reddish-brown precipitate (pH 5): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground 
with pestle and mortar after drying.

Table 6.10 Mass (g L−1) recovered from retreatment of selected filtrates with MgCO3 
at different pH values.

pH Color of precipitate m precipitate

5 Reddish-brown 1.82

7 Brown 2.04

9 Black 1.96
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6.3.3.3 Characterization of Fe Precipitates

Iron precipitates were characterized using PXRD to determine their mineralogy, and 
the results showed that the dominant Fe minerals were goethite, hematite and magnetite 
(Table 6.11). Mineralogical analyses of the Fe precipitates showed elevated concentrations 
of Fe in the form of oxides and oxyhydroxides which was confirmed by PXRD analysis 
(Figure 6.40). pH in the experiments was found to be more influential in determining 
the colors of the precipitates produced than the temperature of reaction. This was proven 
during experimental work in that even at room temperature, it was possible to produce the 
desired Fe precipitates and it implies that less energy is required as no heating had to be 
done to enhance the production of the precipitates. Potential lower costs for recovering Fe 
precipitates from AMD makes it an attractive alternative to replace Fe oxides (ocher miner-
als) found in weathered natural iron ores [35].

(a) (b) (c)

Figure 6.39 Brown-black precipitate (pH 9): (a) Filtered precipitates (25 °C); (b) Dried (180 °C for 1 h); 
(c) Ground with pestle and mortar after drying.

(a) (b) (c)

Figure 6.38 Brown precipitate (pH 7): (a) Filtered (25 °C); (b) Dried (180 °C for 1 h); (c) Ground with pestle 
and mortar after drying.

Table 6.11 Major Fe precipitates and their composition.

Fe precipitate Chemical formula Chemical composition (wt %) Density (g cm−3)

Goethite FeOOH Fe: 62.85; O: 36.01; H: 1.13 3.8

Hematite Fe2O3 Fe: 69.94; O: 30.06 5.3

Magnetite Fe3O4 Fe: 72.36; O: 27.64 5.15
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6.3.3.4 Application in Paintings and Artwork

For the produced precipitates, their potential to be used in paintings and artwork was 
assessed (Figure 6.41). As pointed out earlier, the precipitates maintained their colors fol-
lowing addition of water to make painting pastes.

6.3.3.5 Water Chemistry

As expected, the nature of the synthesized AMD was influenced by the combination of 
chemicals dissolved in the solutions. Measured pH in the AMD solutions ranged from 2 
to 3, with a high electrical conductivity (EC) and elevated concentrations of Fe and sulfate. 
Addition of NaOH to one of the chosen solutions (of pH 2.76), for instance, increased the 
pH and precipitated some metals out of the solution as observed by a substantial decreases 
in the concentrations of metals in the solution (Table 6.12). More than 95% of the Fe was 
precipitated in this case. Sulfate concentration also decreased by about 50%, suggesting 
that sulfate phases are formed in the precipitates. These were not observed in the PXRD 
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Figure 6.40 X-ray diffractograms (from left to right) of the yellow (goethite), reddish-brown (hematite), and 
black precipitate (magnetite).

(a) (b)

(c) (d)

Figure 6.41 Art paintings from Fe precipitates recovered from synthetic AMD: (a) environmental terrains; 
(b) shepherd and flock; (c) painted tree; (d) soccer field (paintings by Khathutshelo Netshiongolwe).
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diffractograms, most likely due to the dominance of Fe minerals that tend to shield other 
minerals. Equation for neutralization by NaOH can be simplified as:

 4 NaOH(aq) + 2 FeSO4(aq) → 2 Fe(OH)2(s) + 2 Na2SO4(aq) (6.5)

Oxidation of Fe2+ to Fe3+, results in the formation of Fe(OH)3. Fe2+ precipitates are yel-
lowish in color while those for Fe3+ are reddish to brownish. Drying process results in the 
loss of the water component of the precipitated and formation of minerals such as FeOOH 
and Fe2O3. Magnetite (Fe3O4) forms as a result of the combination of oxides of Fe2+ and Fe3+.

For neutralization with MgCO3, the reaction can be simplified as follows:

 MgCO3(s) + FeSO4(aq) → FeCO3(s) + MgSO4(aq) (6.6)

It should be noted that the stability and existence of the carbonate depends largely on 
the pH. At low pH, it is easily destroyed. While not shown in the results above, elevated 
concentrations of Na were analyzed (as well as Mg in instances where MgCO3 was used). It 
is possible to recover salts such as epsomite (MgSO4) from these additional ions.

6.4 Indicative Cost Analysis

An indicative cost analysis was performed for the effective neutralizing agents. According 
to Sigma-Aldrich/Merck (July 2019), the costs for the following chemicals (per 500 g) are: 
MgCO3 – R 3350, Mg(OH)2 – R 523, CaCO3 – R 2332, MgO – R 553, Na2O – R 1078, and 
NaOH – R 9568. Actual experiments would determine how much exactly of the respective 
neutralizing agents are required for instance to treat 1 L of AMD. These neutralizing agents 
were identified to result in the precipitation of the following iron precipitates: ferrihydrite 
(Fe(OH)3) has a white to greenish color, FeS has a brown color, goethite (FeOOH) has a yel-
lowish color, hematite (Fe2O3) has a brown to reddish color, mackinawite (FeS) has a bronze 
to white grey color, pyrite (FeS2) has a pale yellow color, siderite (FeCO3) has light brown to 
yellow color, and magnetite (Fe3O4) has dark brown to black color. A few grams (25 g) of an 
artist’s paint pigment can cost anywhere above R 1500. Thus, precipitation of such ochers 
may provide an economically promising way of producing these pigments.

Table 6.12 Analytical results for synthetic AMD and treated water (mg L−1) for one of the solutions 
that was neutralized using NaOH; EC in µS/cm.

pH EC Fe Al Ca Cu Zn Mn Cd Ni S

Synthetic 
AMD

2.04 4680 369 1.06 15.6   0.05 0.10 0.28 0.05 0.36 188

Treated 
AMD

6.34   363     7.57 0.06 0.29 <0.02 0.01 0.03 <0.02 0.01   92

*Sulfate reported as sulfur.
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6.5 Conclusion

An experimental design using PHREEQC was established. Simulations successfully deter-
mined the resulting treated water chemistry as well as the ocher minerals of interest and the 
trace metals that would be removed from the water. Water was treated to acceptable quality 
for discharge, giving a pH between 7 and 9. Magnesium-based neutralizing agents resulted 
in treated water of acceptable quality and gave some important iron precipitates. Some of 
the combinations of neutralizing agents also showed that it was possible to achieve satis-
factory results, an important factor when considering the costs of individual neutralizing 
agents. Also, the effects of varying some of the parameters were assessed. PHREEQC is a 
fast experimental design tool for establishing the neutralization of AMD and the precipita-
tion of ochers. It saves time, is cheap, and showed reliable results that would otherwise be 
tedious to achieve through conventional trial-and-error methods. Yet, the economic value 
that could be derived from the precipitation of ochers would require further detailed deter-
mination. This study explored the possibility of beneficiating the AMD treatment process 
by forming Fe precipitates or ochers that can be useful for paint and artwork applications. 
Using the conditions established in computational simulations, NaOH and MgCO3 were 
found to be the best choices for the neutralization of AMD with the aim of precipitating the 
desired ochers. Precipitates range in color from yellow, brown to black and were obtained 
by varying the pH of neutralization from 3 to 9 at room temperature. Bluish and turquoise 
precipitates were obtained from solutions that contained ferrocyanide. This meant that 
recoveries could be done without any extra energy applied to the reactions. Enough yields 
of the precipitates were obtained, e.g., above 30 g L−1 of AMD in some instances and further 
neutralization of some of the filtrates showed that more precipitates could be precipitated. 
Different ochers produced were used for some artwork and proved viable, suggesting that 
this route of their production may offer some potential. Water after treatment with the 
neutralizing agents showed an elevated pH and substantial decrease in elemental concen-
trations. Thus, the study has demonstrated that the treatment of AMD can enable more 
value to be derived in the form of treated water and precipitation of useful ochers. Study 
underscored the importance of computational simulations as an experimental design tool 
that can be used to save on time and experimental costs.
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Abstract
In the aftermath of intensive mining, the generation of acid mine drainage (AMD) has been an issue 
of prime concern to national, regional, and international scientific and water care communities. 
Elevated concentrations of Al, Fe, Mn, and sulfate, among other contaminants, dominate AMD. This 
makes AMD a viable source of valuable metals and minerals. Lately, recovery of metals from AMD 
has been intensively pursue, albeit, with minimal success. Ongoing research has been widespread 
due to the need for effective, efficient, and working solutions that aims to responds to increasingly 
stringent environmental regulations. Drainages from mining activities are being considered in a 
fresh light with a prime attempt of them being beneficiated through the recovery and synthesis of 
valuable minerals. To achieve that, different approaches and techniques are used to recover valuable 
minerals with a wide range of industrial applications. A series of laboratory, pilot, and industrial 
scale technologies have been employed for the treatment of AMD with value recovery, beneficiation, 
and material synthesis. Despite a wide range of available AMD treatment technologies, secondary 
sludge, which is complex, heterogeneous, and highly mineralized, require innovative approaches to 
harness value and advance the concept of circular economy. The need for sustainable and economic 
viable AMD treatment approaches has led to much focus on clean water reclamation, reuse, and 
recovery. Systematically, this chapter underscores (i) the composition of AMD, (ii) environmental 
and ecotoxicological impacts, (iii) developed remediation techniques, (iv) valorization routes, and 
(v) a case study in South Africa. Different configurations and approaches for the treatment of AMD 
with an option of acquiring valuable secondary minerals have been reported as well. Furthermore, 
the employment of membrane technology for AMD treatment has been emphasized. The advan-
tages and disadvantages of individual approaches and their synergistic products were also discussed. 
Overall, this chapter gives insights to various routes for AMD valorization and how they can respond 
to circular economy. Future perspective and research avenues were also discussed.

Keywords: Acid mine drainage, valorization, beneficiation, treatment, circular economy, value 
recovery, reclamation, minerals synthesis
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7.1 Introduction

7.1.1 Problem Description

Intensive mining of mineral resources results in numerous environmental problems such 
as contamination of surface and subsurface water. Specifically, the generation of acid mine 
drainage (AMD), which is a product of the oxidation of di-sulfide bearing minerals. These 
minerals can produce different types of drainages ranging from acid to circumneutral and 
alkaline drainages [1]. However, the defined pH and drainage nomenclature depend on 
the residual pH and the influence of the surrounding geological setting [1, 2]. As a result 
of differing geological settings, host sulfide rocks can contain different minerals (Table 7.1) 
and their resultant drainages are consequently rich in chemical species resulting from 
these phases.

The chemical constituents present in mine drainages depend on the composition of 
the weathered host rock and associated geological strata. As such, this results in drainage, 
which constitutes of many elements. Moreover, the recovery, synthesis, and reclamation 
of minerals also depends on the minerals being weathered to produce AMD. Thus, AMD 
from the weathering of pyrite will be rich in Fe and S among other contaminants [9–17]. 
This makes this kind of AMD to be a viable source for Fe and S recovery. A wide array of 
documented studies has shown the chemistry of pyrite oxidation [2, 18–20].

Table 7.1 Sulfide-bearing minerals that contribute to the 
formation and the chemical composition of AMD [2–8].

Mineral phase Formula

Pyrite FeS2

Marcasite FeS2

Pyrrhotite FexSx

Chalcocite Cu2S

Covellite CuS

Chalcopyrite CuFeS2

Pentlandite (Fe,Ni)9S8

Molybdenite MoS2

Millerite NiS

Galena PbS

Sphalerite ZnS

Arsenopyrite FeAsS

Cinnabar HgS



Innovative Routes for AMD Valorization 191

7.1.2 Physico-Chemical-Microbiological Properties of AMD

The formation of AMD from pyrite can be represented by three chemical reactions: 
(i)  pyrite oxidation, (ii) ferrous oxidation, and (iii) iron hydrolysis (Table 7.2). Sulfur is 
oxidized to sulfate, and ferric iron is released during pyrite oxidation. The acid formed 
promotes leaching of (semi-)metals and toxic chemical species into the surrounding water-
body. Furthermore, the AMD formation process is governed by the oxidation of two chem-
ical species, which are the ferrous iron and sulfur. Specifically, pyrite is exposed to water 
dissolved oxygen, thus promoting the leaching of ferrous iron to the hydrosphere [18, 19, 
21–26]. Reaction (7.1) proceeds abiotically and by direct bacterial oxidation under the 
influence of microorganisms.

 2 7 22 2 2FeS O H O + + → 2 4 42
4
2Fe   SO H+ − ++ +  (7.1)

 4 Fe2+ + O2 + 4 H+ → 4 Fe3+ + 2 H2 (7.2)

 4 Fe3+ + 12 H2O → 4 Fe (OH)3 + 12 H+ (7.3)

 FeS Fe H O 2
3

214 8+ ++ → 15 2 162
4
2Fe   SO H+ − ++ +  (7.4)

Table 7.2 A summary of chemical reactions and processes taking place in AMD formation.

Equations Reactions

1 Exposure of pyrite (FeS2) to oxygen and water culminate to the formation of 
ferric iron (Fe3+), sulfate (SO )4

2− , and acid (H+) as predominant chemical species. 
Ferrous water presents a darkish to clear water. Microbiologically, the reaction 
proceeds abiotically and by direct bacterial oxidation. 

2 Aqueous ferrous (Fe2+) ions react with oxygen and protons to form ferric (Fe3+) 
ions and water. The conversion of ferrous to ferric iron consumes four moles of 
protons. Microbiologically, reaction (7.3) proceeds abiotically and slows down 
as pH increase. Thus, the chemistry depends on the pH which is above 4.5, high 
sulfate, low Fe, little or no acidity.

3 The generated ferric species hydrolyze in surrounding water to form ferric 
hydroxide. Three moles of acidity are generated. Ferric hydroxide formation 
(yellow boy) promotes the formation of acidity due to the consumption of OH−. 
Due to a fractional precipitation study undertaken, solids form at pH ≥3.5, but at 
pH ≤3.5, minute solids will also precipitate [14].

4 Oxidation of additional pyrite by ferric iron can take place. Steps 1 and 2 generate 
ferric iron. This is the circulating and autonomous reaction, that continuous takes 
place until either ferric iron or pyrite and other metals that contribute to AMD 
formation are depleted. Iron (III) is the oxidizing agent, for this reaction not 
oxygen. Acidity from Fe2+/Fe3+ in solution is the source of proton as attributed 
to the chemical reactions taking place and this will lead to precipitation of iron 
species, thus releasing protons via hydroxyl group binding to the surface hence 
they are known as acid forming metals.
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Microorganisms catalyze the chemical reactions at different pH values, thus speeding up 
the reaction rates substantially. They comprise a relatively large number of various species 
(Table 7.3).

Depending on the local geological setting and mineral phases being mined, the chem-
istry of the resultant mine drainage will vary [22–27]. As such, there are different types of 
drainages and they range from AMD to circumneutral drainage and basic drainage (Figure 
7.1) [1], which can be used to define them.

AMD is dominated by metals and sulfate while circumneutral drainage is rich in selected 
metals and anions such as sulfate and the basic drainage is rich in base metals and sulfate 
(Table 7.4 and Figure 7.1). The reduction in metals concentrations with an increase in pH is 
attributed to precipitation of metals with varying pH gradients [1].

According to literature, drainages from mining activities in South Africa are composed 
of Fe, Al, Mn, Ca, Na, and Mg in addition to traces of Cu, Co, Zn, Pb, and Ni (Table 
7.4). These concentrations are far above the prescribed legal requirements. Furthermore, 
circumneutral drainage can be richer in sulfate than metals due to their precipitation at 
elevated pH gradients. The effluents of AMD from coal and gold mine are rich in sulfate, 
acid, and (semi)metals. Moreover, the Gold AMD is richer in potentially toxic (semi)
metals than the Coal AMD, which is rich in Fe, Al, Mn, and sulfate, hence making it ideal 
for the recovery of valuable minerals. This makes the coal AMD a viable option for Fe 
and sulfate recovery. Notable concentrations of chemical species were observed, and they 
include Al (0.01–474 mg/L), Cu (0–7.8 mg/L), Fe (0.07–8158 mg/L), Mn (25–192 mg/L), 
Ni (0.21–16.6 mg/L), Zn (0.16–7.9 mg/L), among others. Sulfate ranged from 4,603 to 
42,862 mg/L.

The color of AMD can be colorless or black to red, which mainly depends on the dis-
solved chemical species. The dominant metal present in AMD is iron, which may give water 
a typically reddish color, while in streams with a higher pH (pH 5–6.5), orange-yellow ferric 
iron-rich sediments (“yellow boy”) are present. The white color of AMD is determined by 

Table 7.3 Oxidizing bacteria and their growth conditions [21, 23, 27–29].

Bacteria species pH, – Temp, °C Classification Feeding mode

Acidithiobacillus thioparus 4.5–10 10–37 Aerobic Autotrophic

Acidithiobacillus ferrooxidans 0.5–6.1 15–25 Aerobic Autotrophic

Acidithiobacillus thiooxidans 0.5–6.0 10–37 Aerobic Autotrophic

Thiobacillus neapolitanus 3.0–8.5 8–38 Aerobic Autotrophic

Thiobacillus denitrificans 4.0–9.5 10–37 Aerobic Autotrophic

Thiobacillus novellus 5.0–9.2 25–35 Aerobic Autotrophic

Acidithiobacillus intermedius 1.9–7.0 25–35 Aerobic Autotrophic

Acidithiobacillus perometabolis 2.8–6.8 25–35 Aerobic Autotrophic

Sulfolobus acidocalderius 2.0–5.0 55–85 Aerobic Autotrophic

Desulfovibrio desulfuricans 5.0–9.0 10–45 Anaerobic Heterotrophic
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the presence of Al (Gibbsite). The black color arises by the presence of Mn [14, 18, 21, 36]. 
Their oxidation imparts color to the waterbodies.

7.2 Health Effects Associated with Contaminants in AMD

Different eco-toxicological and epidemiological studies have been pursued to point out 
health effects associated with metals present in AMD (Table 7.5) and a number of lim-
its were proclaimed to be above the tolerance concentrations of living organisms [37–41]. 

Table 7.4 Parameters of selected mine waters. EC: electrical conductivity (µS/cm), all other 
elements in mg/L, pH: without units.

Parameters Gold mine water* Coal mine water** Circumneutral mine water†

pH 2.3 2.5 6.5

EC 22,713 13,980 500

Na 248.4 70.5 20.1

K 21.6 34.2 29.1

Mg 2.3 398.9 861.8

Ca 710.8 598.7 537.5

Al 134.4 473.9 0.01

Fe 1243 8,158.2 0.07

Mn 91.5 88.2 25.0

Cu 7.8 – –

Zn 7.9 8.36 0.16

Pb 6.3 – –

Co 41.3 1.89 0.29

Ni 16.6 2.97 0.21

SO4
2− 4,635 42,862 4,603

Note: *) Gold mining AMD [30], **), Coal mining AMD, and †), circumneutral drainage water [9, 10, 31–35].

Acid mine drainage Circumneutral drainage Basic mine drainage

Acidic Neutral Basic5.6 8

Metals
Metalloids
Oxyanions

Metals
Metalloids
Oxyanions

Base metals
Metalloids
Oxyanions

Figure 7.1 Mine drainage and their respective pH (modified from Nordstrom et al. [26]).
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Exposure of living organisms to these potentially toxic and hazardous chemical species 
have been reported to pose numerous toxicological effects to living organisms and this has 
been shown in several dose-response tolerance studies.

7.3 Abatement of AMD

As an initial step toward managing the formation of AMD, different techniques are 
employed for its abatement. This is mainly attributed to high requirement of O2, water, 
and microorganisms for the pyrite oxidation. It has grown easy to control the formation 

Table 7.5 Selected elements in AMD and their eco-toxicological effects [42, 43].

Element Ecotoxicological effects

As May lead to chronic poisoning of the skin lesions, hyperpigmentation, and 
cancer, also, death due to upper respiratory, pulmonary, gastrointestinal, and 
cardiovascular failure. Furthermore, the nerve damage and sensory loss in the 
peripheral nervous system may also be linked to As exposure.

Al May lead to chronic neurological disorders which include dialysis dementia and 
Alzheimer’s disease.

Cr May lead to nasal septum and skin ulcers, and lung cancer. Ingestion of Cr 
may pose taste effects and nausea at elevated concentrations. Documented 
epidemiological studies for carcinogenesis via the oral route are equivocal, and 
gastrointestinal cancer.

Fe Can cause undesired metallic taste and coating of plumbing materials. Staining of 
clothes and water may also occur due to elevated concentrations of Fe in water.

Mn May cause severe, aesthetically, and unacceptable staining. Some chance of 
manganese toxicity under unusual conditions.

Na Elevated concentrations may cause hypertension and cardiovascular or renal diseases.

Cu Exposure of living organisms may lead to gastrointestinal discomfort, nausea, and 
vomiting. May also cause taste and staining problems. To a certain extent, severe 
poisoning with possible fatalities may be experienced as well.

Mg Exposure to excess concentrations can lead to the central nervous system and heart 
function suppression. Furthermore, notable toxicological effects may be linked to 
diarrhoea when magnesium sulfate is consumed. Other effects include scaling and 
high water hardness. 

Zn Exposure or consumption may lead to bitter taste; and milky appearance. Furthermore, 
gastrointestinal, irritation, nausea, and vomiting may be experienced. Acute toxicity 
with electrolyte disturbances and renal damage may be experienced.

Sulfate Exposure to elevated concentrations may lead to diarrhoea. Moreover, sulfate imparts 
a salty or bitter taste to water. In addition, erosion rate of pipes is also accelerated.

TDS May lead to bad taste, skin dryness, scum in water and high soap consumption, and 
kidney damages. Causes hypertension as well. 
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of AMD due to elimination of single or dual ingredients for AMD formation. These tech-
niques were developed to prevent the formation of mine drainage and eliminate the prob-
lems of AMD. Commonly the used prevention techniques include: (i) top covers such as 
clay minerals that have low water permeability hence limiting the reaction to take place and 
for AMD to form, (ii) in situ neutralization which involves the addition of alkaline materials 
to the void or tailings that has high potential to produce AMD, (iii) passivation by using a 
coating material to prevent the reactive fractions to be exposed to oxidizing conditions, and 
(iv) lastly, bactericides to reduce the biological activities of bacterial community harbored 
in the tailings or the mining voids [2, 4, 5].

7.4 Techniques for AMD Treatment

7.4.1 Overview

As second step toward the management of AMD, different technologies with different con-
taminants removal mechanisms have been developed, deployed, and employed for AMD 
treatment (Figure 7.2). These technologies include:

• precipitation to remove metals at different pH gradients;
• adsorption of contaminants using an adsorbent which is a surface reaction 

that depends on the charge difference;
• filtration using microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), 

reverse osmosis (RO), and membrane distillation (MD).
• Phytoremediation using plants with different affinities.

7.4.2 Chemical Precipitation

Chemical precipitation using alkaline material raise the pH of the water, thus promot-
ing the formation of hydroxides, sulfides, and carbonates as precipitates [7, 8, 12, 13, 
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Figure 7.2 A typical multi-functional and process AMD treatment plant (modified from Masindi et al. [17]).
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15, 44–50]. The dissolved chemical species will precipitate at varying pH values (Table 
7.6) [51–53]. When metals recovery needs to be pursued, this mechanism is desirable. 
Chemicals used for precipitation are Ca-based (lime, limestone, hydrated lime, and dolo-
mite), Mg-based (magnesite, brucite, periclase, magnesium bicarbonate, and calcined 
magnesite), and Na-based (soda ash, caustic soda, and sodium bicarbonate) and can be 
other materials rich in Ca, Mg, and Na. Variation in pH pushes the metals to an insol-
uble state, hence leading to metals precipitating as hydroxides, carbonates, and sulfides 
depending on the seeding material.

The chemical composition influences the type of reagents that need to be used for the 
recovery of chemical species in AMD [35, 54, 55]. Metals removal can be shown by the 
following equation:

 Mn+ + nOH– → M(OH)n ↓ (7.5)

Silva et al. [56] recovered Fe(III) from AMD and explored its application for the pro-
duction of yellow pigment using sodium hydroxide. Selective precipitation of iron was 
so precise in a way that the contamination of Al, Zn, and Mn was avoided. Akinwekomi 
et al.  [49] reported the use of NaCO3 and NaOH for the recovery of Fe(III), Fe(II), and 
Al(III) from AMD at varying pH values. Their study was effective in recovering quanti-
fiable volumes of metals and employed them for the synthesis of goethite, hematite, and 
magnetite.

Table 7.6 The pH values at which metals 
precipitate in the hydrosphere [14].

Metal ion pH

Al3+ 4.5

Fe3+ 3.5

Mn2+ 8.5 

Cr3+ 5.5

Cd2+ 7.0

Fe2+ 8.5

Ni2+ 9.5

Hg2+ 7.5

Na+ 7.0

Pb2+ 6.0

Zn2+ 7.0

Cu2+ 5.5

Mg2+  10.0
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7.4.3 Adsorption

In aqueous media, substances show different behavior in terms of surface charges. Adsorption 
is a surface reaction, whereby an adsorbent adsorbs contaminants from aqueous solution using 
charge differences. A positively charged substance will adsorb a negatively charged compound, 
hence Al/Fe3+ substances would adsorb anionic substances such as fluoride, arsenic, and chro-
mium from aqueous solution [33, 57]. Due to its simplicity, resource availability, and efficacy, 
adsorption is widely employed for contaminants recovery and removal. This process can be run 
on batch and column approach. Furthermore, this is a mechanism that is widely employed for 
the removal of pollutants. Activated carbon can be used for the removal of organic compounds 
and metals via different adsorption mechanisms [58–60]. It is a surface reaction whereby a com-
pound that is negatively charged will attract positively charged surface [61], hence making it a 
charge driven process. Other mechanisms such as ion exchange, precipitation, and complex-
ation may govern the removal of contaminants from the hydrosphere [62] (Figure 7.3). A num-
ber of charged materials such as clay minerals, biochar, powdered activated carbon, granular 
activated carbon, metals (e.g., Al, Fe, Mn, Mg, and Ca), and modified compounds are widely 
employed for the removal of contaminants from aqueous solution [63–67]. Minerals or element 
recovery from this mechanism may be governed by desorption [69]. Masindi et al. [33] assessed 
the use of Al3+ modified bentonite clay for the removal of fluoride from groundwater. The study 
proved effective at 60 min of mixing, 1 g:100 ml S/L ratios and room temperature. On a differ-
ent study, Gitari et al. [57] successfully employed similar conditions for the removal of fluoride 
using Fe3+modified bentonite clay. Furthermore, Masindi et al. [70–73] effectively evaluated the 
use of magnesite, pre-treated magnesite, and their bentonite clay composites for the removal 
of phosphate, arsenic and boron from aqueous solution. These materials were proven highly 
effective and efficient in the removal of contaminants using biochar adsorption (Figure 7.3) [74].

Masindi and Gitari [75] evaluated the use of magnesite-bentonite clay composite for 
the removal of (semi)metals from aqueous solutions. The authors highlighted adsorption, 
ion exchange, and precipitation governing the removal of contaminants from the hydro-
sphere. To model the mechanisms governing the removal of contaminants, scientists have 
developed a number of models to point out modes that governs the removal of pollutants 
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[76–78]. These models include: adsorption kinetics, isotherms, and thermodynamics [62] 
(Figure 7.4). Furthermore, adsorption of contaminants from aqueous solutions can be influ-
enced by a number of parameters such as contact time, adsorbent dosage, pH, concentration, 
and co-existing ions as shown in Table 7.7. These parameters play a crucial role in establish-
ing optimum conditions that are suitable for contaminants attenuation.

7.4.4 Filtration

This section will discuss different technologies that are used for the removal of contami-
nants from aqueous solution using filtration technologies.

7.4.4.1 Introduction to Membrane Technologies

The filtration of chemicals using membrane technologies have been widely explored and 
reported in literature [63, 89–91]. Membrane filtration utilizes the combination of a driving 
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Figure 7.4 A column setup for the removal of contaminants from the hydrosphere.
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force, difference in concentration, and a membrane to achieve the separation of dissolved 
ions. This technique has been widely explored for water purification, minerals recovery, 
medical science, minerals synthesis, and minerals production but it depends on pore size 
and diameter (Figure 7.5). Commonly employed filtration techniques are UF, NF, RO, and 
MD. To a certain extent, they can be used in a combination to acquire a synergy. MF, UF, 
and NF are all pressure-driven processes where a pressure gradient is the driving force 
used to separate particulate, colloidal, or dissolved ions and volatile compounds through a 
porous to semi-porous membrane. The major difference between these three techniques is 

Table 7.7 Factors that affect the adsorption technology [62, 79–88].

Parameter Justification

Contact time Adsorption process is time dependent. Some adsorbent takes time to 
remove contaminants, and some are very much quicker. Reaction kinetics 
and diffusion are dependent on the time at which the adsorption process is 
progressing.

Dosage Available sites are dependent on the dosage. The higher the dosage, the higher 
the adsorption affinity. This is also related to surface area.

Concentration Concentration also determines the amount of adsorbate that the material can 
adsorb. This is also used to determine the adsorption capacity of the material. 
Available adsorption site also determines the amount of contaminants that will 
be adsorbed.

pH pH influences the type of chemical species to be available in the hydrosphere. 
Different contaminants have different charges at different pH ranges and 
that influences their adsorption. The point of Zero Charge (PZC) is also 
dependent on pH.

Temperature The temperature influences the solubility of materials. Some minerals dissolve 
faster at high temperature and they behave in an opposite manner at low 
temperature. Thermodynamics and isotherms are dependent on temperature.
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the pore size of the membrane used resulting in size-based separation efficacy. RO is similar 
to UF, MF, and NF since it is pressure driven but in a reverse fashion. It is one of the most 
commercially established and widely employed membrane filtration processes for the treat-
ment of waste and raw water. Osmosis is the tendency of water to pass spontaneously from 
a high concentration potential to a low potential across a semipermeable membrane. If a 
greater pressure is applied to the concentrated solution, liquid water (and some monovalent 
ions) will flow in the opposite direction through the membrane to the dilute liquid. This 
pressure-driven osmosis process is known as RO. One of the differences between UF, MF, 
and NF is that RO has a stringent separation range of < 1 nm [92–105].

Different membranes have different efficacies in terms of contaminants removal (Figure 
7.5). Suspended solids and bacteria are removed by different filtration techniques. All 
membranes except for MF can also remove viruses. Furthermore, MF, UF, and NF fail with 
multivalent. Carrying on, MF, UF, and NF fail with monovalent. It is for this reason that 
this technology can easily produce a concentrated dissolved salt stream and a clean water 
stream from wastewater. RO and, to some degree, NF are suitable and applicable technol-
ogies for concentrating (semi)metals which can be recycled or recovered by coupling with 
other methods such as electrolytic recovery or evaporation. Despite membrane technolo-
gies being a promising technology for effluent discharge reduction and water minimiza-
tion through wastewater reclamation, the use of membrane technology for AMD treatment 
is not common due to the relatively high membrane costs and membrane fouling. These 
membrane systems are also susceptible to low pH found in AMD and (semi)metals poi-
soning. There are, however, applications where NF and RO processes have attracted the 
attention of researchers for AMD treatment [106–109]. AMD from gold treatment was 
evaluated using RO and NF and it was found that the NF had a higher permeate flux and 
pleasing solutes retention efficiencies when compared to RO [15, 106, 110, 111]. However, 
it should be noted that high membrane fouling was observed due a high permeate flux 
decrease after a maximum water recovery rate of 60% was achieved. The study was done 
at optimized conditions with a NF270 membrane. Another major drawback of membrane 
filtration technique is the generation of brines. Their treatment and disposal is often very 
expensive, because these brines are often high in total dissolved solids and they increase the 
environment footprint [112–119]. Therefore, along with combating the high capital costs 
and low fluxes (due to membrane fouling) for AMD treatment, a suitable brine solution 
treatment process will also need to be developed. To protect the poisoning of the mem-
brane, upfront pre-treatment prior to membrane treatment of AMD should be strongly 
considered to protect membrane fouling and improve membrane performance [120–124]. 
Furthermore, good pre-treatment can potentially remove harmful components that may 
severely damage the membranes. MD process is commonly employed for drinking water 
reclamation and valuable minerals recovery [125]. This is a vapor-driven process whereby 
two sides of hydrophobic membrane surfaces are composed of a non-wetted microporous 
polymeric membrane. As such, MD can be regarded as an upcoming technology that uses 
a hybrid of desalination and distillation to remove contaminants from an aqueous system. 
Moreover, it has been found to have superior benefits when compared to conventional sys-
tems such as RO, UF, and FO (Figure 7.5) [125, 126]:

• Has the ability to reject close to 100% of non-volatile and inorganic compounds.
• Require low pressure and temperature as compared to traditional technologies.
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• The membranes are made of polymers, hence polymeric, which is widely 
available.

• Has the ability to get close to 100% salts rejection, a superior quality to 
standards.

• This system can use waste-heat or rely on solar energy, hence reducing the 
eco-impacts.

• Has reduced scaling due to limited interaction of solute/ions with the membrane.

According to documented studies and emerging research, MD can be employed in a 
number of industrial applications such as mine water treatment and brine treatment [93, 
127–129], among others. Ryu, Naidu, Hasan Johir, Choi, Jeong, and Vigneswaran [127] 
reported the use of integrated submerged direct contact MD (DCMD), a zeolite sorption 
system for the treatment of AMD. In their study, the authors proved that modified zeolite 
could achieve over 26–30% removal efficacy for contaminants as compared to the natural 
zeolite. The removal efficacy for modified zeolite showed the followed affinity Fe > Al > Zn 
> Cu > Ni. Furthermore, adjustment of pH from 2 to 4 further increased the removal of Fe 
and Al to about 100%. This was explained by a combination of adsorption and precipita-
tion as the pH increase. In addition, above 50% water was recovered within 30 h of treat-
ment. Jimenez and Ulbricht [130] reported the use of DCMD for the treatment of effluents 
emanating from copper mining process. The authors revealed that this approach was able 
to reclaim clean water, concentrated sulfuric acid and different metals.

7.4.5 Phyto Remediation

7.4.5.1 Theory of the MD Process

MD is regarded a thermally driven process where separate aqueous hot feed solutions at 
different temperatures and compositions using a hydrophobic microporous membrane 
[21]. Due to the difference in temperature and chemical composition which forms a vapor 
pressure difference across the membrane surface, thus enabling the transfer of vapor mol-
ecules from high vapor pressure side (hot side) through perforated polymeric membranes 
to the low vapor pressure side (cold side) [125]. Literature indicates the availability of four 
well-known MD configurations, and they include DCMD, air-gap MD, sweeping gas MD 
(SGMD), and vacuum MD (VMD).

More prevalently, DCMD configurations are popular and have been widely employed 
for wastewater treatment. In this configuration, a concentrated hot wastewater stream con-
tacts one side of the membrane and a cold permeate stream contacts the opposite side of 
the membrane. The principles governing the attenuation of the contaminants occurs when 
the vapor molecules move from a hot side through the perforated polymer membranes 
and condenses at the permeate side. This is carried with the carrier water as the permeate. 
With AGMD, the air gap separates the permeate side as compared to the DCMD. However, 
the condensate gets removed by the cooling plate since this is a mass-heat transfer process. 
This can also lead to an increase in mass and heat transfer. The SGMD has a configuration 
similar to AGMD, but the difference is the use of inert gas to remove the vapor molecules. 
However, the condensate is removed using a condenser for vapor molecules. VMD is sim-
ilar to SGMD, except the fact that the process relies on vacuum conditions. In light of the 
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above, DCMD has demonstrated some superior advantages due to the fact that it is simple 
in its design, does not require external equipment (condensate), and permeate condensa-
tion occurs inside the membrane system [125, 126, 128, 130].

7.4.6 Phytoremediation

Phytoremediation is derived from the words phyto, which means plant, and remediation, 
meaning recovery [131, 132]. The term relates to the employment of plants to recover con-
taminants from different compartments of the environment, and it has been widely explored 
for (semi)metals removal from the edaphic- and hydrosphere [133–136]. The likes of float-
ing plants for metals’ removal and subsequent recovery are via different digestion processes 
and technologies to recover the absorbed nutrients. This method has been reported to be 
effective, since plants uptake (semi)metals from water. Bwapwa et al. [137] 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. However, the following challenges have been identified as limiting factors [133, 134, 
138–140]:

• long residence time and limited capacity;
• sensitive to water quality conditions and too laborious;
• requires large space of land and a highly controlled environment;
• very difficult to recover minerals post absorption process.

7.5 Valorization of AMD

7.5.1 Aims of Valorization

AMD contains valuable compounds that can be recovered, reclaimed and synthesized using 
different approaches (Table 7.8). These compounds can make AMD a valuable resource and 
ensures that the environmental footprints of AMD are minimized, hence ensuring that the 
concept of circular economy and sustainable development are duly fostered and prioritized. 

Table 7.8 Different techniques for minerals recovery, and their advantages and disadvantages.

Technique Advantage Disadvantage References

Precipitation Independent of 
concentration

Complex and 
heterogeneous sludge

[20, 143–145]

Adsorption Cheap and rely on locally 
available materials

Quick saturation and 
charge dependency

[4, 63, 80, 
146–148]

Filtration Effective and efficient Energy consuming and 
brine generation

[106, 144, 
149–151]

Phytoremediation Effective and selective Limited removal efficacy [138, 152–154]
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As such, AMD will be perceived as a resource not a waste material. Various studies and 
reports have shown substantial advancement in the valorization of AMD [17, 56]. Its benefici-
ation ranges from drinking water reclamation [12, 13, 15, 17, 141], synthesis of valuable min-
erals, recovery of valuable minerals [17, 142], and its application for other uses. The main 
challenge of metals and valuable minerals recovery is cross-contamination during recov-
ery due to the presence of sensitive chemical species that easily precipitate, co-precipitate,  
and co-adsorb, hence contaminating the resultant product.

7.5.2 Reclamation of Drinking Water

The dissolved solids in AMD cause a high electrical conductivity. As such, drinking water 
can be reclaimed by removing dissolved solids for their beneficiation. In a similar manner, 
drinking water, which is suitable for many applications, will also be reclaimed. A num-
ber of systems have been used to reclaim drinking water, but filtration has been identi-
fied as a sole technique that can reclaim drinking water [128, 155]. Other technologies 
such as adsorption and precipitation pose secondary pollution and are selective in their 
efficacies. Adsorption fails drastically but precipitation manages to reclaim water suitable 
for discharge or irrigation. Due to high concentrations of dissolved metals and hardness 
of the water, filtration technique experience challenges of scaling, fouling, and damage 
due to different chemicals and pH [13, 15, 20, 128]. As such, researchers, engineers, and 
the scientific community has focused on the use of different pre-treatment technologies 
and drinking water reclamation. Aguiar et al. [106] successfully explored the treatment of 
AMD by NF focusing on membrane fouling, chemical cleaning, and membrane ageing. 
However, drinking water was reclaimed. Andrade et al. [110] evaluated the use of UF-NF 
for the treatment of wastewater from a gold mine. The primary aim of using a hybrid was 
to prevent fouling control via a two-phase treatment process. Moreover, the integration 
inflated the cost of the treatment process, thus making this technology undesired. Ricci 
et al. [111] reported the feasibility of using a sequence of MF, NF, and RO to recover sul-
furic 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.

7.5.3 Recovery of Valuable Minerals

Valuable substances  to be recovered from AMD include drinking water, metals, and gyp-
sum. Moreover, contamination of the recovered minerals from AMD has been an issue 
of prime concern and this affects the purity of the product minerals. As such, precise 
initiatives need to be considered when pursuing metals recovery [20, 128, 144, 145, 156]. 
Ricci et al. [111] reported the feasibility of integrating MF, NF and RO to produce sulfuric 
acid, separate noble metals, and reclaim clean water from gold mine drainage. The entire 
process was governed by pressure-oxidation modality [128]. The recovery of Fe(II) and 
Fe(III) species has been explored widely as well [49, 157–159]. Mohan and Chander [158] 
evaluated the use of lignite for AMD treatment. Sorption of Fe(II)/(III), Mn, Zn, and Ca 
from aqueous system was successfully studied, and the adsorbed metals were recovered 
as regenerants. This technology has been proven effective, but its weakness lies with quick 
saturation.
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7.5.4 Synthesis of Valuable Minerals

Fe, Mn, Zn, sulfate, and other chemical species in AMD make it a viable source of (semi)
metals. Researchers have pursued the recovery of Fe3+/Fe2+ from AMD for the synthesis 
of goethite, hematite, and magnetite (Figure 7.6) [48, 49]. Goethite can be used for pig-
ments in the clays and painting industries, and it has been used as an adsorbent for (semi)
metals [81, 160]. Hematite has been employed in pigments synthesis, removal of (semi)
metals and oxyanions, and shielding of radiation, among other applications [161–163]. 
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 [49, 
68, 164–165].

7.6 Case Study

The study described here was done in response to the inter-ministerial committee assembled 
by the president to tackle the challenges of AMD in gold and coal reserves within South 
Africa. The Council for Scientific and Industrial Research (CSIR) has invested resources in 
the treatment of AMD via a multi-stage approach in a multi-functional and state-of-art pilot 
plant for the treatment of AMD and recovery of valuable minerals (Figure 7.7). This is a five 
staged technological approach: (1) neutralization with calcined cryptocrystalline magnesite 
to increase the pH and selectively recover the metals at varying pH gradients, (2) softening 
using lime to remove residual sulfate and magnesium, (3) addition of soda ash to remove 
residual calcium and further soften the water, (4) pH balance and control system to protect 
the membrane, and (5) RO system for the reclamation of drinking water that meet SANS 
241 and WHO drinking water specifications and standards. Valuable minerals recovered and 
synthesized are (1) Fe-based minerals such as goethite, hematite, and magnetite; (2) Mg rich 
gypsum from the residual sulfate; (3) limestone from the soda as softening stage; and lastly, 
(4) the drinking water that meet the prescribed limits as outlined in water quality guidelines 
(WQGs), specifications, limits, and standards. This plant can treat 3.5 m³/h of mine water to 
drinking water. Valuable minerals recovered include magnetite, hematite, goethite, gypsum, 

Figure 7.6 Fe-hydroxide, goethite, hematite, and magnetite synthesized from AMD.
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and limestone. These minerals can be used to reduce the operating costs of the technology, 
thus rendering this technology self-sustainable, economically viable, and more efficient.

The type of drainage treated is acid (Table 7.9) and is predominated by Fe, Al, Mn, and 
sulfate among traces of other metals. These results corroborate coal AMD results (Table 7.4) 
as highlighted by numerous authors [10, 12, 141]. After contacting the calcined magnesite, 
(semi)metals were completely and sulfate partially removed and increased concentrations 
of base metals (Mg and Ca). The addition of hydrated lime further removed sulfate and Mg 
from the mine water, hence reducing the total dissolved solids. However, the concentration 
of Ca increased resulting from the addition of a Ca-based reagent to facilitate the chemical 
reaction. Softening was achieved using Na-based material and all the bivalents were removed. 
Lastly, RO removed residual impurities. The brine was concentrated; hence, MD has been 
piloted on the same brine. The study was proven effective and efficient. The primary aim 
was to minimize water loss and improve water recovery or reclamation. Furthermore, the 

(a) Side view

(b) RO system

(c) Truck loading

Figure 7.7 A 3.5 m³/h pilot plant at the CSIR premises, South Africa (image Vhahangwele Masindi, 
system inventor).
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direct field cost of the technology was calculated to be R 65.60/m³. Fourteen percent of this 
cost can be recuperated from the sale of the valorization products, thus reducing the AMD 
DFC treatment cost to R 56.60/m³ [17]. The cost is a bit high for this technology, but further  
optimization of the process can reduce the DFC of the technology, hence making it more 
attractive. On another note, the drying of products minerals has been a challenging issue.

7.7 Challenges Relating to Valorization

Valorization and beneficiation of AMD is a promising possibility toward circular economy. 
This will ensure that the process of sustainable development is achieved, and the environ-
mental footprints of AMD are minimized. Moreover, people will start to perceive AMD as a 
resource not a waste material. However, these are few challenges which are related to AMD 
valorization:

• generation of complex, highly mineralized, and heterogeneous sludge on 
precipitation technology and high demand for non-selective contaminants 
removal technology;

• saturation of the adsorbent and frequent regeneration due to quick saturation;
• generation of brine that is hard and difficult to dispose onto the environment;
• high costs associated with value extraction from AMD and integrated processes;
• insignificant quantities of the recovered minerals that limit products 

marketability;
• poor purity of the recovered and synthesized materials, which limit market 

competition;
• technical requirements for operation;
• high-energy demand and environmental footprint, which inflate the cost.

7.8 Conclusions and Future Perspectives

As could be seen, AMD can be a viable resource. Valuable minerals such as goethite, hema-
tite, and magnetite can be synthesized and drinking water can be reclaimed. Gypsum, lime-
stone, and dolomite can be synthesized from the treatment process. This can make this 
system self-sustainable, since the revenue generated from the reclaimed, recovered, and syn-
thesized products can off-set the running costs of the treatment process. Among the value 
recovery technology, precipitation has been the main technique for minerals recovery but 
for drinking water reclamation, filtration technologies are the best. Challenges associated 
with minerals recovery and AMD valorization are the generation of heterogeneous sludge, 
the costs associated with minerals recovery and feasibility considering the complexity of 
AMD. Adsorption has been identified as unviable technology for minerals recovery and 
beneficiation due to quick saturation of the sorbents and regeneration requirement, which 
is unselective. As a future perspective, studies should focus on sequential and fractional 
recovery of valuable minerals from mine drainages using different techniques. Moreover, 
an integrated approach would be the future in terms of minerals recovery from AMD.
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Abstract
Acid mine drainage (AMD) is a worldwide problem generated by oxidation of metal sulfides, which 
causes the generation of acidic and metal-rich solutions. The strong water-rock interaction processes 
observed during sulfide oxidation lead to the release of high concentrations of sulfate (up to hundreds 
of g/L) and pollutants such as Fe, Al, and As (from hundreds of g/L to few mg/L). However, these 
waters may also contain other elements of economic interest such as Cu, Zn, or rare earth elements 
(REEs), which could be recovered for their economic interest. Unless the AMD water characteriza-
tion and treatment, which is a relevant topic since the 1980’s, the recovery of elements of economic 
interest from AMD is of more recent interest. The search of secondary sources of raw materials 
encouraged mainly by industry and governmental agents has fostered the research on this subject in 
the last years. This work describes the main routes of raw materials extraction from AMD in the last 
years, discussing the main advantages and drawbacks of each technology and placing emphasis on 
the European Institute of Technology and Innovation (EIT)-funded project MORECOVERY, which 
aims to improve the eco-efficient and sustainable use of natural resources by creating a modular 
recovery process service package for hydrometallurgy and water treatment.

Keywords: Technology critical elements (TCEs), mine water, metal recovery, passive treatment, sustainable 
management, selective extraction, disperse alkaline substrate (DAS) technology, Iberian Pyrite Belt (IPB)

8.1 Introduction
Acid mine drainage (AMD) is a worldwide problem generated by oxidation of metal sul-
fides leading to the generation of acidic and metal-rich solutions that may deteriorate the 
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quality of the receiving water bodies. AMD contamination is recognized by its long life 
due to the generation of pollutants that may continue for extended periods (i.e., hundreds 
to thousands of years) after the cease of mining activities [1]. Johnson and Hallberg (2005) 
[2] estimated that mining effluents severely affected in 1989 around 19,300 km of rivers and 
720 km2 of lakes and reservoirs worldwide. The blooming rate of mining activities observed 
in the last years due to the rising need of resources supply worldwide may have increased 
these figures, especially in developing countries by artisanal and small-scale mining, where 
the lack of environmental controls leads to water quality deterioration of receiving water bod-
ies [3]. Younger and Wolkersdorfer (2004) [4] propose that forthcoming plans and measures 
adopted to limit the mine water pollution in the long-term be managed as a fundamental pil-
lar within the catchment scale strategy management. The special characteristics of AMD, i.e., 
high acidity, sulfate, and metal concentrations, may pose an environmental concern due to its 
great pollutant potential. The low pH values observed in some AMD cases worldwide lead to 
the occurrence of extreme metal-rich waters. For example, up to 760 g/L of sulfate, 111 g/L of 
Fe, 23.5 g/L of Zn, and 340 mg/L of As were reported in AMD with negative pH values from 
the Richmond mine (California, USA) [5]. More recently, Moreno-González et al. (2020) [6] 
have reported similar concentrations (up to 408 g/L of sulfate, 194 g/L of Fe, 11 g/L of Zn, 
2.2 g/L of As) in negative pH waters from the Iberian Pyrite Belt (IPB). Such great pollut-
ant capacity and the longevity of AMD has led to intense research activity on AMD water 
treatment in the last years. A single search on the Web of Science web site, introducing the 
keyword “AMD water treatment”, provides us with 616 references dealing with this subject. 
As can be seen in Figure 8.1, the number of works has progressively increased from the 1990s, 
when only two or three papers were published, to the last 5 years, when more than 50 papers 
were published every year on AMD treatment. This recent interest in the AMD treatment is 
also reflected in the number of patents. According to the search engine of the European Office 
of Patents, 149 international patents were recorded since the last 1990s, with a progressive 
increase in the number of patents, especially in the last 5 years, when up to 30 patents were 
registered each year (Figure 8.1). 

The oxidation of different sulfide minerals (e.g., chalcopyrite, sphalerite, chalcocite, 
pentlandite, covellite, cobaltite, stibnite, and millerite) may release other main and trace 
elements, including several (semi-)metals. In addition, the extreme conditions and low pH 
values achieved during sulfide oxidation result in the release of other elements enclosed in 
host rocks such as Al, Ca, Mg, or Na [7]. Thus, AMD can also contain high concentrations 
of elements which recovery could be profitable. Some of these metals, such as Al, Ni, Cu, 
and Zn have a great economic importance (Figure 8.2) according to the report on criticality 
of raw materials supply for EU countries published by the EU. The concentration of these 
elements in AMD can range from few µg/L to thousands of mg/L. For example, concentra-
tions of up to 16 g/L of Zn, 12 g/L of Al, 4.4 g/L of Cu, and 13 mg/L of Ni has been reported 
by Moreno-González et al. (2020) [6] in extreme AMD outflows in the Tharsis mines (IPB, 
SW Spain).

The risk of supply for some of these elements enhances their importance in the market. 
This is the case for those countries which do not possess primary deposits to obtain these 
raw materials and their supply depends strongly on external suppliers. Some examples of 
elements which have both an economic importance and show a high risk of supply for 
the EU are Mg, Co, Sb, and V (Figure 8.2). These elements are also commonly found in 
AMD; Moreno-González et al. (2020) [6] reported maximum concentrations of 11 g/L of 



Recovery of Critical Raw Materials from AMD 221

0

20

40

60

20182014201020062002199819941990

# 
w

or
ks

Treatment

Recovery

0

10

20

30

40

20182014201020062002199819941990

# 
pa

te
nt

s

Year

Treatment

Recovery

Figure 8.1 Evolution of the number of scientific papers (above) and patents (below) dealing with AMD 
treatment and metal recovery since 1990 (Web of Science, European Patent Office; keywords: AMD water 
treatment, AMD metal recovery).

5

4

3

2

1

0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Economic Importance
4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

Su
pp

ly
 R

is
k

LREEs
HREEs

Antimony

Phosphorus

Bismuth

Borate
Scandium

Indium Berryllium
PGMs

Niobium

GermaniumBauxite

Sapele wood

Helium
Baryte

Gallium

Vanadium
Cobalt

Fluorspar
Hafnium

Silicon metal
Tantalum

Tellurium

Lithium
Natural cork

Coking coal
Rhenium

Natural Teak wood

Feldspar Magnesite

Silver
Diatomite

Lead

Zinc
Sulphur

Selenium
Nickel

CooperTitanium

Aluminium

Molybdenum

Phosphate rock
Natural Rubber

Chromium

Tungsten

Manganese
Iron oreTin

Potash

Perlite Gypsum
Kaolin clay

Talc
Bentonite Silica sand

Gold Aggregates
Limestone

Natural graphite

Magnesium

Figure 8.2 List of critical raw materials (CRMs) according to their supply risk and economic importance [11].



222 Recovery of Byproducts from Acid Mine Drainage Treatment

Mg, 53 mg/L of Co, 52 mg/L of V, and 12 mg/L of Sb. Even more interest has received the 
so-called “technology critical elements (TCEs)” whose production has bloomed in recent 
years for high-tech applications, i.e., rechargeable batteries, catalytic converters, magnets, 
semiconductors, electronic displays, and optical or photonics-related technologies. TCEs 
commonly include Ga, Ge, In, Te, Nb, Ta, Tl, the platinum group elements (PGEs), and the 
rare earth elements (REEs) along with Sc and Y [8]. These elements are at supply risk in 
many countries worldwide due to the absence of primary deposits. For this reason, govern-
mental organizations encourage industry and researchers the search of secondary sources 
of these critical raw materials (CRMs). A promising secondary source of these elements 
could be AMD. Recently, Cánovas et al. (2020) [9] reported high concentrations of REEs 
(average concentration of 8.2 mg/L), Y (1.5 mg/L), Ga (80 µg/L), and Sc (53 µg/L), in AMD 
outflows from the IPB. These authors attribute such high concentrations, several orders of 
magnitude higher in some cases than those observed in natural waters, to the intensity of 
chemical weathering inside the mined zone. Other elements seem to show a lower mobility 
during sulfide oxidation processes. For example, Wierzbicka-Wieczorek et al. (2019) [10] 
reported that In is substantially accumulated in sulfide-rich mine wastes of the IPB and 
its mobility is to a certain degree restricted by oxygenation of AMD and resulting iron 
precipitation.

The occurrence of such elements of economic interest in AMD has attracted the interest 
of both industry and research organizations in the last years. Since 2000, 61 works have 
been published dealing with metal recovery from AMD, being especially intense in the last 
five years, with a maximum number of 12 scientific papers per year (Figure 8.1). This grow-
ing interest has been also reflected in industry; 28 patents about metal recovery from AMD 
have been registered from the same period (2000–2018; Figure 8.1). This work describes 
the main approaches followed in recovering CRMs from AMD, describing the advantages 
and drawbacks of such approaches and providing some insights into a sustainable way to 
recover these elements from AMD.

8.2 Recovery of CRMs from AMD

The environmental concern associated to AMD along with the need of searching alter-
native sources of CRMs has pushed the research on recovery of CRMs from AMD. Some 
initiatives focus on the recovery of CRMs from AMD treatment sludge rather than from 
the AMD effluent itself. The main reason behind such approach is the need of reducing 
environmental impacts as well as storage and management costs. Sludge management costs 
may account for around 5–20% of the operational water treatment cost [12] and the release 
of some hazardous compounds may take place if additional stabilization measures are not 
performed on the sludge. For example, Macías et al. (2017) [13] reported high concentra-
tions of Cd, Zn, and Al in leachates resulting from the interaction of metal-rich sludge with 
rainfall and organics, which exceeded the risk threshold concentrations for aquatic life.

In this sense, Rakotonimaro et al. (2017) [14] reviewed several options to recover and 
reuse sludge from both active and passive systems for AMD treatment. For example, the 
extraction of Fe as pigment has been traditionally explored. In this context, Marcello 
et al. (2008) [15] studied the use of AMD sludge to obtain pigments that could be used 
for ceramic manufacture. This is probably the most explored route to recover CRMs from 
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AMD, especially in the USA, where the recycling of this Fe-rich sludge has been tradition-
ally performed since 2001 for economic purposes [16]. However, it faces some difficulties 
such as transport from the mine site, the equipment and material supply or handling and 
the loading capacities [16]. Other limitation observed in this valorization route is the vari-
ability in color, variety, and morphology of the pigments, depending on the presence of pol-
lutants. Silva et al. (2019) [17] evaluated several processes for cleaning iron sludge obtained 
from AMD active treatment to obtain yellow pigment of high quality. To accomplish this 
issue, these authors performed several experiments by precipitating with alkaline solu-
tions and eliminating other impurities from the sludge after washing and filtration. They 
concluded that high-quality goethite-based pigment can be produced from AMD sludge, 
however also highlighted that the economic feasibility regarding the costs of the procedure 
must be considered. Similar conclusions were obtained by Ryan et al. (2017) [18], who 
studied the selective precipitation to recover purified iron oxide pigments from synthetic 
AMD. An increasing redness in pigment during drying due to Fe mineral transformation 
into more crystalline hematite was reported by these authors. The purest pigments were 
achieved when Fe precipitated at pH 3, with a distinct yellow color typical of jarosite, while 
darker pigments were obtained when trace metal impurities increased. The authors finally 
concluded that the choice to obtain higher quality Fe pigments at lower pH comes with the 
compromise of reduced Fe recovery efficiency. Sludge from AMD can be also used for other 
applications. Liu et al. (2019) [19] tested AMD treatment sludge as alternative sources of Fe 
and Ca to manufacture hexaferrite, which is widely used in magnets, microwaves devices, 
and magnetic recording media. However, they reported the importance of obtaining a clean 
sludge, as impurities in sludge affect phase composition and microstructure.

Metal and acid recovery from AMD has been traditionally less favored than other recy-
cling approaches owing to expensive operational costs, being mainly adopted as alterna-
tive option, when disposal costs are sub-economic compared to metal recovery routes [12]. 
Nleya et al. (2015) [20] reviewed the available technology to recover sulfuric acid from 
AMD to evaluate the possibility of recovering and upgrading the acid contained up to tech-
nical grades. This study concluded that it is technically feasible to produce acid of technical 
grade (>95%) from AMD; however, the authors recognized that economic and environ-
mental benefits of such recovery will largely depend on optimizing methods to purify crys-
tals and save energy cost. Yan et al. (2015) [21] evaluated the extraction of metals (i.e., Fe, 
Cu, Zn, and Mn) from AMD (300 m3/day) during neutralization. The resulting precipitates 
contained up to 42%, 12%, 31%, and 18% for Fe, Cu, Zn, and Mn, respectively, while the 
recovery rates were between 79% and 83%. These authors state that the refinement for Fe, 
Cu, and Zn could be performed by roasting and flotation. The benefits obtained from these 
metals offset the cost of chemical reagents used. The recovery of elements contained in 
AMD based on the difference between the solubility products of target elements is not a 
novel issue. For example, Chen et al. (2014) [22] studied the sequential extraction of some 
metals such as Fe, Cu, Zn, and Mn from AMD effluents at the Dabaoshan Mine region 
(China). They obtained, after adding progressively different reagents (i.e., H2O2, Ca(OH)2, 
and NaS2), a Fe-rich (85%) concentrate for use as pigment and Cu (36%) and Zn (55%) con-
centrates, which could be subsequently recovered. Due to the low content of Mn (7%) in the 
final sludge, the authors propose its use as replacement of cement materials.

However, new approaches are progressively being explored to recover CRMs from AMD 
beyond the classical chemical methods. For instance, Park et al. (2015) [23] studied the 
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selective recovery of dissolved metals from AMD effluents by electrochemistry. This study 
highlighted the potential of electrochemical methods to recover valuable metals, reducing 
the amount of chemicals commonly used during redox and neutralizing reactions. Based on 
the high costs associated to chemical extraction of elements and the huge volume of sludge 
generated, López et al. (2019) [24] proposed the recovery of sulfuric acid and valuable ele-
ments such as Zn, Cu, and REEs by nanofiltration (NF)-based treatment. These authors 
consider that this technique is a good option to obtain elements of economic interest due 
to the reduction in chemicals consumption. To recover these metals, Fe should be removed 
before adding a Ca source (i.e., gypsum or limestone) to recover REEs by phosphate pre-
cipitation. However, this study does not provide information on energy consumption and 
process costs. Choi et al. (2019) [25] applied volume-retarded osmosis and a low-pressure 
membrane (VRO-LPM) process to recover Mn, Fe, Cu, Zn, As, Cd, and Pb. Crane and 
Sapsford 2018 [26] studied the synthesis of Cu nanoparticles from AMD using zerovalent 
Fe nanoparticles as a useful mechanism for the valorization of Cu-bearing AMD effluents. 
They affirm that it is possible to selectively elaborate Cu bearing nanoparticles from these 
effluents to be used in a wide range of products such as catalyzers, optical, and electronic 
materials or the manufacture of antifungal/antibacterial agents.

8.3 Upscaling of Successful Technologies 
and Economic Suitability

A critical point during the application of new technologies is the upscaling processes; many 
technologies failed to be implemented during their upscaling. Some reasons behind this 
inability are the huge investment required to settle a pilot or industrial scale project, or an 
inadequate or inexistent plan for the execution of the pilot program. Some technologies 
have been successfully applied to recover metals of economic interest at pilot or industrial 
scale, as previously reported in Simate and Ndlovu (2014) [27]. One of these examples is 
the BioSulfide process [28]. Initially, sulfur-reducing bacteria produce hydrogen sulfide gas 
(H2S) inside an anaerobic bioreactor, and then, the H2S fills a reactor tank where it reacts 
with the raw water to selectively precipitate metals as sulfides. The products of this reaction 
(i.e., metal-rich sludge and purified waters) are carried to a refine vessel where the clean 
water is removed from the sludge and can be recycled. Finally, the excess water is removed 
by filtration, producing a purified metal product which could follow a final refinement 
[28]. However, this process is very dependent on the price of the chemical energy sources 
(i.e., ethanol and butanol) used to produce sulfides. This limitation exerted by the price 
of organic substrates can be overcome if natural materials are used. This is the approach 
followed by the Rhodes BioSURE process at Grootvlei by East Rand Water Care Company 
(ERWAT) [29]. This process is quite similar to that of BioSulfide but using organic wastes 
such as wastewater treatment sludge, instead of expensive commercial carbon sources, like 
ethanol. Another upscaled metal recovery process is the high-pressure reverse osmosis 
based HiPRO process, developed by Aveng Water and able to recover more than 97% of 
water, obtaining a solid with commercial grades of calcium sulfate and less pure Ca and 
other metal sulfates [30].

Economic factors may control the interest in AMD waste recycling as secondary sources 
of CRMs. The first action before making a great investment to create and run a pilot or 
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industrial plant for metal recovery is to estimate the total valuation of the elements of eco-
nomic interest contained in the waste streams. An important question arises when facing the 
critical issue of estimating the valuation of CRMs contained in AMD effluents or sludge. The 
price of metals on the market varies substantially depending on purity, quantity, and other 
factors. The worldwide valuation of metal resources is routinely published by organizations 
such as the London Metal Exchange (LME) or Shanghai Metal Market (SMM). These figures 
are referred to high-quality products; thus, the estimation of the total valuation of raw mate-
rials contained in AMD effluents and sludge is not possible. Although case-by-case studies 
are needed to estimate the potential value of elements or products contained in these waste 
streams, a rough approximation was highlighted by Smith et al. (2013) [31]. These authors 
reported a case study of Zn selective recovery from sludge generated by an AMD treatment 
plant in the Wellington Oro Mine (Colorado, US). The resulting product, containing around 
60 wt % of Zn, was sold to a smelter at a price of 0.33 USD/kg of Zn content, as well as the 
shipping costs (0.31 USD/kg of Zn). Thus, the final valuation of the product obtained from 
the sludge was around 30% of the average 2010 LME price. However, this valuation may vary 
depending on the pureness of the final product. Consequently, greater efforts are needed to 
obtain sustainable and cost-effective selective methods of CRMs from AMD.

Another important question to be solved is which total cost should not surpass the recov-
ery procedure in order to be a cost-effective activity? Total costs for each recovery approach 
must be assessed in advance, considering all steps, including those related to raw material 
processing, personnel and reagents costs, energy or maintenance, and others related to put 
the product on the market (i.e., financial costs, infrastructure, permits, fees, or shipping [32]).

8.4 Coupling Environmental and Resources Policy:  
The EIT-Funded MORECOVERY Project

In January 2019, the three-year MORECOVERY (Modular recovery process services for 
hydrometallurgy and water treatment) project it was launched, funded by the European 
Union (EU) through the European Institute of Innovation and Technology (EIT)-Raw 
Materials. This project is executed by several EIT RawMaterials partners related to industry, 
SME, and research centers, namely, the Geological Survey of Finland (GTK), the Finnish 
Minerals Group (FMG), Keliber, LTU Business, Savonia University of Applied Science, the 
University of Eastern Finland (UEF), the University of Huelva (UHU) and the Spanish 
National Research Council (CSIC).

The main goal of this project is to guarantee the access to CRMs for the EU, by devel-
oping a service package that enables producers to carry out a non-aligned technical and 
economic analysis of the potential for recovery of these materials. To address this issue, 
the existing water treatment and hydrometallurgical pilot set-up co-owned by GTK and 
Savonia University of Applied Science has been improved and the piloting capacity will 
be combined with the laboratory-scale investigations performed by the different partners, 
creating a sound service package for hydrometallurgy and water treatment. To validate the 
service package, potential extractive waste facilities will be screened and tested in Finland 
and Spain, while the launch to the market will be performed by LTU Business, which will 
investigate business opportunities for the MORECOVERY service package. As a result of 
the project, the use of secondary materials and side streams in raw material production will 
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be enhanced, while environmental goals will be achieved through cleaner mine waters and 
decreased amounts of extractive waste containing potentially harmful elements.

The MORECOVERY project tries to fulfil the objectives of environmental and resources 
policy. One of the action lines of the project is to extract CRMs from AMD using the IPB 
as a case study. The IPB is a large metallogenic sulfide province located in the SW of the 
Iberian Peninsula, where intensive mining activity has historically been performed, gen-
erating a large amount of wastes whose oxidative dissolution produces acid leachates rich 
in sulfate, metals, and trace elements. These AMD discharges annually transport a large 
amount of metals and metalloids to the Gulf of Cadiz; between 35.7–183 kt/a of sulfate, 
1.7–7.9 kt/a of Fe, 2.45–5.8 kt/a of Al, 0.65–3.5 kt/a of Zn, 0.4–1.7 kt/a of Cu, 0.3–1.6 kt/a of 
Mn, and minor amounts of As, Cd, Co, Ni, and Pb (1–36, 3–11, 16–71, 5–36, and 9–27 t/a, 
respectively; [7]). The importance of the IPB on the metal delivery to oceans is observed in 
its contribution to the total riverine global fluxes to the oceans for some of these elements 
such as Zn (around 2.8–15% of Zn delivered to the oceans) and Cu (0.8–2.8%) [7].

The extremely high acidity and metal concentrations in AMD from the IPB pose a great 
problem for water management. As can be seen in Figure 8.3, the acidity of typical AMD 
from the IPB exceeds notably the maximum acidity loads commonly neutralized by tradi-
tional AMD treatment systems such as anaerobic wetlands (AnW), vertical flow wetlands 
(VFW), anoxic limestone drains (ALD), and oxic limestone channels (OLC).

As recently reported by Ayora et al. (2013) [34], these traditional systems were previously 
tested in the IPB. For example, limestone traps based on ALD systems commonly used in 
coal mines were settled in the IPB during the 1990s. These traps consisted of gravel-sized 
fragments of limestone which were used to fill mine shafts and galleries. This technology 
turned to be effective only during a few months when iron precipitates coated the limestone 
fragments, and the carbonate material lost its reactivity. The acidity concentrations of the 
AMD typically found are much higher than the threshold limit of 2 mg/L of trivalent metals 
(i.e., Fe(III) and Al) proposed for ALD systems [41].

Considering the problems associated to coating observed during the application of ALDs 
in the IPB, an experimental RAPS system was implemented in Mina Esperanza, a typical 
AMD from the IPB. The system was composed of a concrete tank (480 m3) filled with calcite 
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Figure 8.3 Net acidity (median, percentiles 25th and 75th) of mine waters commonly treated with traditional 
passive treatment technologies (n = 80) and typical AMD in the IPB [42]. AnW anaerobic wetlands, VFW 
vertical flow wetlands (RAPS), ALD anoxic limestone drains, OLC oxic limestone channels, and LSB 
limestone leach beds [33].
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fragments and organic matter (i.e., cattle manures, sewage water, and wastes from the dairy 
manufacturing sector) for the treatment of around 1 L/s of AMD, allowing a residence time 
of around 5 days. After an irregular operation, the system finally collapsed after 86 days due 
to the loss of reactivity and hydraulic conductivity problems. The reasons behind these ineffi-
ciencies may be related to an insufficient residence time to enhance sulfate reduction and the 
high concentrations for some metals, which could be toxic for sulfate-reducing bacteria [34].

In order to overcome the coating problem associated to such metal-rich and acidic 
waters, a new technology, the so-called Disperse Alkaline Substrate (DAS) was developed 
[35]. This technology involves the mixing of a fine-grained neutralizing substance (usu-
ally calcite) with a non-reactive and granular material with high surface (commonly wood 
chips). Thus, the surface of the inert is to a certain degree covered by the alkaline substance. 
A greater reactive surface is achieved using this grain size of the alkaline material frag-
ments compared to the same amount of coarse materials, thus increasing the dissolution 
rate. Consequently, a higher percentage of alkaline material is dissolved before coating, 
which would limit further dissolution. The addition of coarse fragments of wood shavings 
improves the permeability of the system, delaying the clogging problems, and increasing 
the efficiency of the system.

This technology was tested both at laboratory and pilot scale and proved to be successful 
in both cases with an efficient removal of metals and acidity [35, 36]. Rötting et al. (2008) 
[35] tested the efficiency of the system using the DAS technology by column experiments, 
passing AMD through columns filled with limestone, wood shavings, and sand over time 
(Figure 8.4). These authors reported that Al, Fe(III), Cu, and Pb were removed from the 
waters irrespective of the flow entering the system, while lower removal of Zn, Ni, and Cd 
was observed at low flow rates. The removal of most part of acidity is enhanced by the metal 
accumulation in the DAS, which precipitation favoring further calcite dissolution. For a 
15-month period, the DAS operated successfully, avoiding the common clogging problems 
in Fe-rich waters, with a rate of 120 g of acidity/m2·day, four times the loading rate advised 
for traditional passive treatments [35]. 

Once the laboratory tests were successful, the technology was upscaled to a pilot plant 
composed of two 3 m3 tanks loaded with calcite and wood chips, and one 1 m3 tank filled 
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Figure 8.4 Evolution of the column experiments based on DAS technology, showing the progressive 
precipitation of minerals over time.
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with MgO powder and wood chips, split by several chute aerators and decantation pools 
(Figure 8.5). Caraballo et al. (2009) [36] reported a high efficiency of the system after  
9 months of performance, with a complete elimination of metals and metalloids such as Al, 
Cu, As, Pb, more than 70% of Fe, about 25% of Zn and 80% of net acidity. A detailed analysis 
of the main mineral phases precipitated in the limestone tanks identified goethite, schwert-
mannite, hydrobasaluminite, amorphous Al(OH)3, and gypsum. Divalent metals such as 
Fe (II), Zn, Co, and Ni were almost completely removed in the third tank of MgO. These 
authors concluded that this treatment design is a straightforward, efficient, and long-lasting 
remediation approach to treat highly polluted AMD effluents like those of the IPB. For 
these reasons, several industrial treatment plants have been built in the recent years within 
the Odiel river basin in order to improve the water quality of this river.

The first AMD passive full-scale treatment plant (20,000 m2 total surface area) was 
settled at Mina Concepcion, located in the IPB. The plant is fed by two different AMD 
sources (Figure 8.6), from (i) a pit lake overflow (MC1) and (ii) a partially restored waste 
dump (MC2). The MC1 has a high acidity and metal concentrations with a pH of 2.66, 
512 mg/L of Fe, 100 mg/L of Al, 35 mg/L of Zn, and lesser amounts of other trace metals 
and metalloids (e.g., Cd, Co, and As; Figure 8.1). The MC2 AMD has lower Fe concentra-
tion (24 mg/L) and metals and metalloids (e.g., Zn, Cd, As, and Co) concentrations except 
for Al (119 mg/L; Figure 8.6). The average flow is around 0.8 L/s, although progressively 
decreases to 0.1 L/s during the dry season. The treatment plant was initially composed of 
a natural Fe-oxidizing lagoon (NFOL; [37]) of around 100 m2, which favors iron oxidation 
and the partial removal of Fe and As. After the NFOL, the water runs into the first alkaline 
reactive treatment (composed of two tanks filled with limestone-DAS, RT1 and RT2, of 
960 m3 and 720 m3, respectively), which removes the trivalent metals. After the limestone 
tanks, two settling ponds (S1 and S2, of 100 m2 each; Figure 8.6) are located in the plant, 
which promotes the sedimentation of Fe and Al. The outflows from these ponds enter to the 
MgO-DAS reactive tank (RT3, 400 m3) where pH increases up to 7.2 and divalent metals 
are completely or almost removed. Output waters are finally discharged into the receiving 
water bodies with a good final quality.

One of the most striking results obtained from the DAS technology, and directly con-
nected to the MORECOVERY project, is the selective precipitation of CRMs in the reactive 

Figure 8.5 Image of the pilot plant based on DAS technology settled at the exit of the Monterromero mine 
adit (IPB, SW Spain). This system is composed of two 3 m3 tanks loaded with calcite and wood chips, and a 
1 m3 tank filled with MgO powder and wood chips, split by different chute aerators and decantation pools.
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tanks of the plant. Mineral formation takes place in two different fronts; the first front cor-
responds to the Fe-rich front (Figure 8.7), mainly formed by schwertmannite precipitation 
at pH values from 2.7 to 4.0, which mainly scavenge other trace metals and metalloids con-
tained in AMD such as As, Cr, Sb, and Mo. The second front corresponds with the Al front 
(Figure 8.7), formed by precipitation of basaluminite at pH values higher than 4, which can 
remove other metals such as Cu, Zn, Cd, Co, Ni, REEs, and yttrium (Y). This capacity of 
scavenging REE and Y has been recently reported by Ayora et al. (2016) and point at AMD 
treatment with DAS technology as a modest but suitable REE+Y (REY) source in sulfide 
mining areas. In addition to the environmental benefits associated to its treatment, the lon-
gevity of AMD guarantee that the total reserves are practically unlimited. 

These facts justify the exploration of these waters as source of CRMs within the 
MORECOVERY project. A rough estimation of REY reserves can be done in the IPB con-
sidering the volume of AMD generated and the metal concentrations. More than one hun-
dred AMD sources have been described along the IPB, with very variable flows from 0.1 L/s 
to more than 100 L/s. Considering the characteristics typical of the Mediterranean (long 
dry periods followed by quick and intense rainy events), AMD flows may be also multi-
plied several times from the dry to the rainy season. Concerning REY concentrations in 
mine waters of the IPB, a systematic survey in around 40 AMD locations indicates a high 
variability, reaching concentrations from 0.07 to 13 mg/L, with a mean concentration of 
2.3 mg/L of total REY. Thus, considering an average AMD flow of about 1 m3/s and an aver-
age concentration of 2.3 mg/L of total REY, total reserves of 80 t REY/a (100 t REY oxides/a) 
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Figure 8.6 Image of the industrial AMD treatment plant based on DAS technology constructed at Mina 
Concepción (IPB, SW Spain), indicating the AMD effluents (MC1 and MC2), the natural Fe oxidizing lagoon, 
reactive tanks and settling ponds (modified from Martínez et al. (2019) [38]; see text for explanation). d.l: 
below the detection limit.
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can be estimated in the IPB. This annual inventory has a high variability depending on flow 
changes and concentrations uncertainties. If we compare this annual accumulation of REY 
with the annual reserves of the ore deposits currently mined or explored it is very small 
(Figure 8.8a), as pointed out in chapter “Rare earth elements – A treasure locked in AMD?”. 
Considering the little data available on REY concentrations, and assuming that 100% of the 
REY will be concentrated in basaluminite, the REY rates in these precipitates would range 
between 0.03 and 8% REY2O3 (Figure 8.8b; [39]), which are similar to those of currently 
investigated deposits (Figure 8.8b). However, although the annual reserves are two orders 
of magnitude lower than current targets of exploration, the longevity of AMD, which guar-
antees the release of REY for a long time to come [1] with no energy investment, makes 
AMD a considerable resource of REY.

Although the AMD pool in the IPB exhibits lower grades of metals than in conven-
tional deposits, these metal reserves could be extracted from the AMD in a cost-effective 
way if selective methods of recovery are created. One of the works scheduled within the 
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Figure 8.7 Schematic representation of the mineral precipitation fronts in reactive tanks of the DAS technology-
based treatment plant and metal as well as metalloid partitioning among these fronts. REY: REE+Y.
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MORECOVERY project is the concentration and selective extraction of CRMs from AMD 
and sludge from the DAS treatment plants. Thus, a sustainable, environmentally friendly, 
and economic source of CRMs from AMD effluents could be achieved in the near future.
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Deriving Value from Acid Mine Drainage
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Abstract
Acid mine drainage (AMD) is a worldwide problem, and the harmful effects of AMD on the envi-
ronment and infrastructure are unquestionable. While precipitation of dissolved metals and neu-
tralization of acidity from AMD is accomplished relatively easily with lime addition, the reduction 
of the remaining sulfate content to obtain water suitable for reuse, along with deriving value from 
the precipitated metals, requires further processing. Reverse osmosis, ettringite precipitation, bar-
ium sulfate precipitation, as well as biological sulfate reduction are identified as possible processes 
to be considered for removal of the residual sulfate that remains after neutralization. Each sulfate 
removal process offers benefits and limitations, implying that the process needs to be selected bear-
ing in mind both the AMD composition and the ultimate intended use of the treated water. Water is 
the major product to be derived from AMD treatment and the extent of treatment required would 
depend on its intended use. A tabulation is provided of further successive treatments that might 
be required to render the treated water fit for one of a number of possible uses. Depending on the 
composition of the raw AMD, base, and (semi-)metals, as well as radionuclides, such as uranium, 
could be recovered from either the AMD or the neutralization sludge. Since the metals become 
concentrated by a factor of about 100 upon being precipitated from the aqueous AMD to the solid 
neutralization sludge, the blending of the sludge with the feed to a leaching plant would offer an 
alternative means of metals recovery from AMD. The manner in which sulfur, magnetite, gypsum, 
and hydrogen could be recovered from AMD is briefly discussed, but its economics would require 
more detailed case-specific studies.

Keywords: Acid mine drainage, deriving value, AMD treatment, fit-for-use, sulfate removal, 
by-products from AMD

9.1 Introduction

Mining affected water, including acid mine drainage (AMD), is a worldwide problem, lead-
ing to ecological destruction in water courses if left untreated. The harmful effects of AMD 
on the environment and infrastructure are undisputed so that no further discussion needs 
to be given here to justify efforts toward its mitigation and, where possible, even derive 
value from it (Figures 9.1 and 9.2). AMD from a case study in the Witwatersrand (South 
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Africa) shows relatively low pH and high concentrations of total dissolved solids (TDSs), 
which result from relatively high element concentrations, especially Fe (Table 9.1). In addi-
tion, this AMD contains other elements including Al, Cu, Mg, Ni, U, and Zn.

The consequence of leaving AMD untreated is two-fold, namely, (a) this water would be 
potentially harmful if ingested or released into rivers and streams, and (b) immense vol-
umes of water would be “lost” which, if treated further, could be of considerable value for 
water reuse. In the rest of this chapter, the formation of AMD and options for its remedia-
tion are briefly discussed and relevant references cited. Greater focus is placed on the value 
to be derived from AMD and the processing implications for doing so.

Figure 9.1 AMD at a Coal mine near eMalahleni, Mpumalanga Province, South Africa (published with 
permission from H. Cornelissen).

Figure 9.2 Discharge of AMD into the Brugspruit near KwaGuqa village, Mpumalanga Province, South 
Africa and efflorescent salts (published with permission from H. Cornelissen).
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9.2 AMD Formation

AMD, also referred to as acid rock drainage (ARD), is formed wherever mining into sulfide- 
bearing orebodies has occurred, because of exposure of the (di-)sulfide minerals to oxygen 
and water. Depending on the mineralogical composition and the occurrence of water and 
oxygen ingress, AMD can also form as a natural process [1, 2]. However, mining can accel-
erate the formation of AMD by exposing (di)sulfide in mine wastes and tailings heaps, as 
well as mining-related structures such as pits and underground workings [3]. AMD forma-
tion can continue for long after mining activities have ceased. Since mineralogy and other 
factors affecting AMD formation are site-specific, it is difficult to predict (1) the potential 
for AMD formation and (2) the composition of the AMD if it will form. There are, how-
ever, certain mineralogically based tools that have been developed to assist in the pre-
diction of AMD formation and are the subject of another chapter in this book (“AMD 
generation and prediction”).

AMD is defined as mine water with a pH below 5.6. It usually has high electrical con-
ductivity and often bears high concentrations of iron and metals such as aluminium and 
manganese. It is also common to encounter certain concentrations of radionuclides such as 
uranium. AMD is formed by the oxidation of di-sulfides, such as pyrite (FeS2). Its oxidation 
occurs as a two-step process; the first step (Eq. (9.1)) produces ferrous sulfate and sulfuric 
acid, the latter causing dissolution of other metals from surrounding surfaces.

Table 9.1 Composition of AMD from a South African case study.

Parameter Typical concentrations, given in mg/L

pH 2.5–6.5

TDS 2,000–7,000

Sulfate 2,200–5,000

Aluminium 13

Calcium 60

Cobalt 0.80

Copper 400

Iron 110–1,500

Magnesium 44

Manganese 142

Nickel 0.80

Uranium 85

Zinc 32
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 2 7 22 2 2FeS O H Os g l( ) ( ) ( )+ +  → 2 4 42
4
2Fe SO H aq

+ − ++ +(aq) ( )(aq)  (9.1)

The dissolution of Fe2+, SO4
2−, and H+ causes the TDSs and acid concentration of the 

water to increase, along with a commensurate decrease in pH.
In the second (acid consuming) step, the ferrous iron is oxidized to ferric iron (Eq. (9.2)). 

Oxidation kinetics is dependent on the oxygen concentration, pH, and bacterial activity in 
the environment [3].

 4 42
2Fe O Hg(aq) (aq)( )

+ ++ +  → 4 23
2Fe H O l(aq) ( )

+ +  (9.2)

The ferric cations produced can oxidize additional pyrite, reducing to ferrous ions and 
producing more sulfuric acid (Eq. (9.3)) [3, 4]:

 FeS Fe H Os l2
3

214 8( ) ( )(aq)+ ++

 
→ 15 2 162

4
2Fe SO H(aq) (aq) (aq)

+ − ++ +  (9.3)

The net result of reactions (9.2) and (9.3) is net acid producing, although some of the 
acid could be partially neutralized by buffering minerals, such as calcite or dolomite, that 
might co-occur with the di-sulfides. The acidity gets buffered at around 2 where the ferric 
iron concentration reaches its natural limit of solubility, resulting in precipitation accord-
ing to (Eq. (9.4)) which can be seen to produce more acidity that can counter the effect of 
acid-consuming gangue.

 2 63
2Fe H O(aq) (l)

+ +  → 2 63Fe(OH) Hs( ) + +  (9.4)

While AMD is typically characterized as having high acidity and low pH, alkaline mine 
water can also be found, particularly in carbonate-rich environments. Alkaline mine water 
is not as environmentally destructive as AMD and often contains iron in ferrous form 
(Fe2+). However, the pH of the water can be lowered considerably by the combination of 
iron oxidation (according to reaction (9.2)) and hydrolysis (according to reaction (9.4)), 
with the net result being acidifying the effluent [1, 2].

9.3 AMD Treatment Options

9.3.1 General Philosophy

The negative effects of AMD can be alleviated by three interventions, namely [1, 2]:

1. Primary prevention of the AMD-generation process;
2. Secondary control, by preventing the migration of AMD beyond the point of 

formation; and
3. Tertiary control, involving the collection and treatment of AMD.
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The conventional means of primary prevention to date has been to raise the pH by alkali 
addition sufficiently to become unfavorable for microbial activity [1, 2]. Secondary control 
would logically involve some form of civil construction to contain the AMD.

In this chapter, some details are provided for methods of tertiary control, namely, that 
of lime neutralization followed by removal of the residual sulfate content of which four 
options are discussed. Each sulfate removal technology produces a different quality of prod-
uct water and is subject to its own set of constraints that might favor one over the other for a 
specific combination of location and AMD composition. An informative book by Alley [5] 
describes several processes for the removal of various pollutants from wastewater, a sum-
mary of which is provided in the Appendix. In summary, the work of Alley has illustrated 
that there is no single “best” process for the treatment of polluted water. The nature and 
concentration of the pollutants, the intended use of the treated water combined with the 
applicable regulations, costs, and available infrastructure determine the treatment technol-
ogy (or combination of technologies) to be selected.

9.3.2 High-Density Sludge Neutralization of AMD

The chemicals generally applied for the neutralization of AMD include limestone (CaCO3), 
hydrated lime [Ca(OH)2], soda ash (Na2CO3), caustic soda (NaOH), ammonia (NH3), cal-
cium peroxide (CaO2), kiln dust, and fly ash [1, 2]. Any one of these neutralizing agents 
should be used only with full consideration of the additional soluble elements it may con-
tribute to the water. The various chemicals would also affect process parameters differently, 
such as the rheology of the sludges produced which would, in turn, affect the ease with 
which they could be dewatered and stacked.

The neutralization of AMD with limestone and lime or one of them is often applied in 
the mining industry [6–8], using the high-density sludge (HDS) process. This involves the 
dilution of the neutralizing agent (lime or limestone) with recycled precipitate before it is 
added to the AMD, resulting in the formation of a higher-density precipitate than when the 
neutralizing agent is added directly to the AMD [9, 10].

When ferrous iron (Fe2+) concentrations in the influent AMD are below 50 mg/L, the 
neutralization step is usually performed at a pH of between 7 and 8, whereafter the sludge 
is settled [1, 2]. When the ferrous iron concentration in the AMD exceeds 50 mg/L, higher 
pH values for the neutralization step are required, along with aeration to oxidize the ferrous 
iron to ferric iron (Fe3+), to be precipitated in the hydroxide form [1, 2] (Figure 9.3).

AMD neutralization can be performed using only hydrated lime [Ca(OH)2], or in two 
stages whereby limestone (CaCO3) is used in the first neutralization step to raise the pH 
to about 6, followed by the addition of lime Ca(OH)2 to raise the pH higher if required 
(the selection of the neutralizing agent is subject to confirmation of adequate efficiency 
of precipitation). Although CaCO3 is generally cheaper than Ca(OH)2, and its application 
produces a lower volume of sludge, the use of CaCO3 as neutralization reagent for AMD is 
not widely applied, primarily because its chemical reaction produces carbon dioxide (CO2), 
which buffers the pH of the slurry at around 6 [1, 2]. Furthermore, the evolution of CO2 
causes foaming which needs to be controlled. Either way, the aqueous discharge from the 
HDS process has concentrations of calcium and sulfate consistent with the solubility of 
gypsum.
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A study by the International Human Rights Commission [6] confirmed that AMD neu-
tralization does not offer a complete solution and that discharging high concentrations of 
sulfate into natural water sources can have severe negative effects on health and result in 
water that is unsuitable for drinking, domestic use, recreation, and irrigation. It is therefore 
obvious that AMD neutralization is only a partial step toward AMD remediation, and fur-
ther processing must render the water product suitable for use or release.

Of primary concern is the high sulfate concentration that remains in the treated water 
after HDS neutralization [6], ranging from 1,500 mg/L up to about 2,500 mg/L correspond-
ing to gypsum-saturation. Such sulfate concentrations can have health effects on water 
users. Even higher sulfate concentrations are possible with high concentrations of highly 
soluble species, such as magnesium and sodium. Magnesium, at least, can be removed if 
the pH of the neutralization step is raised to 12. A study by the World Health Organization 
[11] indicates that the lowest taste threshold concentration for sulfate is approximately 
250 mg/L. According to the Water Research Commission Sulfate Guidelines (summarized 
in Table 9.2), this is within the recommended range for sulfate concentrations of drinking 
water [6, 12].

The effects of the various sulfate concentrations shown in Table 9.2 suggest that concen-
trations below 400 mg/L are safe for most applications, including drinking water, and that 
only moderate corrosion might be experienced when exposed to pipes and domestic infra-
structure. Sulfate concentrations exceeding 400 mg/L might become unacceptable, with 
no human adaptation to concentrations exceeding 1,000 mg/L. This highlights the critical 
need for adequate treatment of AMD, particularly the removal of sulfate from AMD and 
the treated water post AMD neutralization.

9.3.3 Sulfate Removal Options

9.3.3.1 Reverse Osmosis

Reverse osmosis (RO) is the most widely applied desalination technology globally and has 
been used for the removal of impurities from solutions since the 1950s [13]. Membrane fil-
tration, involving microfiltration (MF) or ultrafiltration (UF), are typically applied in steps 

AMD
Low pH
High TDS
High [sulfate]
Other

Lime

Recycle

Precipitated sludge
Metal hydroxides

Treated water

High pH
[calcium] ≈ 600 mg/L
[sulfate] ≈ 1400 mg/L
Other

Gypsum
Other

Neutralization
(HDS Process)

Figure 9.3 Simplified representation of HDS neutralization of AMD.
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preceding RO. These membrane filtration units remove some of the dissolved particulates 
prior to RO; however, fouling is a considerable problem within membranes [14].

A notable example of AMD treatment by RO is the High Recovery Precipitating 
Reverse Osmosis (HiPRO®) process [15] that is operational at two mine sites, namely, 
the (1)  eMalahleni Water Reclamation Plant (EWRP) (25,000  m³/day product water), 
and (2) Optimum Coal Mine Water Reclamation Plant (OWRP) (15,000 m³/day prod-
uct water), both in Mpumalanga, South Africa. The HiPRO process produces drinking 
water seeping from coal dumps. The HiPRO process involves several stages of membrane 
systems, incorporating UF and RO. From each of the membrane systems, a concentrated 
brine stream is produced, and salts are removed from these streams by means of precip-
itation with lime [15].

The OWRP flowsheet (Figure 9.4) differs slightly from that of the EWRP, in that the 
pH of the mine water at the Optimum Coal mine is circumneutral and contains iron and 
manganese, which is not the case for the mine water at the eMalahleni plant [15, 16]. 
Consequently, the OWRP incorporates the addition of ozone in an initial stage to decrease 
the iron and manganese to suitable concentrations prior to UF and RO, whereas the EWRP 
incorporates lime neutralization instead of ozonation as the first step for the removal of iron 
and manganese [15, 16].

For the OWRP, the clarifier feed water emanating from ozonation is dosed with an 
anionic polymer flocculent to promote solids agglomeration. Anti-scalant is added to min-
imize precipitation behind the membranes from the brines which become super-saturated 
in calcium-sulfate and other metal ions. The clarified water from Stage 1 is passed through 
a sand filter prior to further purification through the UF [15, 17].

mine
water polymer anti-scalant

Cl2O3

Flash mixer Clarification 1 Sand
filter

UF
1

UF
2

UF
3

Clarification 2

Clarification 3

RO 2

RO 3

RO 1 Permeate
chlorination

potable
water

lime

lime

polymer

polymer

brine

Precipitation

Precipitation

Collective
solids

Dewatering
and disposal

gypsum

sludge

anti-scalant

anti-scalant
acid

acid

Figure 9.4 Simplified block flow diagram of the Optimum Coal Mine Water Reclamation Plant, adapted from 
Karakatsanis et al. [15].
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Thereafter, the super-saturated brines from the preceding stages are fed to Stages 2 and 
3. Precipitation of salts from the super-saturated brines is initiated by the addition of lime 
in the agitated precipitation reactors and hydro-cyclones are used to classify the slurry. 
Subsequently, the overflow from the hydro-cyclone, containing fine particles, enters the 
Stage 2 or 3 clarifier. The hydro-cyclone underflow contains the larger gypsum particles, 
and these are dewatered by vacuum belt filtration [15, 17]. UF is the final solids-removal 
process before each subsequent RO step. Sulfuric acid is also added after UF for pH correc-
tion ahead of RO, which is the final treatment step [15]. The membrane-based separation 
would also remove monovalent ions such as Na+ and Cl−.

Membranes are prone to fouling, especially if the pre-treatment steps leading up to the 
membrane units were performed inadequately, and this has the potential of increasing the 
maintenance and operating cost of this technology [18]. Water recovery in excess of 95% 
can reportedly be achieved with this process, and three waste streams are produced, namely, 
mixed sludge, gypsum, and brine [15]. Comment on the possible further treatment of these 
wastes is given in Section 9.4.2.1.

9.3.3.2 Ettringite Precipitation

Ettringite is a Ca-Al-SO4 mineral with a very low solubility constant, which can be formed 
by chemical reaction between aqueous CaSO4 (such as would occur in the solution phase 
in equilibrium with precipitated gypsum) and aqueous Al (which can be represented by 
Al(OH)3). Hence, by adding a water-soluble aluminium salt to sulfate-saturated water, 
the sulfate concentration can be reduced to below permissible discharge concentration. A 
process utilizing ettringite precipitation for sulfate removal is described by Nevatalo et al. 
[19]. A more sophisticated ettringite-based process is SAVMIN®, with the distinguishing 
feature that the aluminium is recovered from the ettringite precipitate for reuse [4, 20] 
(Figure 9.5).

AMD
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Precipitation
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l(O
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) 3
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Figure 9.5 Block flow diagram showing the concept of the SAVMIN process [4].
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In the “Gypsum and Metal Hydroxide Precipitation” step, the AMD is first treated with 
lime to immobilize all sulfate as gypsum and precipitate divalent (Me2+ in Eq. (9.5)) and 
trivalent (Me3+ in Eq. (9.6)) metal hydroxides.

 MeSO4 + Ca(OH)2 + 2 H2O → CaSO4∙2 H2O + Me(OH)2 (9.5)

 Me2(SO4)3 + 3 Ca(OH)2 + 6 H2O → 3(CaSO4∙2 H2O) + 2 Me(OH)3 (9.6)

The aqueous overflow contains CaSO4 at a concentration commensurate with the solu-
bility of gypsum. In the “Ettringite Precipitation” step, Al(OH)3 is introduced (as a recycle 
from the “Ettringite Destruction” stage), which incorporates both the calcium and sulfate 
in solution into solid-phase ettringite (Eq. (9.7)).

 2 Al(OH)3 + 3 CaSO4 + 3 Ca(OH)2 + 26 H2O ↔ 3 CaO·3 CaSO4·Al2O3·32 H2O
 (9.7)

The discharge from the ettringite precipitation stage contains only residual Ca(OH)2 
alkalinity which is removed by carbonation with CO2 to precipitate CaCO3 (Eq. (9.8)) that 
can be filtered out (and reused as neutralizing agent) to yield the treated water product.

 Ca(OH)2(aq) + CO2 → CaCO3(s) + H2O (9.8)

The aluminium is recovered from the ettringite by acidification which decomposes the 
ettringite to Al(OH)3 and gypsum, according to Equation (9.9), which is effectively the reverse 
of the ettringite formation reaction, Equation (9.7). If the CaSO4 on the right-hand side of 
Equation (9.9) were to become saturated in solution it would start precipitating as gypsum.

 3 CaO·3 CaSO4·Al2O3·32 H2O + 3 H2SO4 ↔ 2 Al(OH)3 + 6 CaSO4 + 32 H2O
 (9.9)

The key to the implementation of the SAVMIN process has been to achieve the separa-
tion of the Al(OH)3 and gypsum. There is not much relative density difference to rely on, 
being around 2.5 g/cm³ for Al(OH)3 and about 2.3 g/cm³ for gypsum. Therefore, the sepa-
ration needs to rely on differences in particle shape and size. A multitude of conventional 
and relatively novel separation apparatus have been tested with various degrees of success, 
but ultimately hydro-cyclones of suitable design were found to yield an efficient and reliable 
separation. Interestingly, it is the slightly higher-density Al(OH)3 that reports to the over-
flow to be recycled, due to the Al(OH)3 possessing a finer particle size than the gypsum that 
reports to the underflow to be discarded.  Any gypsum that gets entrained in the Al(OH)3 
recycle detracts from the effective aluminium recycle efficiency since the gypsum adds to 
the sulfate-load of the “Ettringite Precipitation” step. During a recent piloting campaign, it 
has been found possible to restrict the gypsum entrainment in the recycle to <10% of what 
enters the solid-solid separation step.

Yet, any aluminium exiting with the gypsum discard represents a loss that needs to 
be replenished, which has been found to be achieved most effectively by the addition of 
Al2(SO4)3 to the “Ettringite Destruction” stage since it yields Al(OH)3 that is chemically 
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reactive and does not introduce monovalent elements such as Na+ or Cl− into solution. 
Indications to date have been that aluminium losses can be restricted to <20% of what 
enters the solid-solid separation step. A logistical matter to be managed in the SAVMIN 
process is that all solutions throughout the process are of a scaling nature and the forma-
tion of gypsum or CaCO3 on surfaces is inevitable. This requires sufficient redundancy 
and duplication of equipment and piping to permit descaling without interruption of 
the process.

Note further that ettringite precipitation would not remove highly soluble monovalent 
species such as Na+ or Cl−. The AMD encountered to date exhibited Na+ concentrations 
of 100–200 mg/L which, according to Holmes [21], poses no health effects, although it 
imparts a faintly salty taste as its concentration approximates 200 mg/L. While Cl− acceler-
ates metal corrosion, the AMD exhibited moderate Cl− concentrations of around 100 mg/L.

9.3.3.3 Barium Carbonate Addition

Sulfate removal from AMD can occur by means of a barium-carbonate (BaCO3) pro-
cess, suggested by Hlabela et al. [22] (Figure 9.6). Influent mine water is treated with lime 
(Ca(OH)2), in the “Neutralization” step, to precipitate metals as hydroxides and gypsum. 
Hlabela et al. [22] specifically mention that the removal of magnesium is also targeted in 
the “Neutralization” step, which suggests that this step is operated at a high pH, suppos-
edly around 12 [23] to yield magnesium-hydroxide [Mg(OH)2]. The removal of the metal 
hydroxide and gypsum sludge is performed subsequently in a solid-liquid separation step, 
where after BaCO3 is added to the solution, effecting the removal of sulfate from the water 
as the highly insoluble BaSO4. BaCO3 is a very expensive reagent, and hence, it needs to be 
regenerated from the BaSO4, toward which the major part of the process is dedicated.

Barium-sulfate (BaSO4) recovered from the precipitation step is mixed with carbon and 
reacted in a furnace at 1,050 °C to form barium-sulfide (BaS) and carbon dioxide (CO2), 
Eq.  (9.10). At the same time, accompanying calcium-carbonate (CaCO3, formed in the 
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Carbonation-2 step) is calcined to produce calcium-oxide (CaO) and more CO2, Eq. (9.11), 
[22, 24].

 BaSO4 + 2 C → BaS + 2 CO2 (9.10)

 CaCO3 → CaO + CO2 (9.11)

When water is added to this BaS/CaO product from the furnace, the BaS dissolves and the 
Ca(OH)2 can be separated from it to be used in the “Neutralization” step for metals, gypsum 
and magnesium precipitation. Carbonation of the BaS solution with CO2 (in the “Carbonation 
1” step) strips the sulfur out of solution as H2S to convert the BaS to BaCO3 (Eq. (9.12)).

 BaS + H2O + CO2 → BaCO3 + H2S (9.12)

From the H2S/CO2 gas mixture emanating from the “Carbonation 1” step, elemental sul-
fur is produced according to the “Pipco” process. This process is reported to involve the 
burning of a portion of the H2S in air to form SO2, which is reacted with the balance of the 
H2S to yield elemental sulfur (S0) and water [25].

Reliance is placed on the extremely low solubility product of BaSO4 to maintain low con-
centrations of Ba2+ and SO4

2− in solution. The aqueous product of the “Precipitation” step 
is carbonized with CO2 (in the “Carbonation 2” step) to convert the residual Ca(OH)2 in it 
to CaCO3. The mixture of BaSO4 and CaCO3 is separated from the suspension emanating 
from the “Carbonation 2” step and recycled to the furnace. A small portion of the final 
water product is recycled for suspending the BaS/CaO solid phase product of the furnace.

Our own calculations suggest that a stoichiometric amount of 0.54 kg carbon (C) is 
required per m3 of typical AMD (with composition as per Table 9.1) treated for conducting 
the chemical reactions in the furnace. These reactions withdraw oxygen from the BaSO4 
and CaCO3 to form CO2. However, another 1.67 kg/m3 of carbon is required to be reacted 
with oxygen (introduced in the form of air) to achieve the reaction temperature of 1,050 °C. 
That includes the assumption that the off-gas from the furnace is used to pre-heat the air 
supply to about 900 °C to economize the heating requirement. In the paper by Hlabela et al. 
[22], the CO2 emanating from the furnace is shown as being used in the two carbonation 
steps. However, achieving that in practice seems complex, since the CO2 generated in the 
furnace will have been diluted with nitrogen, it will be contaminated with dust and water 
vapor and will be evolved at about ambient pressure. It would practically be more feasible to 
supply the two carbonation steps with pressurized CO2 from a tank, but of course, it would 
add to the cost and carbon footprint of the process.

Barium carbonate is highly toxic and tragic consequences would result if any unreacted 
barium carbonate were to pass into the final water product by overdosing the “Precipitation” 
step with BaCO3. As with the ettringite precipitation processes, precipitation with Ba would 
not remove monovalent species such as Na+ or Cl–.

9.3.3.4 Biological Sulfate Reduction

Biological treatment, using sulfate reducing bacteria, can be used to purify sulfate-bearing 
effluent streams. Biological sulfate reduction can be conducted in either passive (such as a 
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constructed wetland) or active systems (such as the THIOPAQ® [26] or BioSURE® [27] pro-
cesses). Passive systems maintain a large working inventory and operate slowly but require 
low maintenance, low operational intervention, and relies on the remedial actions of natural 
plant and algal growth and the formation of reducing conditions below the mud-level [28]. 
In contrast, the active treatment proceeds rapidly, holding a smaller inventory but requiring 
frequent human intervention for maintenance and monitoring of the constructed reactors, 
and it further requires external sources of chemicals, growth-substrate, energy (electrical 
power), and labor [28], usually along with a higher capital cost for infrastructure develop-
ment. The active biological method offers more consistent performance while the possibility 
for the recovery of metals and sulfur as by-products can offset the operating costs.

A reductant and organic carbon source is needed for microbially mediated sulfate reduc-
tion, which is represented by CH2O(aq). The reaction proceeds as shown in Eq. (9.13), [29].

 2 22 4
2CH O SO Haq( ) + +− +

 → H S H CO2 2 32+  (9.13)

Any Cd, Cu, Fe, Pb, Hg, Ni, and Zn present in the AMD will precipitate as metal (Me) 
sulfides according to Eq. (9.14).

 H2S + Me2+ → MeS + 2 H+ (9.14)

Manganese, Fe, Ni, Cu, Zn, Cd, Hg, and Pb can be co-precipitated partially with other 
metal sulfides. Sulfate reducing bacterial species can reduce metals to a more insoluble form, 
for instance, the reduction of U(VI) to U(IV). Sulfate reduction also assists in the consump-
tion of acidity and thus raises the pH of the solution, which facilitates both sulfide and 
hydroxide precipitation reactions [17, 29]. Residual H2S can be eliminated by its oxidation 
to bio-sulfur. The disposal of or value-creation from metal sulfides would require further 
research, probably on an individual case-by-case basis. This process has been demonstrated 
over an 18-month period at a mine site in Mpumalanga in South Africa, and a larger-scale 
demonstration plant is currently being designed.

9.4 Deriving Value from AMD

9.4.1 Fit-for-Use Water

9.4.1.1 The Cascade Model

Mining operations have the potential to cause severe pollution to natural water resources; 
hence, to promote a sustainable alternative, governments have initiated strict environ-
mental regulations and effluent discharge limitations to address the harmful effects of 
AMD [30]. A cascade model is proposed by Van Zyl et al. [31], where the quality of 
the water source is linked to an appropriate subsequent use, and the available water is 
used for the most valuable applications as the purity of the water improves after each 
treatment or reuse [32]. For example, the cascaded treatment of AMD, with each subse-
quent treatment process yielding lower sulfate concentrations, would yield firstly water 
for irrigation (at 2,000 mg/L sulfate), coal processing (at 1,000 mg/L sulfate), general 
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industrial use and/or discharge to public streams (at 500 mg/L sulfate), potable water 
(at 250 mg/L sulfate), cooling water (at 20–40 mg/L sulfate), and finally, demineralized 
water suitable to be used in boilers (Figure 9.7).

To prevent the unnecessary use of potable water where a lower quality water could be 
suitable, the treatment of water for reuse should focus primarily on the selection of appro-
priate technologies for the production of water of the targeted application. The suitability 
of water for an application can be determined from the relevant water quality guidelines, 
which may be particular to a specific country or district [32]. A few possible uses for treated 
water are considered more closely in the sub-sections that follow.

9.4.1.2 Water Suitable for Irrigation

Resulting from the cascade model, water for irrigation requires the least stringent treatment 
of AMD to be of use. Partially treated mine water could be suitable for use as irrigation water 
when the majority of dissolved metals have been removed, along with a reduction of the sul-
fate concentration of the water to less than 2,000 mg/L [31].

In the case of Resolution Copper, a joint venture between Rio Tinto and BHP, an under-
ground mine, was developed in Arizona, United States of America, for the recovery of cop-
per [30]. This underground mine, called a “wet mine”, was 1.5-km deep, and about 9 · 106 m³ 
of water that had collected in the mine void had to be removed [30]. The water was pumped 
to the surface, treated and used for the irrigation of local produce, for which groundwater 
and other valuable water sources had been used before [30].

Another noteworthy example is Xstrata Coal’s Ulan mine in New South Wales, Australia. 
This mine was a “water surplus mine” site, with more water being pumped from underground 
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than what was consumed by the mine operations [30]. The mine’s water license stipulated 
zero discharge of mine water, and consequently, an irrigation scheme was implemented 
whereby the water was pumped to several points to irrigate more than 240 ha of beef and 
cattle pastures [30].

9.4.1.3 Water Suitable for Industrial Use

Depending on the location of the source of AMD and its proximity to an industrial oper-
ation, the AMD might either in treated or untreated form be suitable for industrial use 
as wash water or process make-up water. The contained acid and ferric iron might even 
be useful reagents for dissolution reactions. The applicability of such instances would be 
very case specific. A case worth mentioning is the Brazilian mining company Vale, which 
increased its overall water reuse and recycling to 77% in the year 2012, as a direct conse-
quence of the company’s water system automation initiatives [30].

9.4.1.4 Water Suitable for Environmental Discharge

The standard to which AMD would need to be treated before it could be discharged to 
receiving water bodies would be governed by locally prevailing legislation and guidelines. 
Its legal release would swell the water supply for the purposes of any or all of irrigation, 
domestic use, and recreation.

9.4.1.5 Water Suitable for Sanitation

Potable water is still widely used for sanitation, such as flushing toilets, where water of 
potable standard is not necessarily required. Dual reticulation systems, applied in countries 
such as Japan and Australia, make it possible to use lower quality water for sanitation, while 
potable water is reserved for drinking, cooking and other household use that requires water 
of potable quality [32].

9.4.1.6 Potable Water

Of all the sulfate removal technologies discussed above, RO is the only technology capable 
of producing drinking water from AMD, especially when the AMD contains monovalent 
species such as Na+ and Cl−, which the precipitation-based or biological-based technologies 
do not remove from solution.

The production of potable water from AMD by RO is also the technologically most 
advanced, having been in commercial application for several years at two sites in South 
Africa. Over the years, the cost of municipal potable water has increased considerably, 
resulting in a RO becoming a cost-effective solution for the production of potable water 
from low- to medium-quality mine water sources.

9.4.1.7 Cooling Water

Air-conditioning systems rely mostly on wet or evaporative cooling towers [33]. 
Manufacturing and processing plants adopt similar cooling towers to meet the cooling 
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demand for their processes [33]. However, suitably high-quality water must ensure proper 
operation of the cooling towers. Of particular importance to cooling towers is the inhibi-
tion of corrosion, scale formation, and microbial fouling [33]. The quality of the available 
water source would determine the treatment required to render it suitable as cooling water.

9.4.1.8 Boiler Water

Boiler feed water should essentially be free of dissolved solids, suspended solids and organic 
material to prevent scaling, corrosion, and fouling of the boiler system. A typical boiler 
water treatment system would include units such as filtration and UF, and this is typically 
followed by an ion exchange circuit or membrane technologies such as nano-filtration or 
RO [34]. These treatment steps are usually followed by deaeration or degasification and, 
finally, coagulation [34]. A listing of contaminants, their potential effects on the boiler and 
applicable treatment steps for their removal are provided in Table 9.3.

Table 9.3 Boiler feed water contaminants and their removal, adapted from [34].

Problematic material Harmful effects on boiler system Treatment

Iron, soluble or insoluble Can deposit on boiler parts and
tubes, damaging equipment.

Chemical precipitation,
filtration, ultrafiltration, 
or ion exchange. 

Copper Can cause deposits to settle
in high-pressure turbines,
decreasing efficiency, and requiring
costly cleaning or repairs. 

Chemical precipitation,
filtration, ultrafiltration, 
or ion exchange.

Silica, requires removal to 
very low concentrations

Can cause very hard scaling. Chemical precipitation,
filtration, or ultrafiltration.

Calcium Scaling Ion exchange

Magnesium If combined with phosphate, can
stick to boiler interior and coat
internals.

Chemical precipitation,
filtration, ultrafiltration, 
or ion exchange.

Aluminium Can deposit as scale on boiler
interior. Can also react with silica
to increase likelihood of scaling. 

Chemical precipitation,
filtration, ultrafiltration, 
or ion exchange.

Hardness Can cause deposits and scale on 
boiler internals. 

Ultrafiltration or ion
exchange. 

Dissolved gasses Chemical reactions with dissolved
oxygen and carbon dioxide,
causing corrosion. 

Deaeration or degasification
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9.4.2 By-Products from AMD Treatment Processes

9.4.2.1 Overview

Comparing the initial AMD (Table 9.1) with the calculated precipitate from lime neutral-
ization (Table 9.4) shows a concentration by a factor of about 100. Calcium (as gypsum) 
and iron (as ferric-oxy-hydroxides) contribute the largest proportions of the composition 
and would therefore be obvious candidates for recovery as saleable products. The U concen-
tration is with 10,800 mg/kg U3O8 very high compared to typical U ores. Furthermore, the 
concentration of copper is comparable to that of relatively high-grade ores with the concen-
trations of cobalt, nickel, and zinc corresponding to relatively low-grade ores of those metals.

With most soluble species (apart from calcium and sulfate) having been removed from 
AMD during neutralization, sulfate-removal processes that succeed a neutralization step 
can be expected to produce relatively clean gypsum or elemental sulfur.

9.4.2.2 Gypsum Containing Products

Hydrometallurgical processes generally involve the production of gypsum, which can often 
constitute substantial volumes of process streams that require disposal. Treatment of these 
streams, for the generation of value and the minimization of the volumes requiring actual 
disposal, is therefore of considerable interest.

Gypsum is used in a multitude of industrial and agricultural applications. Gypsum has 
fire-resisting, heat insulating, and sound absorption qualities [35] and is therefore used 
extensively in applications related to construction, such as low-cost building materials, ceil-
ings, drywalls, and plasterboards. Furthermore, gypsum is easily converted into cementi-
tious material, is quick setting, and is used widely as primary constituent of cement and 
bricks [35]. An interesting case is discussed by Sampson [35], whereby gypsum-containing 

Table 9.4 Calculated composition of neutralization precipitate.

Element Concentration, % (m/m)

Aluminium 0.14

Calcium 14

Cobalt 0.080

Copper 4.3

Iron 13

Magnesium 0.48

Manganese 1.5

Nickel 0.080

Uranium 0.92 (10,800 mg/kg U3O8)

Zinc 0.35
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waste from an ilmenite facility was treated successfully to generate material suitable to be 
used as cement for construction. Of particular interest is the fact that the material contained 
U and Th albeit at sufficiently low concentrations that it did not pose health or environmen-
tal threats [35]. However, it highlights (a) the importance of adequate removal of impurities 
from the material for adherence to relevant regulations and standards, and (b) some of the 
challenges associated with the treatment of waste from AMD remediation to generate value.

Drywalls and plasterboards, with dimensions around 1,200 × 2,500 mm, and a thick-
ness of about 6 mm, can be bought from local hardware stores at between R 150 and R 200 
which, at the time of writing, equates to less than US$15 per board or about US$0.4 per kg. 
Therefore, the all-inclusive cost of erecting and operating a processing plant for rendering 
contaminated gypsum suitable for construction materials, plus the cost of marketing and 
distribution would need to be less than that.

9.4.2.3 High-Value Iron-Bearing Products

Iron is typically a major constituent of AMD (Table 9.1) and is precipitated during the neu-
tralization stage where limestone or lime is added to the AMD. It is therefore an obvious 
element to consider for recovery from the AMD treatment process. Iron-bearing precipitate 
could not compete with the economics of scale of iron ore for bulk applications such as steel 
smelting. However, it has been investigated as a possible means for production of somewhat 
higher-value iron-bearing chemicals such as pigment and heavy media.

Magnetite, Fe3O4 or more correctly the mixed oxide FeIIFe2
IIIO4 [36], along with tita-

nomagnetite is responsible for the magnetic properties of rocks [36]. It also finds use in 
heavy medium separation, as a pigment, polishing agent, as a chemical filler, in cosmetics 
and other applications. The development of a process for magnetite production from AMD 
collected at a coal mine is briefly summarized here, based on [37]. The AMD had predom-
inantly iron, aluminium and magnesium in sulfate medium.

The AMD, which in this case contained about 3.5 g/L Fe, is neutralized with lime, sim-
ilar to the process described in Section 9.3.2, followed by the rejection of excess gypsum 
by physical separation (Figure 9.8). The resultant slurry, containing jarosite in sulfate- 
saturated solution, is then subjected to solid-liquid separation following which the solution 
can undergo sulfate removal via any of the processes described in Section 9.3.3.

The jarosite is converted to magnetite by the addition of magnesium oxide (MgO) and fer-
rous iron at 80 °C. The slurry is subjected to a solid-liquid separation step and the magnesium- 
sulfate bearing solution can be neutralized and discharged to an effluent pond. Finally, the 
magnetite is recovered from the solids by magnetic separation.

Another process for the production of magnetite from AMD is proposed by Akinwekomi, 
Maree, Zvinowanda, and Masindi [38], which is based upon the principle of selective pre-
cipitation and uses sodium carbonate as primary reagent. Considering that mineable quan-
tities of magnetite occur naturally, any process that produces magnetite from AMD has 
the potential to be seen as relatively complex and may likely not be competitive. Such pro-
cesses might be complicated further by the presence of other AMD contaminants such as 
U, which would require additional purification steps prior to the magnetite formation step. 
Both processes mentioned have been proven to be technically sound, and demonstration of 
these processes at larger scale would provide valuable operational insight regarding indus-
trialization viability.
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9.4.2.4 Uranium and Base Metals

Along with base metals, such as Cu, Co, Zn, and Ma, AMD can also contain U, such as the 
AMD emanating from South African gold deposits [39] and other deposits globally [40, 
41]. The concentration of U in AMD can vary considerably, from a few µg/L [42], up to 
several mg/L [40]. The World Health Organization (WHO) issued a provisional guideline 
value for U not to exceed a concentration of 30 µg/L in drinking water [42]. Consequently, 
whenever U is present in the AMD, and the water is treated for reuse, close attention should 
be paid on ensuring the removal of U to permissible concentrations.

For the recovery of U from AMD, several approaches are possible. The first involves 
the removal of the U before the neutralization step (Figure 9.9). This can be done with ion 
exchange [2, 43], while the remaining constituents pass to limestone/lime neutralization 
where the majority of the base metals and gypsum are precipitated. An implication of this 
approach is that the ion exchange equipment treats the entire AMD stream, which is often 
multiple tens of millions of litres per day, resulting in the requirement for large equipment. 
Furthermore, the influent AMD typically contains suspended solids as well as high concen-
trations of dissolved solids, which would result in frequent fouling of the resin inventory, 
increasing the need for resin regeneration and the associated operating cost and operational 
complexity.

Base metals can then be extracted by re-leaching of the precipitated neutralization sludge. 
Secondly, it could be considered recovering the U from the precipitated sludge produced by 
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the neutralization of AMD with limestone/lime (Figure 9.10). This might be achieved by a 
resin-in-pulp process which might simultaneously recover accompanying base metals. The 
concentration of U in either of the precipitated sludges might still be too high for environ-
mental disposal.

Extracting U and other elements from neutralization residue would probably not offer 
the economics of scale that ore bodies do. However, the blending of such residue with the 
feed to a leaching plant for these elements might prove a concept worth considering. The 
choice of option 1 or 2 might therefore be influenced by whether the limiting design crite-
rion is safe sludge disposal or optimal economics of the downstream processes for metals 
recovery from the sludge.

A third, seemingly attractive option for the removal of U from mine water, was devel-
oped by Earth, and discussed by Howard, Grobler, Robinson, and Cole [44]. This process 
uses a proprietary ion exchange technique to remove U from mine water to permissible 
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concentrations, while generating saleable products and minimal waste. Biological sulfate 
reduction would precipitate base and (semi-)metals as their respective sulfides, along with 
the production of elemental sulfur, which would be saleable products.

9.4.2.5 Hydrogen

The pursuit by a South African company to produce hydrogen from AMD toward the 
emerging hydrogen economy was reported in 2019 [45]. Very little technical detail has been 
provided regarding the hydrolysis technology to be used and of the benefits or disadvan-
tages that the properties of AMD might hold for it. Water suitable for the production of 
hydrogen from AMD will likely follow the cascade model (Figure 9.7) up to the produc-
tion of demineralized water fit for boiler water. However, electrolysis to produce hydrogen 
would require good conductivity of the water which, in turn, would require the addition of 
high-purity caustic or sulfuric acid. For the purposes of this chapter, this interesting appli-
cation will just be noted.

9.5 Synopsis

9.5.1 AMD Remediation

The potentially negative effects of AMD on the environment and infrastructure are undis-
puted. While these effects of AMD can be alleviated either by prevention of its formation, 
by prevention of its spread or by its collection and treatment once formed, the focus in this 
chapter has been on the latter. Furthermore, the extent to which value could be derived 
from its treatment has been explored.

Lime neutralization can neutralize the acidity and precipitate most commonly occurring 
metals from solution. However, it leaves residual calcium sulfate in solution commensurate 
with the solubility of gypsum in water, making it unsuitable for most uses and causing it 
to exceed the guidelines for release to the environment. This frames the last step in AMD 
treatment as that of reduction of its sulfate content to fall within the limits for the intended 
use of the treated water. For the purpose of illustration and model calculations where nec-
essary, data derived from a case study on the treatment of AMD from the Witwatersrand in 
South Africa has been used. RO is a physical treatment means which produces very clean 
product water, but the example cited in this chapter also leaves three waste streams, namely, 
mixed sludge, gypsum, and brine.

Sulfate removal can also be achieved by precipitation, and the two processes mentioned 
in this chapter rely on the very low solubilities of respectively ettringite and barium sulfate, 
with the sulfate ultimately being rejected as gypsum. The economics of both precipitation 
processes benefit from the regeneration and recycle of the key chemicals, namely, alumin-
ium hydroxide for ettringite formation and barium carbonate for barium sulfate formation. 
The recycle of those reagents contribute substantially to the complexity of the flowsheets. 
The ettringite precipitation process needs to contend with gypsum scaling throughout most 
of the unit operations. It further relies on the separation of two solids (gypsum and alu-
minium hydroxide) from suspension to achieve the aluminium hydroxide recycle, which is 
arguably its greatest complication. With the barium sulfate process, great care is required to 
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prevent over-dosing with the highly toxic barium carbonate so that it does not report to the 
product water. The requirement for a pyrometallurgical step for barium carbonate regen-
eration seems to be a particularly complicating factor, and our own calculations suggest it 
may possess a relatively large carbon footprint due to carbon dioxide emissions.

Biological sulfate reduction has been demonstrated to alleviating sulfate content by 
reducing it to sulfide. That can precipitate base and (semi-)metals as their respective sul-
fides and the reducing conditions can also alter higher-valence metals to their lower-valence 
form of lower solubility. Either passive or active systems can be considered, with the latter 
offering greater control and consistency of performance. An important requirement for this 
process is a carbon source for microbial growth (which might also act as reductant) which is 
of reasonable cost yet relatively easy to metabolize.

9.5.2 Deriving Value From AMD

Water that has been made suitable for use has been identified as the most important 
potential product to be derived from AMD treatment. With increasing intensities of 
treatment, AMD could be made suitable for irrigation (at 2,000 mg/L sulfate), coal pro-
cessing (at 1,000 mg/L sulfate), general industrial use or discharge (at 500 mg/L sulfate), 
potable water (at 250 mg/L sulfate), cooling water (at 20–40 mg/L sulfate), and deminer-
alized water as boiler feed.

RO is the only technology capable of producing potable water from highly mineralized 
AMD, particularly when the AMD contains monovalent species such as Na+ and Cl−, which 
the precipitation-based or biological-based technologies do not remove from solution. The 
treatment steps required to render the AMD suitable for an intended use would therefore 
depend on the specific contaminants occurring in the AMD. A guide obtained from lit-
erature has been reproduced in the Appendix for ease of reference. RO and the ettringite 
precipitation process for sulfate removal yield gypsum which could be considered as con-
struction material. If the gypsum should be contaminated with any of the elements present 
in the AMD, additional decontamination plant and process would be required, the extent 
of which would be case-specific.

Two processes for the production of magnetite from AMD have been mentioned. While 
both have been proven to be technically feasible, demonstration at larger scale would be 
advantageous and provide valuable operational validity and insight. U and base metals can 
be recovered around the lime neutralization step, either from solution (prior to neutraliza-
tion) or by re-mobilization from the gypsum sludge (after neutralization). In both cases, it 
is envisaged that ion exchange resin would be used for the selective concentration of the 
valuable metals for recovery.

According to the case study presented here, the metals initially dissolved in the AMD are 
concentrated by a factor of around 100 when precipitated in the gypsum sludge. Therefore, 
should a leaching plant be located in the vicinity of the AMD treatment plant, blending of 
the neutralization sludge with the feed to the leaching plant could be considered as an alter-
native means of recovering the value-metals. Biological sulfate reduction or barium sulfate 
precipitation yield elemental sulfur as a potentially saleable product; however, the disposal 
of, or value-creation from metal sulfides would require further research.
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 Appendix: Recommended wastewater treatment for various pollutants [5].

Pollutant Treatment technology Achievable concentration (mg/L)

Ammonia Aerobic biological
Air stripping
Steam stripping

0.05–0.5
0.3–0.5
0.1–0.3

Arsenic Carbon adsorption
Charcoal precipitation
Chemical oxidation
Ferric chloride precipitation
Ferric sulfate precipitation
Lime/Alum precipitation
Lime/ferric hydroxide 
precipitation
Lime softening
Sulfide precipitation with 
filtration

0.6
0.06
0.2
0.05–0.13
0.003–5
0.003–0.2
0.005–0.2

0.03
0.05

Biodegradable 
organics

Aerobic fixed growth
Aerobic suspended growth
Anaerobic fixed growth
Anaerobic suspended growth
Activated carbon
Chemical oxidation
Land treatment
Membrane filtration

0.03
0.03
1.0
1.0
0.03
0.03
1.0
0.001

Boron Ion exchange
Reverse osmosis

0.001
0.14

Cadmium Hydrogen precipitation
Lime/hydroxide precipitation
Sulfide precipitation

0.003 at pH 11.0
0.04 at pH 10.0
0.0001 at pH 11.0

Carbon monoxide Air stripping –

Chloride Electro-dialysis
Reverse osmosis

–
15

Chromium6+ Activated carbon adsorption
Bisulfite
Ion exchange
Meta-bisulfite
Sulfur dioxide

0.02
0.05
0.02
0.001
0.01

Chromium3+ Hydroxide precipitation 0.02 at pH 8.5

Copper Hydroxide precipitation
Sulfide precipitation
Ion exchange

0.02 at pH 9.0
0.01 at pH 9.0
0.03

(Continued)
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 Appendix: Recommended wastewater treatment for various pollutants [5]. (Continued)

Pollutant Treatment technology Achievable concentration (mg/L)

Cyanide 2-stage alkaline oxidation
Electro-dialysis
Ozonation

0–0.4
0.1
0

Dissolved solids Electro-dialysis
Ion exchange
Reverse osmosis

–
–
–

Fluoride Alum precipitation
Lime precipitation

0.6
6

Iron2+ Aeration
Chlorination

0.1
0.05

Iron3+ Hydroxide precipitation
Lime precipitation

1.0 at pH 4.0
1.0

Lead Hydroxide precipitation
Sulfide precipitation

0.015 at pH 10
0.3

Manganese2+ Chlorination
Permanganate oxidation

0.05
0.05

Manganese3+ Hydroxide precipitation 0.05 at pH 9.5

Mercury Activated carbon
Alum precipitation
Ion exchange
Lime/hydroxide precipitation
Sulfide precipitation

0.001
0.01 at pH 7
0.001
0.001
0.01 at pH 10

Nickel Hydroxide precipitation
Lime precipitation
Reverse osmosis
Sulfide precipitation

0.01 at pH 10.5
0.01 at pH 10
0.01 at pH 8

Nitrogen Total Oil, 
including fat and 
grease emulsion 
breaking

Anoxic biological denitrification
Acid cracking

0.5
–

Oil, including 
fat and grease 
removal

API separator
Dissolved air flotation
Diatomaceous earth filtration
Membrane filtration
Sand filtration

15
10
5
5
10

(Continued)
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 Appendix: Recommended wastewater treatment for various pollutants [5]. (Continued)

Pollutant Treatment technology Achievable concentration (mg/L)

Pesticides Activated carbon adsorption
Aerobic biological treatment
Anaerobic biological treatment
Resin adsorption

0.01
–
–
0.001

pH Base addition
CO2 addition
Strong acid addition
Weak acid addition

–
–
–
–

Phenol Activated carbon adsorption
Aerobic biological treatment
Chemical oxidation with lime 
precipitation
Ozonation

–
–
–

–

Phosphorous Alum coagulation –

Selenium Ferric sulfate coagulation
Ion exchange

0.05
–

Settleable solids Comminution
Flotation
Screening
Sedimentation (grit chambers)

–
–
–
–

Sulfide Activated carbon adsorption
Air stripping
Aerobic biological treatment
Anaerobic biological treatment

–
–
–
–

Zinc Carbonate precipitation
Hydroxide precipitation
Sulfide precipitation

0.3 at pH 9.0
0.07 at pH 10.0
0.001 at pH 9.0

Source: Table 12.1 in Alley [5].
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Rare Earth Elements—A Treasure Locked in AMD?
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Abstract
A Rare Earth Element (REE) is described by the International Union of Pure and Applied Chemistry 
as a member of the 17 elements in the Periodic Table of Elements which includes the elements of 
the lanthanide series as well as scandium and yttrium. Since the lanthanides are characterized by 
the filling of the 4f orbitals, these elements display unique chemical properties such as high coordi-
nation numbers, large magnetic moments, high magnetic anisotropy, and very sharp spectral lines. 
This leads to their use in many technological applications where they can have a profound effect on 
how complicated devices or systems function. These uses can essentially be divided into two broad 
groups, namely, process enablers and technology components. The first can include catalytic appli-
cations, while the latter can include energy generation and storage as well as optical applications. 
The latest developments in these areas will be discussed in this chapter. Although there are many 
conventional terrestrial sources of REEs globally, an unusual source could be from the treatment of 
Acid Mine Drainage (AMD) as a byproduct of value extraction processes. The recovery of REEs from 
AMD as well as the techno economics of the process will also be discussed in this chapter.

Keywords: Rare earth elements, REE, REO, uses, applications, AMD and recovery

10.1 AMD—Annoyance or Resource

Acid Mine Drainage is a very topical subject in mining and environmental management 
activities and has often only been regarded as a waste stream that has to be treated to min-
imize the legacy of the mining operation or the effect that it may have on the environment. 
Over the last number of years, the mind-set around AMD has shifted markedly as more 
and more people started recognizing its value as a potential resource. Since AMD is inher-
ently acidic, it has the potential to leach metals from rock or soil material that it comes 
into contact with. This natural leaching process can therefore lead to the accumulation of 
a range of elements in the AMD, some of low value, but also some that may be in high 
demand. Although base metals such as copper and cobalt, as well as more controversial 
value metals such as uranium, are quite common in AMD streams and will certainly be 
considered for recovery, developments around more exotic metals such as rare earths have 
aroused the interest of the mining industry in AMD as a potential source. This interest is 
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probably fueled further by the fact that relatively standard metallurgical processes such 
as precipitation or ion exchange would be sufficient to recover the value metals from the 
AMD. For example, a common process step during the treatment of AMD is the removal 
of metal ions by precipitation at elevated pH to produce an alkaline precipitate in which the 
metals are concentrated as their hydroxides. The full value from these hydroxides can then 
be unlocked by relatively uncomplicated further processing. An important point that has to 
be made, however, is that the technical feasibility of recovering metals from AMD does not 
necessarily lead to a good business case for doing so. The best chance for a viable recovery 
of value metals from AMD is if they are either very valuable such as gold or platinum group 
metals or that they are regarded as critical metals for industrial or military applications.  
One such group of metals may be the rare earth elements. The question is, however, whether 
there is enough value in the rare earths to consider a case for their recovery from AMD. In 
order to answer this question, several aspects will have to be considered, such as whether 
rare earths are sought after as value metals and if so, whether there are actually enough of 
them in AMD to make it viable to recover them.

10.2 Rare Earths—The Almost Forgotten Elements!

“The rare earth elements perplex us in our researches, baffle us in our speculations, 
and haunt us in our very dreams. They stretch like an unknown sea before us 
mocking, mystifying and murmuring strange revelations and possibilities.”

Sir William Crookes
16 February 1887 [1]

The REEs are defined by the International Union of Pure and Applied Chemistry (IUPAC) 
as the set of 17 elements in the Periodic Table of Elements, including the 15 lanthanides 
plus scandium (Sc) and yttrium (Y). Although Y and Sc possess different electronic and 
magnetic properties, they exhibit similar chemical properties to the lanthanide elements. 
In addition, they are also found with the lanthanide series of elements in nature and are 
therefore classified as REEs. An unusual member of the REEs is promethium (Pm), since it 
is a radioactive element and is only found naturally in very small amounts in uranium ores 
as a result of natural nuclear fission. Considered from an industrial perspective, however, 
the term REEs usually refers to the remaining 15 elements only (i.e., excluding Sc and Pm).

The history of the rare earths can probably be traced back to 1751, when Swedish miner-
alogist and chemist Axel Fredrik Cronstedt, found a reddish-brown mineral in the quarry 
of Båstnäs near Riddarhyttan in Sweden. It fascinated him since it appeared to be unusually 
heavy, but after it had been proclaimed to be nothing more than an iron aluminium sili-
cate by Swedish chemist Carl Wilhelm Scheele, the world lost interest for almost 40 years 
[2]. This all changed in 1788, when a Swedish soldier and chemist, Lieutenant Carl Axel 
Arrhenius, found a very dense black mineral near the village of Ytterby. A closer inspec-
tion by the Finnish chemist Johan Gadolin led him to the conclusion that it was a new 
metal oxide that he called ytterbia. After this discovery, the heavy mineral from Båstnäs was 
revisited and it became clear that it was very similar to the mineral from Ytterby, but yet 
distinct. They were classified as a new kind of “earth” from the archaic term for acid soluble 
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elements [3]. At that time, these elements had not been found anywhere else, and therefore, 
they were assumed to be uncommon or rare; hence the name rare earths.

In 1885, Austrian scientist and inventor, Dr. Auer von Welsbach, announced his inven-
tion of incandescent mantles using mixed or simply separated rare earths. This led to a great 
demand for rare earths and agents from the Welsbach Company visited all the main mining 
centers of Europe and America to try and source raw materials to satisfy this demand [4]. 
During these visits, it soon became apparent that the so-called “rare earths” occurred rela-
tively widely in nature and were certainly not rare. In spite of this, the misnomer remained, 
and to today, they are still called REEs.

10.3 Characteristics—What is with the f-Orbitals?

Through the years, the REEs have found more and more technological applications, to the 
point that they are currently declared critical elements by the European Union, United 
States, as well as Japan. This growth in technological applications is driven by the unique 
properties that the REEs possess. A clue to these unique properties of the REEs can be 
found under the surface in the electron configuration and the nature of the orbitals that 
are filled as the REE is formed. In order to discuss the electronic behavior and perhaps 
link that to the unique properties of the rare earths, it would probably be useful to take 
a step back and consider what an orbital is and why they are important in the nature of 
bonding between atoms as well as how they influence the properties of elements and 
chemical complexes.

Orbitals are not containers containing electrons, but rather a region in the space around 
the nucleus of an atom where they are likely to be found. Classical physics explains mat-
ter and energy on a scale of normal human observation well, but shows severe limitations 
in describing matter and its interactions with energy when the scale is reduced to that of 
atoms and below. In order to overcome these limitations, so that the behavior of electrons 
could be described, a new kind of physics called quantum theory was developed. From 
quantum theory, a quantum mechanical model was developed that describes orbitals or 
regions where electrons may be found by a set of quantum numbers that are related to the 
energy (n), angular momentum (l), and a vector component of the angular momentum (m), 
the so-called magnetic quantum number of the electrons in this region. The final quantum 
number completing the description of the state of an electron is the spin quantum number 
(s). This number has been the subject of many theories and speculations, but probably one 
of the best ways to visualize it was advanced by George Eugene Uhlenbeck who proposed 
that this number may be viewed as arising from the electron generating its own magnetic 
field like a spinning ball of charge [5].

The principal quantum number (n) describes the size of the orbital. Since an electron 
is attracted by the opposite charge of a nucleus in an atom, the distance that it can move 
away from the nucleus is determined by the nuclear charge that it is exposed to and the 
energy that it possesses. This means that the principal quantum number also describes the 
energy of an orbital. The second quantum number (l) describes the shape of the orbital 
since the angular momentum determines where the electron can move and therefore where 
it is likely to be found. The magnetic quantum number will determine the orientation of an 
orbital with respect to a given direction, usually that of a strong magnetic field and has no 
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effect on the shape of the orbital or on the energy of an electron. Figure 10.1 gives a picto-
rial representation of a pz orbital showing the shape and likelihood of finding an electron in 
space around the nucleus.

Quantum mechanics further states that no two electrons can occupy the same quantum 
state simultaneously (Pauli Exclusion Principle) [6]. This is quite important, since it means 
that only two electrons can occupy an orbital. Since two electrons with the same spin orien-
tation in an orbital will violate Pauli’s Rule, it means that if one is +½, the other must be −½, 
and no more can be added because a third would have to adopt the same quantum state as 
that of one of the first two, again violating Pauli’s Rule [6].

The Aufbau principle was initially proposed by the Danish physicist Niels Bohr, who 
used quantum mechanics to study and describe atomic structure [6]. According to the 
Aufbau principle, the elements are formed by adding electrons to available orbitals of the 
lowest energy as protons are added to an atom. Atomic orbitals can therefore be considered 
as the basic building blocks of the atomic orbital model (a modern basis for describing 
the behavior of electrons in matter) [6]. Following the Aufbau principle, one eventually 
arrives at a point where the next electron has to occupy an orbital described by the principle 
quantum number n = 4 and angular momentum quantum number l = 3. Since the shape of 
the orbital is determined by the angular momentum quantum number, this combination 
describes a new kind of orbital that does not exist in the shells below. The reason for this is 
that the quantum mechanical model states that the highest value of l possible for each prin-
cipal quantum number is equal to n – 1. This means that l = 3 can only exist from principal  
quantum number n = 4 onward. When one considers the filling of these new orbitals, two 
things become immediately apparent. Firstly, the number of orbitals (and therefore elec-
trons), and secondly, the nature of the orbitals, which are clearly different to that found in 
the transition metals. Since these orbitals are unique, the question to consider is whether it is 
also linked to the unique properties of REEs as applied in so many important technologies.

Although an atom can consist of several layers of orbitals, only electrons in the outer-
most, or highest in energy, orbitals are normally available for bonding. The properties of the 
orbitals that they occupy are therefore important in determining the chemical properties of 
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Figure 10.1 Probability of finding an electron occupying one of the p-orbitals.
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an element. A useful way of representing the distribution of electrons in an atom or mole-
cule is through the electron configuration notation. For example, the electron configuration 
of Fe can be written as:

 1s22s22p63s23p63d64s2 

and can be depicted as in Figure 10.2.
Since the outermost electrons are of particular interest for bonding, a common way to 

simplify this notation is by using the so-called noble gas shortcut. For example, the noble 
gas Ar can be written as:

 1s22s22p63s23p6 

The electron configuration for iron can therefore be written simply as: [Ar] 3d64s2.
In the same way, the electron configuration of the common REE oxidation states can be 

written using the noble gas Xe as base (Table 10.1).
Whereas the number of electrons in the outer orbitals is certainly an important factor 

in determining the characteristics of a REE, the nature of the orbitals may be even more 
important and therefore warrants a closer look. Since there are seven possible magnetic 
quantum numbers in the 4f subshell, there are seven f-orbitals and their shapes will be more 
complex than the underlying orbitals due to their higher angular momentum. Figure 10.3 
shows the complex shapes of the 4f orbitals [8].

As there can only be two electrons in each orbital, there may be up to 14 f-electrons in 
the different rare earths as shown by the example of Yb (Figure 10.4).

As new electrons are added to an atom, they tend to shield one another from the nuclear 
charge that they are all subjected to and so reduce the effective nuclear charge that each elec-
tron experiences. The more directional an orbital is, the less the shielding effect. For example, 
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Figure 10.2 Electron configuration of Fe.
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an s-orbital is spherical in shape, and since it is not directional at all, s-electrons shield very 
well against a nuclear charge. The opposite is true of f-orbitals (very directional), and there-
fore, f-electrons shield poorly. The order of shielding power can be given as follows:

 S(s) > S(p) > S(d) > S(f) 

with S representing the shielding power of the electrons.
If the f-electrons shield one another poorly, then it follows that a considerable part of 

their wave functions are within the Xe core and that these electrons will only have a limited 
effect on bonding. This also means that the entire electron cloud shrinks as more f-electrons 
(and therefore also more protons in the nucleus) are added. This phenomenon is called the 
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Figure 10.3 Shapes of the 4f orbitals [8].
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lanthanide contraction and results in the atoms becoming smaller rather than larger as is 
the normal pattern when one moves across a period in the Periodic Table (Table 10.1).

Another consequence of the penetration of the f-electrons into the inner electron core 
of the atom is the stabilization of the +3 valence state. The two 6s electrons can be removed 
relatively easily due to the good shielding from the nuclear charge that these s-electrons 
experience. One of the f-electrons can also be removed, but this then results in an increased 
effective nuclear charge experienced by the remaining f-electrons, resulting in them being 
pulled even closer to the nucleus. The energy required for removing any additional 4-f elec-
trons then becomes so large that it will not happen under normal conditions, hence the 
unusual stability of the +3 state. In this state, none of the remaining f-electrons are avail-
able for any kind of covalent bonding and they are only perturbed very slightly by ligand 
fields. The chemical interactions of the REEs in the +3 valence state are therefore almost 
purely ionic in nature [9]. In fact, their thermodynamic properties as well as their electrode 
potentials can be correlated very well with interactions based solely on the charge and size 
effects [7].

Although all this appears to point to a rather uninteresting chemical behavior of the 
REEs, with the f-electrons exerting only a secondary influence on the chemical properties 
of its compounds, it is the physics where the f-electrons promise to make a real difference. 
There are two physical properties of REEs that are very important for many technological 
applications of these elements. It is especially their magnetic and spectroscopic properties 
that show profound differences from the d-block elements.

The magnetic properties of the REEs are characterized by strong Russel-Saunders cou-
pling between the spin and orbital angular momenta of electrons in unfilled 4f shells (J val-
ues) [1]. It should be noted that such magnetic behavior is qualitatively different to elements 
depending on the spin only (S values), which is the case with most of the d-block elements. 
Only for the empty, half-filled and completely filled f-orbitals, where the sum of the ml val-
ues is zero (i.e., L = 0 and therefore J = S), do the magnetic properties depend on spin only 
as with most of the d-block elements [7]. In addition to this, an indirect coupling of angular 
momenta of neighboring ions can also take place via conducting electrons, resulting in very 
large magnetic moments. Although the magnitude of the magnetic moment is important 
for many applications, the magnetic anisotropy is equally important since it relates to the 
retention of magnetization. Strong coupling of the angular momentum (L) to the large 4f 
spin (S), in the presence of an electrostatic field, can lead to an enormous magnetic anisot-
ropy of electrostatic origin in most of the REEs [1]. The reason for this is that spin-orbit 
coupling essentially results in the charge distribution of the f-orbital to be pulled along 
with the spin as the magnetization direction is changed. Much higher electrostatic energy 
is therefore required from the crystal field in order to effect this change. However, as tem-
perature increases, the anisotropy strongly decreases and finally vanishes at the ordering  
temperature; in the case of REEs, below room temperature. Although this magnetic anisot-
ropy is temperature dependent, the moments can be confined further by structural effects 
in some REEs such as Tb and Dy, which leads to a reduced temperature dependence of the 
anisotropy in these elements, allowing for higher temperature applications.

Since the f-electrons are shielded almost perfectly from external fields by the overlying 
5s and 5p shells, the quantum states arising from the different 4f n configurations therefore 
tend to be nearly constant for a given ion. Since the spin-orbit coupling constants for 
f-electrons can be rather large (ca. 1,000 cm−1), almost all rare earth ions have ground states 
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with a single well-defined value of total angular momentum (J). The difference between the 
ground state and the next J-state is at an energy of several times kT and would therefore be 
almost unpopulated. Another consequence of the good shielding of the f-electrons from 
external fields is that these fields split the states due to the 4f n configurations by very little 
(only around 100 cm−1). This means that the f-f electronic transitions lead to absorption 
bands that are extremely sharp, distinct from the broad bands that are observed for d-d 
transitions. Almost all of the absorption bands of trivalent rare earth ions found in the vis-
ible and near UV spectra display this unusual line like character [7].

10.4 Applications—Sweating the Unique Characteristics

10.4.1 Introduction

REEs are used in a range of chemical forms and in a large variety of industrial applications. 
Some are simple such as polishing agents while others are used in much more complex 
applications such as military range finders. According to Gareth Hatch from Technology 
Metals Research (TMR), applications of REEs can be divided into essentially two broad 
categories, namely, process enablers and technology building blocks. The process enablers 
are cases where the REEs are used somewhere in the life cycle of materials or components, 
but does not remain part of the final product. In these applications, properties of relatively 
simple REE compounds are often used to achieve a certain outcome, such as highly pol-
ished surfaces or crude oil conversion into lighter fractions [10]. Where REEs are used as 
technology building blocks, the REE compounds or engineered components are generally 
more complex and the unique properties of the REE are critical to the functioning of the 
larger engineered system.

10.4.2 Rare Earths as Process Enablers

Although they may be vulnerable to substitution, simple rare earth compounds remain 
essential to many medical, chemical, and manufacturing processes. Almost 60% of global 
consumption of REEs is accounted for by applications in these sectors and four major uses 
can be identified:

• catalysis in oil refining, emission control, or energy generation
• metallurgical processes
• glass and ceramics industry
• therapeutic application in medicine

10.4.2.1 Catalysis

Fluid catalytic cracking (FCC) is a very important technology, used widely in the petroleum 
industry to convert the hydrocarbon chains in high boiling, high molecular mass crude 
oils into more valuable fractions such as light automotive fuels and olefinic gases. Catalytic 
cracking processes has all but replaced the thermal cracking process since it can produce 
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fuels of higher octane ratings as well as more olefinic gases than thermal cracking. A typical 
FCC catalyst consists of four major components [11]:

• crystalline zeolite
• matrix
• binder
• filler

Zeolites can be described as crystalline aluminosilicates containing cations of alkaline 
elements, REEs or other metals of varying valence states depending on the charge balance 
requirements [11]. They are the active components in FCC catalysts and make up about 
15 to 50% of the mass of the catalyst [12]. The binder and filler have a structural function 
since they provide the mechanical strength and competence of the catalyst. The binder is 
usually a silica sol while the filler is normally a low shrink-swell capacity clay such as kaolin 
to ensure stability. Zeolites are not soluble in the reaction medium and can therefore be 
categorized as heterogeneous catalysts. One of the most important properties of zeolites in 
a catalytic application is their surface acidity, since it can facilitate the formation of carbo-
cations on its surface. These carbocations can then undergo a number of rearrangements, 
ultimately leading to the breaking of C–C bonds, yielding shorter chain hydrocarbons as 
shown in Figure 10.5.

A good FCC catalyst should have the following characteristics:

• Good thermal and hydrothermal stability
• High activity
• Large pores
• Good structural strength
• Low production of carbonaceous compounds during the dehydrogenation 
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Figure 10.5 FCC catalytic cracking of hydrocarbons via the formation of carbocations.
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The use of rare earth containing zeolites in catalysts for the cracking of hydrocarbons was 
first described by Plank and Rosinski in the 1960s [13]. REEs, and in particular La, the larg-
est trivalent ion, makes critical contributions to the optimal functioning of an FCC catalyst. 
During the synthesis of a REE zeolite, the normal Na+-cation in the Y-zeolite is replaced by 
La3+ through an ion exchange reaction, followed by migration to smaller cages upon calci-
nation [14]. The current view is that once the La3+-ions are located in these cages, they form 
coordination bonds to the oxygen atoms of the zeolite framework. These bonds improve 
the mechanical stability of the zeolite by connecting the tetrahedral building blocks of the 
zeolite through bridging bonds. This enhanced stability imparts high resistance to failure 
due to severe hydrothermal conditions [14].

Both Brønsted and Lewis acid sites occur in zeolites. Brønsted sites are almost exclusively 
generated as a result of the following reactions [15]:
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The reaction given in Equation 10.2 is normally referred to as the Hirschler-Plank 
scheme. Since the La3+ has to neutralize three negative charges in the zeolite framework, 
strong electrostatic fields build up after most of the water had been removed from the La 
ion. The remaining water molecules then dissociate under the influence of the electrostatic 
field, yielding a proton and an OH group. From Equation 10.2, it can be seen that each La3+ 
ion present in the zeolite will result in two Brønsted acid sites, contributing substantially to 
the activity of the zeolite as catalyst for the cracking of hydrocarbons. It has been shown that 
the degree of hydrolysis is correlated to an increase in ionic size, hence La3+ being the REE 
of choice in FCC catalysts [15].

Vanadium is one of the most potent poisons for FCC catalysts since it can destroy the 
zeolite structure and also increase the production of coke and light gases. If vanadium is 
present, it can be hydrolyzed to vanadic acid which, in turn, can lead to the hydrolysis of 
the SiO2/Al2O3 framework in the zeolite, leading to its destruction. Since the REE oxides are 
basic, they can react with the vanadic acid, trapping it and so preventing reaction with the 
zeolite [16]. A possible explanation may be the ability of REEs to form vanadates, so that the 
vanadium is kept in the pentavalent state (REEVO4).

The REE therefore appears to perform two critical roles in the FCC catalyst. They 
do not only control the stability, activity, and selectivity of the zeolite but also acts as 
a  vanadium-trap, improving the coke selectivity even more and also improving the 
activity retention of the catalyst. REEs, with La and Ce in particular, are therefore indis-
pensable components of modern FCC catalysts, accounting for about 22% of REE con-
sumption [17].

Another catalytic application of REEs is in automotive catalysts used to reduce atmo-
spheric emissions from internal combustion engines. REEs, and in particular Ce, is used 
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as part of the so-called “washcoat” in an automotive catalytic converter. The washcoat is 
a thin layer on the substrate or catalytic support and normally serves as a carrier for the 
PGM catalytic particles as well as a dispersion medium to enlarge the surface area. The 
function of the Ce in this layer is, however, not restricted to mere physical support, since 
the unique properties of the CeO2 lattice provides valuable oxygen storage capacity for 
the conversion of pollutants by the PGM particles [18]. When the CeO2 is in a reducing 
atmosphere at high temperature, it forms a range of oxygen deficient CeO2–x units while 
retaining the fluorite crystal structure. This structure is maintained even when substantial 
loss of oxygen had taken place, resulting in a large number of oxygen vacancies. Since 
the reaction is reversible, the CeO2–x oxides will be re-oxidized readily to CeO2 when the 
environment turns oxidizing. This means that CeO2 can act as an O2 buffer because oxygen 
can either be stored or released, exploiting the Ce3+/Ce4+ redox couple in the following 
reversible reaction [19].

 CeO   CeO   x  OH CO
H O CO x2 2 2

2

2 2 2
/
/← →   +−  (10.3)

This is particularly useful in enhancing the efficiency of the catalysts during rich (net 
reducing) or lean (net oxidizing) air-to-fuel ratios [18].

A logical progression in the use of the exceptional oxygen buffering capacity of CeO2 
or doped CeO2 in automotive catalytic systems is to add these particles directly to the fuel 
as a water emulsion of CeO2 nanoparticles. This approach is currently a field of consider-
able research and development and very promising results had been reported [20–24]. The 
cerium oxide nanoparticles present in the fuel stimulate more efficient combustion when 
compared to fuel without the addition of the nanoparticles by lowering the carbon combus-
tion activation temperature. The reason for this appears to be the ability of CeO2 to release 
and store oxygen depending on the partial pressure of oxygen [25]. Ce oxide can therefore 
supply the oxygen for the oxidation of hydrocarbons in the fuel as well as any soot parti-
cles formed during combustion, while being converted to Ce2O3 according to the following 
reactions [25]:

Combustion of hydrocarbons

 ( )2 2x y x y+ +CeO C H
 
→

 
( )      2

2 22 3 2
x y x y+





+ +Ce O CO H O  (10.4)

Burning of soot particles

 4 2CeO C soot+ ( )  → 2 2 3 2Ce O CO+  (10.5)

Other important pollutant molecules produced during the combustion of diesel fuel are 
the various nitrogen oxide gases (NOx). A useful way of eliminating the harmful effects 
of NOx gases, formed during the combustion process, is to reduce them to nitrogen. This 
is where the oxygen buffer capacity of cerium oxides can make an important contribu-
tion. Ce2O3 formed after the oxidation of the diesel molecules and soot particles can accept 
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oxygen from the NOx molecules leading to the Ce2O3 being re-oxidized to CeO2, while the 
nitrogen oxide is reduced by the following reaction [25]:

 Ce O NO2 3 + → 2 1
22 2CeO N+     (10.6)

This potential application appears to be a very elegant approach to enhance the perfor-
mance of compression ignition engines, and therefore, considerable research is currently 
underway to increase the understanding of the physics and chemistry as well as to resolve 
practical difficulties with the application of such an in-fuel catalytic process.

While the unusual oxygen storage capacity of ceria is applied very effectively in a num-
ber of hydrocarbon catalytic technologies, the unique properties of the CeO2 lattice and the 
presence of the Ce3+/Ce4+ redox couple also opens up other exciting catalytic applications 
in energy production. One such application is the use of doped CeO2 as electrolyte in Solid 
Oxide Fuel Cells (SOFC). These fuel cells have been attracting much attention in base load 
stationary applications, recently. Although it has limited load following capability, which 
limits its general application, it has a number of advantages such as high temperature oper-
ation which improves efficiency, long term stability, high tolerance to impurities in fuels, 
low emissions, and competitive cost [26]. Electrolytes in fuel cells are required to meet very 
specific requirements and in the case of solid electrolytes, there are several critical property 
criteria that such a substance should conform to. One of the most important is that it has 
to have a high oxygen conductivity over a wide range of oxygen partial pressures. This is 
made possible by the cubic fluorite crystal structure of CeO2, which has fairly large open 
spaces between the ions in the structure, enabling rapid diffusion of oxygen ions inside the 
lattice (Figure 10.6). In addition to this, it should also be non-porous so that cross diffusion 
of fuel and oxidant will not take place. Since the electrolyte is in contact with both air and 
fuel electrodes as well as the sealing materials, it should not only be compatible with these 
materials but also have good mechanical properties [26].
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Figure 10.6 The cubic fluorite structure of CeO2.
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Oxygen-ion transfer in CeO2 takes place by means of a process of vacancy diffusion. 
When an oxidizing environment is present, the cubic fluorite structure of pure CeO2 has 
no oxygen vacancy defects and therefore oxygen transfer is poor in pure CeO2 under these 
conditions. Oxygen vacancy defects can, however, be introduced into the CeO2 structure 
by creating functional point defects in the lattice. This can be done by substituting some of 
the Ce4+ cations with trivalent acceptor cations in the lattice. Since this results in a positive 
charge deficiency in the lattice, an oxygen vacancy is formed for each two doped cations 
to compensate. This altered structure is stable over a wide range of temperatures up to its 
melting point (≈2,400 °C) and many such centers of perturbation can be introduced into 
the structure. A number of properties such as ionic conduction and the thermoelectric 
effect can be customized by manipulating the concentration of these vacancy defects [27].

SOFCs are gaining in importance because they offer substantial advantages over con-
ventional electrical power sources. These include higher efficiency, low emissions, and a 
high thermal efficiency energy output over a wide array of applications with systems of 
one or two kW in size having similar, or in some instances better, efficiencies than those of 
200 kW in size. Although the chemistry of the REEs, and Ce in particular, appears to be one- 
dimensional (ionic behavior only), the unique chemical behavior of their compounds leads 
to a wide range of interesting applications.

10.4.2.2 Physical Metallurgy

In the quest to improve the strength of steels at room temperature under static loading, strength 
often came at the expense of toughness. Since modern requirements from especially the auto-
motive industry, demand both toughness and strength, much research has been done to under-
stand and quantify the factors influencing the properties of steel and alloys. Researchers in the 
field of physical metallurgy have shown that control of impurities and microstructure is par-
ticularly important in making strong steel with acceptable toughness [28, 29]. Since the early 
1990s, the use of REEs for the modification of microstructures in steel has been investigated 
and they have since been used widely in steel metallurgy due to their remarkable ability to 
remove impurities, improve microstructure morphology, and refine inclusions [29].

The purification of steel requires deoxidization, desulfurization, and removal of elements 
with low melting points. Due to strong ionic interactions, the REEs form stable compounds 
with oxygen, sulfur, lead, arsenic, tin, and antimony. Since these compounds are not metals and 
have very high melting points, purification can be achieved by allowing them to collect in the 
upper slag in the furnace. The Gibbs free energy of rare earth compounds dictate that they will 
complex with sulfur first and then remove it, when the levels of oxygen are low enough [30, 31].

Besides removing impurities from steel by complexing with them, REEs can also improve 
the characteristics of the steel by controlling the, morphology, as well as the distribution of 
inclusions and impurities in the steel. When REE compounds are added to liquid steel, 
they react with deoxidization and desulfurization products to form high melting point 
inclusions that tend to cluster and distribute randomly around grain boundaries. Since the 
evenly distributed small spheres of REE inclusions have a similar thermal expansion coef-
ficient to steel, the fatigue strength of steel is enhanced because stress concentrations are 
avoided during casting. This sulfide and graphite shape control to modify the inclusions 
remaining after solidification is one of the most important uses of REEs in metallurgy since 
it increases the strength of the steel.
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According to Wang, magnesium alloys modified by rare earth metals can have a range 
of enhanced properties such as toughness, corrosion resistance, fatigue resistance, and hot 
ductility [32]. These rare earth containing magnesium alloys can therefore be used in more 
demanding applications in the automobile industry than would be possible for conven-
tional magnesium alloys. Magnesium alloys are often not used in automotive applications, 
where high temperature strength and high resistance to corrosion are specified. Both these 
requirements are addressed effectively through alloying with rare earths. When REEs are 
added to Mg alloys, they facilitate the formation of stable phases at the grain boundaries. 
In particular, the presence of thermally stable Al11RE3 needle shape particles along grain 
boundaries result in less labile grain boundaries, leading to increased creep resistance of the 
alloy, which in turn, results in high thermodynamic stability up to ≈180 °C [33].

Most metals and alloys suffer from preferential corrosive attack along grain boundaries, 
when exposed to a corrosive environment. Grain boundaries are usually more susceptible 
to oxidation than the grain matrix since a depletion in protective elements had occurred in 
these areas. Preferential attack can therefore occur along or adjacent to grain boundaries 
while the matrix remains relatively inert. This type of attack can have a high rate of reaction 
and usually proceeds deep into the metal, reducing the overall strength. It is caused by the 
formation of local galvanic couples due to the presence of impurities at the grain bound-
aries. When REEs are added to the magnesium alloy, they trap the impurities by forming 
intermetallic compounds with them and so decrease the activity of the cathode [34].

Another way that the REEs can influence the microstructure and texture of steel is by 
micro-alloying of iron with rare earth metal. Rare earth metals dissolve in minute quantities 
in the steel in the form of a rather unconventional solid solution. Since the atomic radius of 
the REE atom is influenced by polarization, the atomic covalent diameter of La can reduce 
to just 5.5% larger than that of the Fe atom at a 60% degree of polarization. This means that 
the REE atom can actually occupy points in the iron crystal lattice and so distort the lattice. 
Such distortion leads to local stress fields that interact with those of the dislocations in the 
lattice, impeding their motion and so resulting in an increase in the yield stress of the steel.

10.4.2.3 Glass and Ceramic Industries

While the composition of optical glass is very important in optical systems, the surface 
finishing and accuracy of the polishing of components such as lenses can make the differ-
ence between success and failure of a system. Cerium oxide has been shown to be one of 
the best glass polishing agents available and is capable of providing high-quality polished 
surfaces. In order to achieve the desired results, it is important to match the hardness of the 
polishing powder to the glass being polished. For example, the hardness should be similar 
to that of the material polished if one wants to avoid the formation of large grooves caused 
by the polishing particles being forced deep into the material by the mechanical pressure of 
the polishing action. Table 10.2 gives a comparison of the hardness of common polishing 
compounds to different types of glass [35].

Cerium oxide is a very interesting polishing agent since its high polishing efficiency is 
not only derived from its mechanical properties but also from its chemical interactions with 
the substrate during polishing. Polishing of glass and other materials cannot be regarded as 
merely a simple mechanical process using finer and finer abrasive media, but a number of 
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other interactions between the elements of the polishing system also play an important role 
[36]. There are three polishing mechanisms at work during the polishing of a glass surface:

• Mechanical polishing: This involves the classical action of an abrasive, to strip 
the surface irregularities and expose new underlying material.

• Molecular polishing: This involves the removal of silica molecules from the 
surface by breaking of chemical bonds and proceeds by the following reaction:

 = − + − ≡Ce OH HO Si →      = − − ≡ +Ce O Si H O2  (10.7)

 CeO2 in water is hydrolyzed to produce H3O
+ ions, which in turn, under-

goes an exchange reaction with Na on the glass surface, forming a Ce-O-Si 
molecule. Since the chemical bonds in this new molecule are stronger than 
those of the Si-O-Si glass network, the polishing effect can be viewed as silica 
molecules being removed from the surface of the glass by the formation of 
the more stable Ce-O-Si molecule.

• Rheological polishing: Since glass can be considered an amorphous solid, 
almost no plastic flow is observed at room temperature, even under load. 
Friction between the polishing medium and the glass is inherent to the pol-
ishing process and it generates enough heat so that the glass surface will 
eventually soften. This allows for some movement of molecules, resulting in a 
smoothing of the surface. Minute imperfections such as scratches and inden-
tations can therefore be removed during this phase due to the heat induced 
plastic flow during polishing. Removing these defects eliminates high-stress 
points that may become the initiators for fractures. Therefore, glass, for 
example, in automotive and architectural applications is almost always pol-
ished after it is strengthened or laminated [36].

Pure cerium oxide is not always used in polishing applications, since in many cases the 
presence of other REE oxides does not make a material difference and therefore less expen-
sive mixtures can be used. For special applications, other REE oxides (such as Pr2O3) are 
sometimes added to modify the properties of the polishing compound depending on the 
material that has to be polished.

Nuclear energy has been an important component of the global energy mix for many 
decades, and therefore, management of waste and reprocessing of fuel have also been an 

Table 10.2 Hardness values of different polishing materials and glasses [35].

Polishing compound Hardness (Mohs Scale) Glass type Hardness (Mohs Scale)

Diamond 10 Silica 7

Alumina 9 Soda lime 5.3

Zirconia 8 Borosilicate 5.8

CeO2 7–8 Lead 4.8
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important consideration. Vitrification has been an attractive solution for immobilization 
of nuclear wastes because there is a large range of glasses that can capture and integrate 
a wide range of elements into the glass phase. Benefits of this process include high corro-
sion durability and a much reduced volume of the final waste form. Since containment of 
nuclear waste is such an important topic in the nuclear industry, much research has been 
done over the last 40 years on the best composition of high and intermediate level waste 
glasses, mainly borosilicate formulations, as well as their behavior over the extended storage 
periods required for such wastes. The main focus areas of this research relates to waste load-
ing, practical application, physical, and chemical properties of these glasses, as liquids and 
solids, as well as its containment [37]. New rare earth oxide-based glasses have been devel-
oped in the last number of years that show very good promise for enhanced immobilization 
of post reactor radioactive wastes. The rare earth multivalent cations can stabilize the glass 
matrix by reducing the number of point defects from radiation induced ion implantation 
and the structural changes that takes place in the glass when holes and free electrons are 
trapped in the matrix. This results in a number of characteristics that make them particu-
larly suitable for nuclear waste containment [38, 39]:

• fission products incorporation rates up to 25 wt%, which is an almost 40% 
gain compared with current glasses;

• very high corrosion resistance;
• low crystallization tendency;
• high neutron absorbing cross sections.

An area where the role of REEs is often not recognized is in structural applications, 
where their influence on the mechanical properties of materials leads to altered materials 
that are particularly useful in modern technologies. A good example is the role that rare 
earth oxides play in the stabilization of zirconia (ZrO2), which is a widely used ceramic 
material for structural applications. It has a very high melting point (2,680 °C), which 
makes it an ideal material for refractory applications. Although its use was initially lim-
ited to refractories, extensive research led to its application in many other technologies 
such as oxygen sensing, thermally insulating and corrosion resistant coatings for advanced 
engines, joint replacement material for human hips, and a number of other structural and 
wear applications with demanding temperature specifications. In its pure state, ZrO2 has 
severe limitations for use in these applications since a destructive tetragonal-to-monoclinic 
phase transformation can take place. This happens particularly when the ZrO2 is exposed 
to a combination of temperature, humidity, and stress. Many of the attractive features of 
ZrO2, especially fracture toughness and strength, are compromised by this transformation 
and therefore constraining it is vital for reliable use of this material. Research into the sta-
bilization of the ZrO2 matrix has shown that addition of certain metal oxides can prevent 
this inherent phase transformation if these oxides have properties satisfying a number of 
criteria. They are:

• a cation radius close to that of Zr4+ to minimize lattice distortions which may 
result in high shear stresses;

• a stable cation valence state of +2 or +3, which will result in oxygen vacancies 
in the structure;
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• the oxide crystal structure should be either cubic or tetragonal;
• the oxide should have some degree of solubility in ZrO2.

The properties of several rare earth oxides such as CeO2 and Y2O3 satisfy these rules very 
well and have been shown to be excellent stabilizing oxides. Cerium dioxide, for exam-
ple, has played a fundamental role since it stabilizes the tetragonal phase of zirconia at 
room temperature. This phase provides arguably the most attractive characteristics from a 
mechanical engineering perspective and has found a large number of technological appli-
cations [40–42].

Although stabilization of zirconia is arguably one of the most important applications of 
rare earths in ceramics, they are also used in many other applications (Table 10.3).

10.4.2.4 Medicine and Health Care

The rare earths display a similarity to calcium in biological systems and this has been the 
basis for research into potential therapeutic applications of the rare earths since the early 
1900s. One of the important attributes of REE3+ ions is their exceptional redox stability, 
which makes them very useful for biological applications in environments where organic 
reducing agents such as ascorbate and thiols are present in a biological system. In addition 
to this, they also exhibit very useful luminescent properties attributable to partially allowed 
f-f transitions as well as the completely allowed 4f-5d, charge-transfer transitions, opening 
up many imaging possibilities in biological systems. Other chemical properties of the rare 
earths such as the remarkable oxygen buffering capacity of CeO2 may also have far reaching 
therapeutic effect. For example, CeO2 may be used to prevent harmful effects of reactive 
oxygen species in the human body.

Recent developments in the application of the unique nuclear properties of some iso-
topes of rare earths such as 177Lu have also generated much interest in the nuclear medicine 
field. The strategy for such targeted cancer therapy involves the attachment of 177Lu atoms 
to molecules designed to show selective association with cancerous growths after injection. 
The radioactive properties of 177Lu essentially fulfil a dual role in this treatment scheme. As 
the radioactive decay of 177Lu emits low energy gamma photons which can travel through 
tissue, they can be used for visualization and targeting by external imaging techniques. At 
the same time, beta particles are also emitted from 177Lu decay, but since they only travel 
short distances in tissue, the energy of these particles is primarily absorbed by the targeted 
tumor, killing the cancer cells. A useful practical benefit of the 177Lu decay is that it has a 
half-life of 6.64 days, which allows it to be shipped from the reactor production facility to 
clinical sites all over the world. Major clinical applications using 177Lu include treatment of 
neuroendocrine tumors and prostate cancer metastases [44].

Following the application of gadolinium(III)-containing compounds as contrasting 
agents in magnetic resonance imaging (MRI) during the 1980s, interest in rare earth–based 
molecules and nanomaterials increased and their use in exciting new therapies such as pho-
todynamic therapy, radiation therapy, drug/gene delivery, bio-sensing, and bio-imaging 
have been investigated [45, 46] (Table 10.4).
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Table 10.3 Use of rare earths in ceramics [40–43].

REE Application Rare earth property

Y Structural stabilization of ceramics Oxide structure

Synthetic gems (cubic zirconia) Oxide structure

Oxygen sensors Oxide structure

Dental coloring Oxide structure

La Structural stabilization of ceramics Oxide structure

Inhibition of grain growth in ceramic capacitors, enhance 
dielectric constant

Oxide structure

Ce Stabilization of colors in ceramics Oxygen buffer

Structural stabilization of ceramics Oxide structure

Inhibition of grain growth in ceramic capacitors, enhance 
dielectric constant

Oxide structure

Dental coloring Oxide structure

Pr Coloring agents ceramics Narrow stable 
spectroscopic bands

Dental coloring Oxide structure

Nd Coloring agents ceramics Narrow stable 
spectroscopic bands

Inhibition of grain growth in ceramic capacitors, enhance 
dielectric constant

Oxide structure

Dental coloring Oxide structure

Sm Coloring agents ceramics Narrow stable 
spectroscopic bands

Eu UV fluorescence ceramics Narrow stable 
spectroscopic bands

Tb UV fluorescence ceramics Narrow stable 
spectroscopic bands

Dy Coloring agents ceramics Narrow stable 
spectroscopic bands

Ho Coloring agents ceramics Narrow stable 
spectroscopic bands

(Continued)
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Table 10.3 Use of rare earths in ceramics [40–43]. (Continued)

REE Application Rare earth property

Er Coloring agents ceramics Narrow stable 
spectroscopic bands

Inhibition of grain growth in ceramic capacitors, enhance 
dielectric constant

Oxide structure

Dental coloring Oxide structure

Tm Coloring agents ceramics Narrow stable 
spectroscopic bands

Table 10.4 Medical or therapeutic applications of rare earths [47].

REE Medical applications

La Lanthanum oxide nanoparticles can be used for MRI

Ce Cerium-doped lutetium orthosilicate is a scintillator that has been mainly used for
PET imaging, to display tissue and organ function

Pr Praseodymium oxide nanoparticles have been used in radiotherapy techniques 

Nd Neodymium has been used in lasers developed for the treatment of skin cancers, as 
well as permanent hair removal

Sm 153Sm has been used to treat severe pain from tumors that have advanced into bone
tissues

Eu The unique optical properties of europium are used in nanoprobes designed for 
bio-imaging

Gd Gadolinium improves MRI images of growths, while its magnetic properties useful for 
radio-contrast agents in MRI scans 

Tb 149Tb has been used in targeted cancer therapy

Dy 165Dy has been employed in the treatment of rheumatoid knee effusions

Ho Solid-state lasers containing holmium is effective in the treatment of certain cancers or 
reducing the size of kidney stones

Er Erbium-based lasers have found applications in other medical field such as dentistry

Tm 167Tm has been used in power sources for mobile X-ray devices

Yb 176Yb can be used to produce 177Lu which is known to be a promising radioisotope for a 
medical application

Lu 177Lu has shown much promise in new targeted radiotherapy, for treatment of, for 
example, cancers such as prostate cancer
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10.4.3 Rare Earths as Technology Building Blocks

The second group of end uses for rare earths involves incorporating rare earths into com-
plex alloys and compounds, which can then be used in engineered components. These com-
ponents can either be employed in stand-alone applications or in sub-assemblies, which can 
be integrated with other components to produce a complex engineered product. In these 
applications, it is not always the amount of REE present in the component that is important, 
but rather how critical their presence is for the functionality of the ultimate end application.

10.4.3.1 Permanent Magnets

Magnetism has been known since ancient times from naturally occurring rocks containing 
magnetite (Fe3O4). Although the mysterious behavior of these rocks was not understood, 
they were nevertheless used in many applications. Chinese sailors used naturally occurring 
lodestone rocks to navigate across oceans and the material also found widespread use in 
Chinese and Greek medicine. As the understanding of magnetism and magnetic materi-
als improved through the centuries, so the uses for these materials increased. Magnetism, 
and permanent magnets in particular, started to play a growing, but often unseen role in 
modern technology. Many common devices used in daily life contain permanent magnets. 
The growth of applications for permanent magnets resulted largely due to improvements 
in magnetic properties of materials which allowed engineers to design smaller, lighter, and 
more efficient devices [48]. The properties of magnetic materials that are of the greatest tech-
nological importance are remanence, coercivity, and maximum energy product. Magnetic 
remanence can be described as the residual magnetization in a ferromagnetic material after 
an external magnetic field had been removed, while the magnetic coercivity is a measure of 
the ability of the ferromagnetic material to withstand demagnetization. Both these proper-
ties are non-equilibrium and highly sensitive to structure. Coercivity is particularly sensi-
tive to microstructure, while remanence is sensitive to texture (crystallographic alignment) 
[48]. The peak energy product of a magnet indicates the maximum energy available for use 
outside the magnet and will depend on both coercivity and remanence [49].

Even though rare earths are strongly associated with magnetism, the pure metals are 
not of much use as practical magnetic materials. The reason for this is that while REEs 
are ferromagnetic metals and can be magnetized to form permanent magnets, their Curie 
temperatures are lower than room temperature. At these temperatures, the thermal energy 
is sufficient to overcome the internal aligning forces of the microcrystals leading to a rapid 
decrease in remanence and coercivity. This strongly limits the use of pure rare earth metals 
in most applications of permanent magnets.

Modern magnetic devices require magnets possessing large coercive forces. In order to 
meet this requirement, magnetic materials used in these devices should possess high magnetic  
anisotropies as well as high levels of magnetization and magnetic ordering. Rare earths can 
provide high anisotropies, originating from strong coupling of the angular momentum (L) to 
the large 4f spin (S), in the presence of an electrostatic field. Since 3d transition metals such as 
Fe or Co possess relatively high Curie temperatures, it was postulated that combining REEs 
with 3d transition metals should lead to materials with favorable properties for exploita-
tion in magnetic devices [50]. In 1966, Austrian researcher Karl Josef Strnat, working on a 
US Airforce Materials Laboratory programme, discovered a very good magnetocrystalline 
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anisotropy in intermetallic compounds between Co and a number of rare earths [51, 52]. 
These compounds combined the higher Curie temperature and magnetization from the 3d 
elements with the larger intrinsic coercivity of 4f elements. Materials such as SmCo5 can 
therefore be regarded as the first generation of unusually powerful magnets. Since then, 
much research has been done to develop new magnetic materials and manufacturing pro-
cesses, leading to materials that became critical to a wide range of technologies. As a result 
of this research, even more powerful permanent magnet materials, such as the ternary inter-
metallic compound Nd2Fe14B had been discovered, leading to considerable scientific and 
technological interest [50]. The magnetic energy product (BHmax) of these neodymium mag-
nets is almost 20 times larger than conventional ferrite magnets by unit volume. This means 
that rare earth magnets can be much smaller than other magnets at the same field strength. 
Table 10.5 gives magnetic properties of several common magnetic materials, highlighting 
the extraordinary magnetic properties of rare earth–based magnetic materials [53].

Although the Nd-based rare earth magnets have magnetic properties ideal for a vast range 
of technological applications, they have a number of other properties that may cause some 
complications. For example, their Curie temperatures remain relatively low, limiting their 
use in applications where they are exposed to high temperatures. This necessitated the addi-
tion of small amounts of some of the heavier rare earths such Tb and Dy which introduces 
further confinement of the magnetic moments by structural effects. This results in these 
alloys maintaining their magnetic anisotropy even at substantially higher temperatures.

The high Fe content (64–68%) of these rare earth magnets makes them especially suscep-
tible to corrosion when they are exposed to damp environments. Once again, small amounts 
of other REEs, such as dysprosium, are added to the NdFeB alloy to make it more resistant 
to corrosion, but this does not eliminate the problem completely, and therefore, rare earth 
magnets are routinely coated before use in practice. A triple layer of nickel-copper-nickel is 
very often used as a coating for permanent magnets, while other options include corrosion 
resistant metals such as gold, silver, tin, or zinc. As alternatives to metal coatings in less 
demanding applications, epoxy, Teflon, as well as a range of paints and varnishes can be used.

Since rare earth magnetic materials are formulated to optimize their magnetic properties 
and not their mechanical properties, all these materials are generally hard and brittle. The 
NdFeB alloys are also prone to thermal shock and have low resistance to crack propagation. 

Table 10.5 Magnetic properties of selected magnetic materials [53].

Material
Remanent
induction (T)

Intrinsic coercivity
(MA/m)

Energy product
(kJ/m3)

Sr Ferrite 0.43 0.2 34

Alnico 5 1.27 0.05 44

Alnico 9 1.05 0.12 84

SmCo5 0.95 1.3 176

Sm2Co17 1.05 1.3 208

Nd2Fe14B 1.36 1.03 350
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Care should therefore be taken in the design of magnetic devices so that these materials are 
not used as structural units.

Despite these disadvantages, NdFeB alloys have such good magnetic properties that their 
uses as components in technology applications have all but replaced electromagnetic sys-
tems. Rare earth magnets provide design engineers with the desirable attributes of high 
remanence, predictable demagnetization behavior, a high magnetic energy product which 
results in smaller magnets for the specified magnetic properties, and a high inherent coer-
civity, which reduces the risk of magnet demagnetization.

In modern developed economies, 40–45% of all electrical energy generated is consumed 
by electrical motors with large industrial drives responsible for the majority of this con-
sumption [53]. Even in consumer products, such as digital cameras, domestic appliances, 
and power tools as well as in the automotive industry, electric motors are crucial com-
ponents. In a typical car, between 70 and 150 individual rare earth magnets are used for 
electric motors, sensing, actuators, and loudspeakers. Huge pressure is therefore placed on 
the development of more efficient electric motor technology to reduce the emissions of 
greenhouse gasses as well as to increase the battery life of small portable devices. This is 
where rare earth permanent magnet brushless motors have been making a huge contribu-
tion, especially where compactness, high torque per unit volume, better dynamic response 
through reduced inertia of the rotor, as well as high reliability are the principal require-
ments [53].

Perhaps, the most known use of rare earth magnets is in a wide range of energy gener-
ation applications, wind turbines in particular. Due to their high coercivity, NdFeB mag-
nets can convert electrical energy extremely efficiently to mechanical energy in electrical 
motors or mechanical energy to electricity in generation applications. Over the last number 
of years, the two most rapidly growing markets for NdFeB magnets have been in electricity 
generation from wind turbines and drivetrains for electric vehicles. Rare earth permanent 
magnet alternating current generators, for example, are more efficient and reliable than con-
ventional induction generators, since they are not subject to frequent slipring/brush failures 
or losses. Even though the capital cost of this technology is high, primarily due to the high  
cost of rare earth permanent magnets, these costs can be offset against much lower oper-
ational and maintenance costs as a result of higher reliability and lower failure rate. Wind 
turbines containing rare earth permanent magnet generators normally offer substantially 
higher availability compared to alternative solutions such as doubly fed induction genera-
tors and are therefore crucial to the viable production of electricity from wind energy.

Electric and hybrid electric vehicles (EV and HEV) are becoming more common as auto-
motive manufacturers are placed under more pressure, to reduce the overall emissions of 
their product ranges, by legislation as well as community pressure to improve urban air 
quality and to combat climate change. Since this can only be done through greatly improved 
fuel efficiency, electric vehicles are becoming very attractive prospects [54]. EVs and HEVs 
depend on electric drives for their mobility and since the dynamic performance of these 
vehicles is required to be comparable to their internal combustion counterparts, they have 
to meet a number of key requirements [55]:

• high torque and power per unit volume;
• operation over a broad speed range, comparable to that achieved with inter-

nal combustion drive trains;
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• high efficiency over the operational range;
• delivery of constant power operation over a wide operational range;
• delivery of high torque for rapid acceleration and ascent of steep inclines;
• reliability and robustness suitable for the automotive industry;
• quiet operation;
• competitive cost.

With the advent of high coercivity rare earth permanent magnets, electric motors using 
these magnets are becoming very appealing drive technologies. In addition, the continuous 
development of new motor spatial design and control philosophies has made brushless per-
manent magnet drives even more promising to deliver the drive characteristics required by 
the automotive industry for EVs and HEVs [56].

The important contribution of rare earth permanent magnets to human mobility is not 
only limited to terrestrial vehicles, since they also play a crucial role in the aviation indus-
try. In contrast to the automotive industry, rare earth magnets are not directly involved in 
aircraft propulsion, but they nevertheless play a vital role in the functioning of the aircraft. 
Rare earth permanent magnet motors are mainly used in aircraft for various electric actu-
ation systems. Because of the outstanding magnetic properties of rare earth permanent 
magnets, a powerful magnetic field can be maintained without further energy supply after 
magnetization. In comparison to traditional electric motors, a rare earth permanent mag-
net motor offers benefits that are extremely desirable for aircraft design. These characteris-
tics include high efficiency, simple structural design, reliability in operation, small size, and 
low weight. This enables design engineers to achieve a level of performance and response 
that conventional electric excitation motors cannot attain. In addition, it also allows them 
to design specialized motors to meet very specific and demanding operational specifica-
tions, such as those for actuation of flight control surfaces.

The four kinds of actuation systems used in aircraft include hydraulic, electric, pneu-
matic, and mechanical systems. While hydraulic actuation systems are still the most 
widely used, new electric actuation systems are very promising alternatives. With the 
development of permanent magnets and high-power microprocessors, electric actuation 
systems have developed to the extent that they can compete with hydraulic actuation 
systems in the aerospace industry. Important systems that use NdFeB permanent mag-
nets are [56]:

• Flight Control System
 The electric actuating system used in the flight control system is also called a 

power telex actuator and is mainly used for the operation of wing surfaces and 
rudder. This system consists of an electro-hydraulic actuator and electro-me-
chanical actuator, both employing high voltage permanent magnet brushless 
DC motors. Load control is achieved by using pulse width modulation.

• Electric Environmental Control System
 An environmental control system on an aircraft controls a number of critical 

functions on an aircraft such as air supply, cabin pressurization, and tempera-
ture control for the comfort of all on board the aircraft. Further functions 
of this system include cooling of the avionic systems, detecting smoke, and 
suppressing fires. Such systems use variable speed, high voltage rare earth 
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permanent magnet brushless DC motors capable of high speeds and power 
to drive a compressor.

• Air Oxygen Production System
 Modern systems developed for military aviation use include a molecular 

sieve method that passes bleed air from turbine engines through a molecular 
sieve that separates the oxygen from the air for breathing. The motor used for 
this application drives a valve and is specified to be capable of low-speed and 
high-precision. As a result of their high coercivity to volume ratio, brushless 
rare earth permanent magnet DC motors are ideal for these applications.

• Fuel system
 In the past, most of the hydraulic pumps and valves used to be driven by 

conventional DC motors. These motors have now largely been substituted by 
rare earth permanent magnet brushless DC motors. This allows the motor 
and the pump to be immersed in the fuel, with the controller and the magnet 
rotor body installed in the same shell, completely sealed.

Although the use of rare earth permanent magnets is probably dominated by generation 
and drive systems, medical imaging, and therapeutic applications are also an important 
area where the unique properties of these materials play an important role. MRI, for exam-
ple, has become almost indispensable to clinical and basic medicine, since it can provide 
essential diagnostic information, such as non-invasive high soft tissue contrast. MRI has 
become a major user of Nd-based permanent magnets and is probably placed in the top 
three in the international market of neodymium permanent magnets. New developments 
in image reconstruction have resulted in the processing of MRI signals into images without 
the requirement for a completely homogeneous static field. This led to the development of 
portable low-cost MRI systems, based on rare earth permeant magnets. Such systems may 
make “point-of-care” and potentially lifesaving MRI diagnosis available for routine scans, 
especially to people from socio-economic backgrounds for whom this kind of examination 
is normally too expensive [57, 58].

Although much research has been done on finding substitutes for rare earths in magnetic 
materials, while maintaining magnet performance, it does not appear that much progress 
has been made toward a viable rare earth free magnet industry. The magnetic properties of 
rare earth–based magnets are such that they are likely to continue to drive inventiveness 
and technological application not only in electromagnetic systems but also in a range of 
more exotic applications. Rare earth magnets and in particular neodymium-based magnets 
have been used as components in an enormous number of applications, and a list of some 
of these applications is given in Table 10.6 [59–62].

10.4.3.2 Energy Storage

Batteries are essentially small chemical reactors where a chemical reaction takes place pro-
ducing energetic electrons, to power external devices. Since the chemical equilibria in these 
batteries are reversible, they would in principle make ideal energy storage devices. Over the 
last number of decades, the research and development of rechargeable batteries had been 
driven by the proliferation of portable devices as well as the demands of renewable energy. 
Although many designs were introduced during this time, commercial use of rechargeable 
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batteries was dominated by lead acid and NiCd batteries. As the quest for extended lifetimes 
and recharge cycles continued and many chemical reactions were investigated, it became 
clear that (NiH2) batteries have a superior lifespan compared to conventional rechargeable 
battery types [63]. A major drawback of these batteries, however, is that the structure of 

Table 10.6 Applications for selected rare earth magnetic materials [59–62].

Rare earth magnetic
material Key property Application

SmCo5
Sm2Co17
Sm(Fe,Mo)12
Sm2Fe17

High Curie temperature
High coercivity
Low corrosivity
High energy product

High end electric motors
Fluid couplings
Traveling wave tube amplifiers for RF
signals
Cryogenic or high temperature
magnetic systems
Bench top NMR spectrometers
Actuators in rotary encoders
Oxygen sensors
Dental coloring

Nd2Fe14B
(Nd-Pr)2Fe14B
(Nd-Pr-Dy)2Fe14B
Nd(Fe,Ti)12
Nd(Fe,Mo)12

Highest remanence
High coercivity
Highest energy product
Higher Curie temperature

Head actuators for HDD
Mechanical e-cigarette firing switches
Voice coil motors
High temperature motors and
generators
Hybrid and electric traction drives
Commercial and industrial generators
Wave guides: TWT, undulators, wigglers
Electric bicycles
Energy storage systems
Magnetic braking
Magnetically levitated transportation
Motors, industrial, general automotive,
Pipe inspection systems
Relays and switches
Reprographics
Torque-coupled drives
Wind power generators
Gauges
Hysteresis clutch
Magnetic separation
Acoustic transducers
HDD, CD, DVD
Magnetic refrigeration
MRI
Sensors
Advertising
Latches
Toys
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the batteries is impractically large, because the hydrogen has to be stored in high pressure 
gas tanks. These practical hurdles provided impetus to the development of the metal alloy/
metal hydride or nickel-metal hydride (NiMH) battery for applications where more com-
pact and robust batteries are required. A NiMH battery uses the hydrogen redox couple at 
the negative electrode and the following equations describe the reactions taking place in the 
battery when charging and delivering electrical current [64].

At the positive electrode:

 2 2 2 2 2 0 492 2
0NiOOH H O e Ni OH OH+ + ↔ + =− −    ( )  ( . V)E  (10.8)

At the negative electrode:

 MH OH M H O e2 2
02 2 2 0 83+ ↔ + + = −− −    ( . V)E  (10.9)

Overall reaction:

 MH NiOOH M Ni(OH)2 2
02 2 1 32+ ↔ + = −    ( . V)E  (10.10)

A good metal hydride hydrogen storage material should have several characteristics in 
order to make it suitable for practical application in a NiMH battery electrode. The alloy 
must react with and release hydrogen readily at moderate pressures and temperatures, 
while maintaining its reactivity and capacity over thousands of cycles. Extensive research 
has shown that some hexagonal intermetallic compounds of the composition AB5, AB2, and 
AB, where A and B are metallic elements, are good candidates for such applications [65–
68]. REEs show an unusual stability of the +3 state due to their particular electronic config-
uration. This means that the rare earths are electropositive and will form hydrides readily. 
In addition to this, they can also form alloys of the AB5 type with base metals such as Ni and 
Co. The most striking property of these compounds is that they can absorb and desorb large 
amounts of hydrogen at room temperature. Hydrogen absorption of LaNi5 at 0.25 mPa at 
room temperature reaches over six atoms per LaN5, which is nearly twice as high as in liquid 
hydrogen [65]. During absorption of hydrogen, the unit cell of LaNi5H6.7 expands by about 
25% without leading to a change from its hexagonal symmetry due to the high coordination 
number of rare earth bonding. This allows the LaNi5 to maintain its structural stability and 
reactivity and making it a very useful NiMH battery electrode material [69].

Currently, the most common use for NiMH batteries is for providing power to electric 
motors in hybrid car designs. Since the market for these vehicles is still growing, the demand 
for NiMH batteries and consequently the demand for their contained rare earths are also 
growing. NiMH batteries also have many other consumer uses, such as power tools emer-
gency lighting, cordless telephones, radio controlled toys, portable printers, and GPS systems.

The main competitors for NiMH batteries are lithium-based batteries. In comparison 
to lithium ion batteries, NiMH batteries have several advantages such as a lower cost, bet-
ter inherent safety characteristics, long operational life, outstanding over-charge/discharge 
characteristics, as well as good electrochemical performance over a wide temperature range. 
For automotive use, these advantages are vital and are more important than theoretical 
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efficiency. This means that nickel metal hydride batteries, utilizing the exceptional hydro-
gen absorption capacity of the nickel-cobalt lanthanum alloy, shows great promise to be the 
batteries of choice in automotive applications [70].

Currently, the driving force for developments of energy storage devices is focused on the 
supply of high energy and power density output to portable devices (Li-ion batteries, lithium- 
sulfur batteries, and super capacitors), whereas the research on high capacity stationary energy 
storage is directed at elevated temperature batteries such as the sodium ion battery, as well 
as Redox Flow Batteries (RFBs). Since a critical element in all these energy storage devices 
is the electrode, much focus is placed by researchers on discovering and developing new 
electrode materials [71]. Developments of rare earth use in the portable battery electrode 
applications are summarized in Table 10.7 [71].

It has been apparent for many years that renewable energy, such as wind and solar, would 
become an important source of supply to electrical grids of the future. However, the inter-
mittent nature of the supply from these renewable power sources would have to be managed 
carefully in order to maintain the stability of national grids. This has again highlighted the 
need for energy storage systems that can be employed for load levelling, variable load demand 
management, and maintaining power delivery when the renewable energy is not available. 
These systems are required at almost every demand scale, from domestic scale demand to 
huge integrated grid systems. One such storage system, showing promise for large scale 
energy storage is the flow battery. A flow battery is a type of electrochemical cell where electri-
cal energy is stored or released through redox reactions taking place in two electrolytes, partly 
isolated from one another by a membrane. Although the membrane prevents the electrolytes 
from mixing, it does allow for the passage of specific ions in order to complete the redox reac-
tion. There are generally two kinds of flow batteries, redox, and hybrid flow batteries. If one of 
the electroactive components in the battery is used in solid state, the battery is referred to as a 
hybrid flow battery. The simple operational principle of flow batteries results in low cost and 
easy scalability. They are also very efficient and allow for flexible application due to modular 
designs and easy transportability. This modularity and scalability of flow batteries allow them 
to span a large scope of application from the kW to MW range [72]. The high redox potential 
of the Ce3+/Ce4+ redox couple makes Ce a very attractive proposition for high capacity electri-
cal energy storage. Although there are two other REEs (Pr and Tb) with even higher standard 
redox potentials, it is not feasible to use them in flow batteries because almost all available 
electrolytes will suffer from poor oxidative stability at these high voltages. The electrochemical 
reaction in the Ce-Zn hybrid flow battery can be given by the following equilibria:

Negative electrode:

 Zn2+ + 2 e– Zn (–0.76 V)
charge

discharge  (10.11)

Positive electrode:

 2 Ce3+ 2 Ce4+ + 2 e– (1.28 – 1.72 V)
charge

discharge  (10.12)
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Total reaction:

 Zn2+ + 2 Ce3+  Zn + 2 Ce4+
charge

discharge  (10.13)

Although flow batteries show much promise as large scale energy storage devices, there 
are a number of hurdles that will still have to be overcome before flow batteries can enter 
wide scale, general use. These include an enhancement of rate capability, a reduction in the 
migration of active species, as well as the development of large-scale engineering princi-
ples. This will allow for scale-up of the technology to very large installations designed for 
minimum maintenance and increased life [72]. Current research on the Ce3+/Ce4+ reaction 
is therefore focused on these aspects and, in particular, on immobilizing the Ce on the 
electrode in order to eliminate the ion exchange membrane as well as the shifting of redox 
potential through 4f coordination chemistry [71].

10.4.3.3 Phosphors

According to IUPAC, luminescence is defined as “the spontaneous emission of electro-
magnetic radiation by electronically excited species which are not in thermal equilibrium 
with their environment” [73]. Simply put, luminescent materials can be described as materi-
als that emit light that does not derive energy from the temperature of the emitting material. A 
class of materials that have found widespread commercial use are inorganic materials doped 
with small amounts of rare earth or transition metal ions, called phosphors. Luminescence 
in these materials is initiated by the host crystal absorbing energy and then transmitting it to 
activator ions embedded within the crystal lattice. This energy excites the electrons within 
the activator ion to a higher energy level. Upon relaxing back to lower energy levels, the elec-
trons release energy as an emission of light with a wavelength corresponding to the energy 
difference between the levels (Figure 10.7).

Host crystal

Incident light
Vertical and oblique

4P5/2

4I15/2
4F9/2

6H9/2

6H11/2

6H13/2

6H15/2

Figure 10.7 Structure and function of a REE doped phosphor.
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The stable luminescence of trivalent rare earth ions makes them very attractive acti-
vators. Rare earth–based phosphors are termed triband or triphosphorous, emitting 
green [LaPO4:Ce,Tb], red [BaMgAl10O17:Eu and (Sr, Ca, Ba)5(PO4)3Cl:Eu], as well as blue 
[Y2O3:Eu] light. These phosphors are very versatile and are found in a large variety of appli-
cations [74]. Table 10.8 gives a summary of the main uses of rare earth–based phosphors. 

Table 10.8 Selected properties, applications, and compositions of rare earth phosphors [75].

Property Application Example

RGB emission Fluorescent lamps (CFL) Y2O3:Eu3+

LaPO4:Ce3+,Tb3+

BaMgAl10O17:Eu2+

Plasma displays Y(P,V)O4:Eu3+, LaPO4:Tm3+

LCD backlighting (Y,Gd)BO3:Eu3+

Biolabeling YVO4:Eu3+, GdVO4:Eu3+

Temperature sensing Y2SiO5:RE3+, Y3Al5O12:Sm3+

Y3Al5O12:Dy3+

Band emission LED lamps Y3Al5O12:Ce3+ 
Tb3Al5O12:Ce3+,
SrS:Eu2+, CaS:Eu2+,Ce3+ 
CaAlSiN3:Eu2+,
Sr2Si5N8:Eu2+

Persistent luminescence Security, markers Y2SiO5Eu3+ 
SrAl2O4:Eu2+,Dy3+,
Sr2MgSi2O7:Eu2+,Dy3+

Medical imaging (Ca,Zn,Mg)2Si2O6:Eu2+,Dy3+,Mn2+ 
Zn2.94Ga1.96Ge2O10:Cr3+,Pr3+

X-ray excitability Scintillators (Lu,Gd)3Al5O12:RE3+ 
Gd2SiO5:Ce3+ 
LiCaAlF6:Eu2+,Ce3+

Upconversion Medical imaging REF3, MREF4

Temperature sensing (Pb,La)(Zr,Ti)O3:Er3+ 
NaYF4:Yb3+,Er3+ 
Yb3Al5O12:Er3+,Mo6+,
Yb3Al5O12:Tm3+,Mo6+

Photovoltaics β-NaYF4:Yb3+,Er3+ 
LiYF4:Yb3+,Er3+

Downconversion Lighting imaging solar cells NaGdF4:RE3+
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This table is a reproduction of the table compiled by de Sousa Filho et al., in a review paper 
on rare earths in lighting applications [75].

10.4.3.4 Glass Additives

Glass is a non-crystalline amorphous solid that is normally transparent and has a wide 
range of uses, technological, or decorative. The most familiar type of glass is silicate based 
(silicon dioxide or quartz), with the primary constituent as sand. Many of these classes 
of glass derive their value from its transparency and clarity. Since silica often contains 
noteworthy amounts of impurities such as the Fe2+ ion, glass made from such silica often 
exhibits a strong green-yellow color. Although standard mineral processing and hydrome-
tallurgical techniques can be used to remove substantial amounts of these impurities, this 
is not sufficient for the manufacture of high transparency glasses. If the ratio of Fe3+/ Fe 
can be increased, then the transparency of the glass will be improved dramatically since the 
absorption due to Fe3+ is shifted more to the yellow side of the spectrum and will be faint 
since the Laporte forbiddeness of these electronic transitions are lifted only slightly by sym-
metry distortions. In order to ensure that a glass is of a low color as possible, the melt should 
therefore be in an oxidizing state. This can be achieved easily by the addition of an oxidizing 
oxide such as CeO2. In this case, there would be two redox pairs present in the melt and the 
decolorization reaction can be given as:

 Fe2+ + Ce4+ ↔ Fe3+ + Ce3+ (10.14)

Cerium dioxide appears to be one of the best chemical decolorizers because the iron is 
converted almost quantitatively to Fe2O3 in cerium containing glasses. Care has to be taken 
to control the amount of CeO2 added for decolorization, since CeO2 absorbs in the violet 
range and too much cerium could therefore result in a yellow or brown color in the glass. 
This decoloring of glass is referred to as chemical decoloring since a chemical reaction 
takes place to reduce the absorption of light. A similar effect can, however, also be achieved 
through a physical process of selective light absorption. This is normally done by the addi-
tion of neodymium oxide or didymium oxide which essentially compensates for the color 
generated by the presence of Fe3+ by absorbing in that wavelength.

The addition of Ce to glass has a further advantage since cerium compounds are opaque 
to UV radiation. This is due to intense orbitally allowed 4f n-15d transitions, with energies 
that fall in the UV wavelength region. Silicate glass can unfortunately only dissolve a lim-
ited amount of Ce before it becomes saturated and high concentrations of Ce also results 
in a yellow or brown color; an undesirable characteristic for applications such as windows 
or sunglasses. In contrast to silicate glass, phosphate glasses can dissolve large amounts of 
rare earth oxides. For example, a binary cerium phosphate glass can contain up to 40 mol% 
CeO2. In addition to this, the UV absorption of the phosphate network is moved toward the 
blue side of the spectrum compared to the silicate network and this leads to a minimization 
of the yellow coloration of the glass by Ce [76].

When silicate glasses are exposed to high energy radiation such as gamma or X-rays, 
trapped electrons and holes can be created, resulting in new optical absorption that may 
darken the glass severely. Addition of Ce can result in resistance to such decay in the optical 
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properties of silicate glasses, possibly by providing paths for displaced electrons to combine 
with holes [77]. The main applications for radiation shielding glasses are in the nuclear 
energy production and nuclear waste treatment fields where resistance to decay in its opti-
cal properties becomes important. Further applications are in areas such as radiation hard-
ening of electronic devices, serving as biological shields, and preserving cultural artefacts 
and relics.

Of all the REEs, La2O3 probably plays the most critical role in the alteration of a number 
of physical and chemical properties of ceramics and glasses. In order to appreciate the sig-
nificance of the effect of La on the properties of an optical glass, it is necessary to take a step 
back and consider the behavior of light when it travels from air through another medium 
such as glass. As light passes through glass, it slows down due to the increased density of 
the glass and is deflected obliquely at the interface. The reason for this is that the wave is 
not traveling at the same speed at all points along its front with a subsequent change in the 
direction of wave propagation. The relative degree of deflection is normally expressed by 
the Refractive Index which is calculated from the difference in speed of light through vac-
uum and the medium under consideration (Figure 10.8).

From an optical perspective (lens design), one of the most important aspects is to min-
imize the spherical aberration of a lens by reducing the curvature in the lens. This can be 
done by selecting a glass with a high Refractive Index since it bends light more efficiently. 
This also means a glass of high density. Doweidar and Saddeek investigated the influence 
of La2O3 on the structure of lead borate glasses and showed that the addition of La3+ to 
these glasses, promote the formation of non-bridging oxygen ions in the glass network by 
neutralizing the negative charge on the glass forming ions. Consequently, the density of the 
glass increases not only because heavy ions are introduced but also since the molar volume 
of the matrix decreases with increasing La2O3 concentration [78]. La2O3 therefore imparts 
excellent optical properties to glass and is used widely in many optical systems.

The Laporte optical selection rules result from the conservation of angular momentum, 
energy, and linear momentum. This means that electronic transitions between states of 

Incident light
Glass

Refracted light

i

i
r
r

Figure 10.8 Refraction of light by glass.
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the same parity are forbidden. Consequently, if a molecule is centrosymmetric, transitions 
within a given set of orbitals such as the f orbitals in a REE (redistribution of electrons within 
a given subshell) are forbidden. Although the 4f-4f transitions in REE ions are therefore 
formally forbidden by the Laporte Rule, they become somewhat allowed if the center of 
symmetry is disrupted by mixing of a 4f-orbital with a 5d-orbital or with the excited states 
of the neighboring ligands, resulting in absorption in the optical range (i.e., resulting in 
color) [79]. These absorption bands are relatively weak in intensity due to the nature of the 
transitions, but they are very narrow because the 4f electrons are very effectively shielded by 
the filled 5s2 and 5p6 shells, which have a higher energy than the 4f shell [1]. Although these 
narrow bands are broadened when the REE ions are inserted into a glass network, the colors 
arising from the rare earth ions remain relatively insensitive to the overall composition of 
the glass. Due to the stability of the trivalent state of the rare earths, these ions are likely to 
remain in this valence state in glasses, and therefore, the redox environment will also not 
affect the colors. These glasses are often dichroic, and hence, they will exhibit different col-
ors with changes in lighting conditions. In some instances, their color is also determined by 
the amount of REEs in the glass as well as the thickness of the glass. Some rare earths such 
as Nd, Er, and Pr are used to color some special glasses due to the uniqueness of its color 
resulting from the narrow f-f absorption transitions.

A good example of uses for these unique narrow absorption bands in glass is the use of 
a mixture of Nd and Pr in blacksmithing and glassblowing safety glasses. Incorporating 
this mixed oxide into the glass network leads to a selective absorption of yellow light at 
around 589 nm. This blocks the yellow light from hot sodium in molten glass as well as the 
strong infrared light from a blacksmith’s forge and so reduces the risk of eye damage, while 
preserving visibility. This mixture of REEs is also used in photographic filters as an optical 
band-stop filter that attenuates the orange portion of the spectrum to very low levels. This 
effect is especially useful for enhancing photos of autumn scenery since it will make leaves 
more vibrant. In the 1920s, Leo Moser developed a special kind of glass called “Heliolite” 
glass by adding Nd and Pr to glass at a ratio of 1:1. This glass changes color from amber to 
red to green depending on the light and is predominantly used for glass art [80].

Perhaps, the most direct use of materials exhibiting narrow spectroscopic absorption 
bands is as a spectrophotometric calibration material. When adding Nd and Pr in specific 
ratios to glass, it results in a reference material that has a number of benefits for spectropho-
tometric calibration [81]:

• Dual purpose filter
 (i) Calibration filter in the range from 329–875 nm
 (ii) Photometric accuracy calibration in the UV range
• Robust
• Insensitive to temperature and humidity

Similarly, holmium glass is also used extensively as a wavelength standard, since it pos-
sesses some characteristics that make it an excellent wavelength standard. It does not induce 
a slit positioning error as is the case with atomic emission lamps, while it is also compact 
and easy to use. Arguably, the most important property of these glasses and the main reason 
why it is so widely used is its high stability over extended periods of use [82].



298 Recovery of Byproducts from Acid Mine Drainage Treatment

10.4.3.5 Lasers

In 1960, Theodore Maiman demonstrated a solid-state ruby laser, featuring Cr3+ ions as gain 
centers in a sapphire matrix (Al2O3). A laser is a device that can convert either electrical or 
optical energy into light. It normally consists of a hollow space closed off with flat or spheri-
cal mirrors at the ends. This cavity is filled with a material whose atoms or molecules can be 
excited by electrical or optical energy to emit single wavelength light. In a solid-state laser, 
the gain medium is a crystalline material containing ordered and rigid bonds. Laser light is 
produced after being illuminated by light of a higher frequency than the desired laser fre-
quency. One of the most successful and versatile lasing materials developed since the first 
ruby laser is the neodymium-doped yttrium aluminium garnet; Nd:Y3Al5O12 used in Nd: 
YAG lasers. Due to the low crystal field effect on the f-orbitals of rare earth ions, gain mate-
rials containing rare earth ions provide unique versatility and are therefore very common in 
laser devices. Rare earth ions offer a particularly valuable technical advantage as flexible las-
ing materials. The reason for this is that the quantum energy levels of the lasing wavelength 
determining Nd-ions remain relatively insensitive to the host crystal matrix. For example, 
the strong fluorescence wavelength of an optically excited, free Nd3+ essentially does not 
change from 1,064 nm when introduced into a YAG or glass matrix. This is not the case with 
transition metal ions which will exhibit Stark shifts (the crystal field changes the energy lev-
els of the transition metal ions) that will alter the wavelength at which the ions, introduced 
into the crystals, will fluoresce [83]. Nd:YAG lasing takes place when electrons transition 
from the 4F3/2 to the 4I11/2 atomic energy level, producing light at 1,064 nm. Starting in its 
4I9/2 ground state, Nd3+ ions embedded in the YAG crystal are excited into a broad multiple 
of higher “excitation band” levels by means of optical pumping. From these levels, the ions 
relax rapidly through a non-radiative transition into the 4F3/2 state, from where they can 
transition spontaneously to the 4I11/2 state, releasing a photon. Another rapid, non-radiative 
relaxation from 4I11/2 back to the ground state then completes the cycle (Figure 10.9).

These photons generated in the lasing medium will bounce back and forth between the 
two mirrors, resulting in other electrons falling into the lower energy state by releasing pho-
tons. In this way, millions of electrons are stimulated to emit photons. The light generated 
within the lasing medium is reflected many times between the mirrors before it escapes 
through a half reflecting mirror. This is called stimulated emission and results in a power 
gain. The light produced from this stimulated emission becomes the optical output of the 
laser as shown in Figure 10.10.
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Advantages of a Nd:YAG laser:

• Low power consumption
• High gain
• Good thermal properties
• Good mechanical properties
• The efficiency of Nd:YAG laser is very high compared to the ruby laser

These properties of Nd:YAG lasers lead to great versatility and they have found a wide array 
of uses ranging from medical to military applications. Nd:YAG lasers are used by eye special-
ists to correct complications that may occur from cataract surgery such as posterior capsular 
opacification and, in treatment of noncancerous thyroid nodules, cancerous growths in the 
liver as well as skin cancer [84]. Continuous-wave tuneable lasers have found extensive use in 
scientific research, especially where random wavelength access and spectral lines of extremely 
narrow frequency ranges are required. This is specifically true for fields such as molecular 
spectroscopy and atomic physics where spectral lines have to be resolved into their compo-
nents and specific wavelengths can often not be produced by fixed frequency lasers [85]. Due 
to the concentrated power generated by these lasers, they are also often used in manufacturing 
applications such as glass and plastics etching as well as metal and semiconductor cutting. 
Military applications include rangefinders and laser target designators as well as higher power 
(100 kW) destructive weapon systems to defend against rockets, artillery, and mortars [86].

An interesting new development in the automotive industry is the use of small Nd:YAG 
lasers as fuel ignition devices instead of conventional spark plugs. Fuel ignition by laser offers 
several advantages over conventional electric spark ignition. Those of most interest are:

• no quenching of the combustion flame kernel;
• targeted ignition at any point in the combustion chamber;
• possibility of multiple combustion points in the combustion chamber;
• time-based ignition control.

If automotive engineers can exploit these benefits in practical designs, then engine effi-
ciency may be improved through reliable lean-burn operation. This would lead not only to a 
reduction in fuel consumption but also to a reduction in harmful emissions. Laser ignition 
in internal combustion engines has the potential to unlock new design avenues to ensure 
their continued use by reducing their environmental footprint. It may therefore play a role 
in providing a controlled transition to electric mobility through more efficient ignition in 
hybrid engines and the improved combustion of innovative new fuels [87].
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Figure 10.10 Functioning of a Nd:YAG laser.
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After Nd:YAG lasers, fiber lasers and fiber optical amplifiers are probably the next best 
known optical technologies containing rare earths. Fiber laser technologies are advancing 
at a rapid rate and are finding such a variety of practical industrial applications that they are 
becoming serious alternatives to other laser technologies [88]. At the heart of a modern fiber 
laser and many fiber amplifiers is an optical fiber doped with rare earth ions. Since rare earth 
ions normally form complexes with large coordination numbers, a deficit in non-bridging 
oxygen ions in isolated sites in a silicate network results in a grouping of rare earth ions in 
order to share the available oxygens. This leads to poor solubility of rare earth ions in silica 
glass and can even result in phase separation at higher concentrations. The most effective 
co-dopant for improving REE solubility in silicates is Al. Al can be incorporated in glass as a 
network former as well as a network modifier and therefore dissolves very well in a silicate. 
The 4-coordinated Al can share non-bridging oxygens with REE ions allowing them to be 
incorporated into the silicate network [89]. As with solid state lasers, other rare earth ions 
such as Er, Yb, Nd, and Tm may also find use as the active gain centers in fiber lasers. In the 
common “double-cladding” fiber laser, the lasing mode propagates in the rare earth doped 
fiber core. A pump light is located in the inner cladding, while the outer cladding provides 
total internal reflection for the pump in order to improve efficiency [88]. Figure 10.11 gives 
a diagrammatical description of the structure as well as the functioning of a fiber laser [90].

The stimulated emission from the REE doped core is guided within the core section and 
will therefore be amplified to high intensities before it leaves the fiber as a powerful laser 
beam at a wavelength of 1,060 nm. Since the core diameter can be very small (3–10  m), 
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the power density of the laser beam will be very high. This high power density produced 
in fiber lasers makes them ideal for material processing applications such as the cutting 
and welding of metal. The inherent design of fiber lasers, which allows for efficient cooling 
through the large surface area cladding, reduces temperature induced instability in the 
refractive index, and so allows for high power applications where conventional Nd:YAG 
lasers are plagued by instability. Yb is the preferred doping material for the lasing medium 
in fiber lasers since it is highly absorbing of pump radiation and produces high power 
laser beams in the 1,060–1,080-nm wavelength range. These lasers can produce beams in 
the kilowatt range, which means that they could be used for the processing of a range of 
materials [91]. These lasers have been shown to realize much higher cutting speeds in thin 
to medium section stainless steel, mild steel, and aluminium cutting when compared to 
a CO2 laser. Since light from a fiber laser is already in a fiber, it is easy to direct the beam 
very accurately to the work zone of material processing equipment such as laser cutters 
and welders. The high power density that can be achieved also makes them interesting for 
military applications.

In order to transmit optical signals through optical fibers over long distances (> 100 km), 
compensation for attenuation losses within the fiber is required. The conventional way of 
doing this was by converting the optical signal to an electrical signal, amplifying this elec-
trical signal and converting it back to an optical signal. Although such an approach is fea-
sible, it is limited by the optical to electrical and electrical to optical conversions. By using 
lasers, amplification can be achieved without having to do this signal conversion first, since 
the stimulated emission in the gain medium of the fiber laser results in the amplification 
of incoming light. For this reason, rare earth doped fiber amplifiers are finding increasing 
importance in optical communications systems. Perhaps, the most deployed application is 
Er doped fiber amplifiers because of their ability to amplify signals at the low loss 1.55- m 
wavelength range.

Rare earth–based lasers have also found application in a wide range of other fields rang-
ing from medicine to entertainment. Table 10.9 gives a summary of some commercial 
application of rare earth lasers and laser systems [92–95].

When one considers all the applications of rare earths and the difficulty of substitution 
due to their unique properties, it becomes clear that they could offer substantial financial 
benefits to the global economy. An enormous number of individual products from a variety 
of product lines contain REEs and their economic footprint can be measured by output, 
payrolls, jobs, and taxes paid. According to a report compiled by the American Chemistry 
Council and the Rare Earth Technology Alliance, the rare earth industry is regarded as 
undeniably essential to the North American economy (US and Canada) [96]. The report 
estimated that for every direct job in the rare earth industry, five other jobs are created 
elsewhere in the American economy, leading to an almost two billion dollar economic foot-
print. In addition to this, there are enormous economic contributions from using rare 
earths in the creation of products, resulting in a downstream output of in excess of 
$300 billion. It is therefore not surprising that many nations the world over have been 
embracing REEs and in many cases, they are regarded as or have been declared strate-
gic metals. Leading industrial countries or economic zones such as the United States of 
America, Japan, and the European Union have all formally declared rare earths as criti-
cal metals [97–99]. Rare earths are therefore clearly hugely valuable and even carry stra-
tegic importance, but does AMD contain enough of them to make their recovery viable?
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Table 10.9 Applications of rare earth lasers.

Laser Industry Application Effect

Er:YAG and 
Nd:YAG

Medical Dermatology—skin 
rejuvenation, lesion 
treatment, tattoo 
removal, hair removal

Skin cell ablation, thermal 
fragmentation and photo 
thermolysis

Dentistry Hard tissue ablation (cavity 
preparation), soft tissue 
ablation and coagulation 
(surgery), selective heating 
(tooth whitening)

Surgery Soft tissue ablation and 
coagulation (surgery)

Diagnostics:
Optical coherence 
tomography
Tissue characterization
Porosity measurement
Cavity delineation

Low coherence 
interferometry
Fluorescence spectroscopy
Gas in scattering media 
absorption spectroscopy

Cancer treatment Hyperthermia
Photosensitization

Nd:YAG Military Laser rangefinder/laser 
target designator
LADAR/LIDAR

Time of flight principle

Atmospheric 
communication

Modulated optical pulsing

High energy weapon

Er:YAG and 
Nd:YAG

Industrial and 
commercial

Cutting, welding, 
drilling, engraving

Thermal ablation

Accelerometers Interferometry

Holography Light diffraction

Optical tweezers Refractive index

3D scanners Time of flight principle

Additive manufacturing Laser sintering

Metrology Time of flight principle

Entertainment Light color
Diffraction
Time of flight principle
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10.5 Occurrence—From Magma to AMD

“By the year 2000, we will not be wasting our coal ash, in which geochemists have 
shown that there is a notable concentration of rare elements, such as germanium 
and rare earths. We will be recovering these elements.”

Dr. Edward Steidle
16 February 1952 [100]

Contrary to what the name of this group of elements may suggest, they are not really rare 
and are relatively evenly distributed in the crust of the earth at a concentration similar to 
that of base metals such as Ni and Co (Figure 10.12).

Rare earths occur in many mineral forms, and although there are at least a dozen of 
these that are considered viable for extraction, the bulk of global rare earth recovery is 
mainly from the two minerals monazite and bastnäsite [101]. Rare earth minerals occur 
in diverse geological environments, but they can be divided into two categories. They can 
occur in primary deposits resulting from igneous and hydrothermal enrichment processes 
or in secondary deposits where the elemental concentration proceeded via sedimentary 
and weathering processes. Hard rock deposits such as bastnäsite are considered to be of 
primary origin, while the placer deposits such as monazites in beach sands are of secondary 
origin. Carbonatites and weathered deposits are the most dominant sources of primary rare 
earth deposits, while the most substantial types of secondary deposits are the placer and 
ion-adsorption clay deposits [101]. Rare earth ion-adsorption type deposits are enriched by 
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the weathering of rare earth mineral containing igneous rocks such as granite. As a result 
of surface weathering, rare earth minerals are decomposed and the liberated rare earth ions 
(REE3+) are absorbed on clay minerals (normally kaolin and smectite groups), substituting 
base metal or alkali earth cations. Ion-adsorption ores generally contain higher amounts of 
HREE and lower amounts of Th and U than other rare earth ores. Rare earths can be recov-
ered from REE bearing ion exchange clays by simple dilution with an electrolyte solution 
such as ammonium sulfate at ambient temperature [102].

Although the bulk of the actual economic extraction of rare earths may come from con-
ventional terrestrial deposits and is likely to remain that way for the foreseeable future, 
there are some non-conventional sources of rare earths that may become interesting as sup-
plementary sources, especially as the drive to cleaner mining and processing gains momen-
tum. In such cases, the viability of rare earth recovery would then not be determined by 
financial considerations only but may be secondary to a primary purpose such as an envi-
ronmental consideration or legislation.

Although there may be other such sources, AMD emanating from coal deposits is an 
interesting case that may be used to consider the potential for rare earth recovery from 
low pH streams associated with any mining operation. Coal can become enriched in rare 
earths by a variety of mechanisms such as organic complexing or fossil apatite uptake. It 
was shown in a number of studies that the distribution of rare earths between the organic 
and mineral phases or between the coals and the inorganic layers that they are associated 
with, varies over the coalfield and this is probably a result of a number of effects such as 
sedimentation, water chemistry, ion-exchange, and chelation [103–106]. The concentration 
of rare earths in coal deposits is generally too low to even consider direct recovery, but they 
can be liberated into waste streams by natural leaching processes. When pyritic waste rock 
material from coal mines is exposed to air and moisture, the di-sulfides are oxidized and 
generate sulfuric acid. This sulfuric acid leads to very low pH values in the water in contact 
with virgin coal deposits or coal waste repositories such as fine coal dumps or ash dumps. 
An effective leaching environment is therefore established, and REEs are leached into solu-
tion. Once in solution, rare earths are mostly complexed as REESO4

+ , which is the dominant 
rare earth species in AMD. This sulfate complexation tends to inhibit the sorption of the 
rare earths onto clays and therefore stabilizes them in solution [107]. A 2017 study on AMD 
from 18 coal mine discharges in the Appalachian Basin in the United States showed an 
enrichment in rare earths of 1–4 orders of magnitude against baseline unaffected waters in 
the area. Most discharges showed varying levels of enrichment in the middle REE fraction 
when compared to the average distribution in a North American Shale Composite, but this 
is unlikely to have an effect on the supply and demand balance over the rare earth series.

The rare earth content of the AMD released from the Appalachian coal mines is given in 
Table 10.10. The rare earth concentrations are given as flow weighted mean concentrations, 
while the Av AMD in the table is an estimate for the entire Appalachian discharge [108].

Clearly, a stream containing about 40 µg/L of rare earth metals does not appear to 
be very attractive from a standalone operational perspective, even if it can be upgraded 
substantially. The total REEs contained in such a stream (538  t) is also too modest a 
production figure for sustaining a flowsheet that is acknowledged to be one of the most 
complex and expensive in the minerals industry. However, financial considerations may 
not be the only imperatives that will determine whether rare earths are recovered from 
AMD or not. AMD is a potentially toxic stream that holds dangers not only for humans, 
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but for all living organisms on earth. Treating AMD therefore has several value propo-
sitions. These include:

• License to operate
• Positive public sentiment
• Less expensive waste deposition facilities
• Value of contained metals
• Value of new water resource

Although all these aspects may contribute to a positive business case for the recovery 
of the rare earths from AMD, a critical factor is access to an existing rare earth separation 
facility. Without purification and separation of the recovered rare earths, only a fraction of 
their value, at best, will be realized.

There are several processes for the treatment of AMD, but one of the simplest and least 
expensive processes is a chemical precipitation approach that essentially consists of two stages:

• Stage 1: raising the pH of the AMD stream to a pH of 11–12, which will result 
in the almost quantitative precipitation of all the (semi-)metals in the stream. 
The result of this is a solids stream or sludge containing all the value metals 
as well as an aqueous stream containing gypsum at saturation.

• Stage 2: removing the gypsum from the saturated stream from stage 1, 
through the formation of a very insoluble calcium-aluminium sulfate salt.
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In stage 1 of this process, all the metals including REEs will be precipitated as hydroxides 
from the AMD stream, thereby concentrating them in a much smaller volume, leading to a 
much smaller stream to treat for the recovery of these elements. Similarly, any other value 
metals such as uranium or base metals can then also be recovered from this precipitate.

Running a simulation of such an AMD flowsheet shows that the rare earths can be con-
centrated from around 40 µg/L to about 15 mg/L, which represents an upgrade ratio of 
more than 300. Figure 10.13 shows the simulated flowsheet, while Table 10.11 gives the 
composition of the feed and metal hydroxide precipitate from this simulation of the AMD 
stream from the Appalachian Coal Basin. Neodymium was used as a proxy for the REEs.

The mixed rare earths can now be recovered selectively from the other metals in the hydrox-
ide precipitate through established hydrometallurgical processes such as the Resin-in-Pulp 
ion exchange process and purified through a selective precipitation technique. The resultant 

Table 10.11 Simulation of the upgrade of REEs by neutralization to pH 12.

Feed solution MeOH precipitate

Elements wt% Elements wt%

0 0 0 0

1 Al 0.00091 1 Al 0.328

2 B 0 2 B 0

3 Ba 0 3 Ba 0

4 C 0 4 C 0

5 Ca 0.0149 5 Ca 10.9

6 Cl 0.0007 6 Cl 0

7 Co 0 7 Co 0

8 Cr 0 8 Cr 0

9 Cu 0 9 Cu 0

10 F 0 10 F 0

11 Fe 0.0385 11 Fe 13.9

12 H 11.2 12 H 2.66

13 K 0.000772 13 K 0

14 Mg 0.0236 14 Mg 8.52

15 Mn 0.00906 15 Mn 3.27

16 N 0 16 N 0

17 Na 0.0007 17 Na 0

18 Nd 0.0000043 18 Nd 0.00156
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purified mixed rare earth hydroxide, carbonate, or oxalate can then be sold to an existing 
separation plant as feed stock and thereby realize about 30% of the contained value of the 
separated rare earth oxides. A ballpark estimate of the possible value that may be derived from 
the ±500 t of REO contained in the AMD of such a coal basin is therefore about $2M – $4M 
per year. This is based on 100% recovery and a price of $16–$26 per kilogram for a typical 
REO basket.

10.6 REEs—From AMD to High Technology?

Rare earths have clearly become indispensable in many technological developments in the 
world today and are likely to become even more sought after in future due to expected supply 
constraints and increasing demand from new developments using these unique elements. 
Every source of rare earths will therefore be of interest to the market and this certainly also 
includes AMD. The question is whether the rare earth content is attractive enough to pur-
sue active recovery from AMD. The case study discussed earlier have shown that there are  
REEs in AMD and even substantial amounts if all the potential sources of AMD in the world 
are considered. In addition to this, the technology also exists to recover them from the dilute 
AMD streams. Unfortunately, all this is not enough and the rare earth content in AMD is 
likely to remain untapped due to a combination of very low grades and prohibitive produc-
tion and logistical costs. The same argument will be valid for other value metals such as base 
metals or uranium. However, even if there is no purely economic driver to recover these 
value metals, in spite of their potential in new technological developments, it still does not 
mean that the rare earths will never be recovered as a by-product from AMD. The reason for 
this is that the true value of AMD lies in a much more mundane and familiar resource, water. 
As the global population increases, the competition for water resources will become fiercer 
not only from increased human consumption but also from greater use in mining and indus-
try as well as agriculture. Water is likely to become a critical commodity in many regions and 
any possible source is likely to become a target for use. AMD will then no longer be regarded 
as a waste stream that one is forced to treat by law, but rather as a valuable resource worthy 
of paying a premium to recover.

A by-product is normally regarded as a secondary product from a process that is focused 
on recovering a viable primary product. When the business case for the recovery of 
water from AMD becomes compelling, then the recovery of REEs from the AMD as a 
by-product may become a reality since the processes required to treat AMD will inher-
ently recover and concentrate the rare earth content. So, although the rare earths in AMD 
is currently likely to remain unexploited, it is probably unwise to disregard the possibility 
that one day a Nd : YAG laser will shine brightly with rare earths from a lowly waste stream 
such as AMD.
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Abstract
This chapter discusses the emerging trend of considering resource recovery from mine water as part 
of a larger strategy for remediation and management of abandoned mining sites. This emerging par-
adigm is being driven by the increasing need for resources and energy, against a backdrop of growing 
apathy for opening new mines due to increasingly stringent environmental conditions and emphasis 
on sustainable practices on one hand, while on another hand, the never-ending socio-economic bur-
den of cleaning abandoned mines. Specifically, the chapter discusses potential resources that can be 
extracted from mine water and techniques currently used at either research or limited commercial 
levels. The chapter gives some examples of the potential resources, but it should be noted that the list 
is not exhaustive. Further, general challenges faced by the approach and the potential solutions to 
overcome the challenges are discussed.

Keywords: Abandoned mines, green mining, resources recovery, geothermal, ore extraction, 
remediation, pump-hydrostore electricity

11.1 Introduction

During active mining, the mine is usually at the center of mining communities, being the 
main source and second order of employment and economic base, which nucleate urban-
ization. When mines close, the contemporary trend has been, thus, the transformation of 
the once vibrant mining town into dying or ghost towns, mostly devoid of employment and 
economic base leading to rising in poverty, deterioration of living standards, and emigra-
tion [1, 2]. In addition, most post-mining towns are associated with contamination origi-
nating from the mines and mining activities, which are a burden left to be borne by the local 
communities in terms of high costs of remediation and restoration.

One of the major activities in remediation and restoration of closed or abandoned mining 
sites is the treatment of mine water. A single mine pool can hold billions of litres of mine 
water, which often contains corrosive agents, such as acids or alkalis. Thus, left untreated, that 
mine water might become a substantial environmental and economic risk. Generally, mines 
are prone to discharging acid mine drainage (AMD) due to exposure of remnant minerals, 
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specifically pyrite, to air, which leads to the oxidation of the mineral and acid generation. 
The acidic water may further dissolve metals from the surrounding rocks, causing them to 
leach into streams and groundwater and build up on the banks of waterways. This AMD can 
have devastating effects on the local environment. For instance, AMD can sometimes have 
extremely low pH values, low enough to burn human skin and kill aquatic life, and also carry 
potentially toxic elements, affecting lakes and reservoirs far away from the mining sites.

Consequently, monitoring for AMD generation and treatment of mine water is usually the 
longest and on-going remediation activity in post-restoration of mine sites. The financial and 
economic implications are very high and often have been a public responsibility, financed from 
taxpayers because many mining companies are liquidated immediately after operation. For for-
mer mining towns, mine water is a financial and environmental liability as communities already 
suffering several negative social economic effects of mine and mining activity closure. The total 
effects of AMD on local economies is difficult to estimate but may be in the billions of dollars 
annually, ranging from essentially permanent loss of valuable land and resources for farming, 
fishing, and recreation, as well as local tourism attractions to reduced drinking water sources. 
Hence, it is often asked: Can mine water be turned into an asset instead of remaining a liability?

Mine water can contain several dissolved non-ferrous metals, including some precious base 
metals and rare earth elements, depending on factors including site geology, hydrology, ore 
deposit composition, and mineralogy. AMD can also be a good source of hydrogen and gyp-
sum for energy as well as geothermal and natural gas. Recovering these components of mine 
water adds an economic value, making mine water treatment a potential commercially viable 
investment. Recent advances in resource recovery technologies are pushing the prospects of 
mine water as a new source of commercially viable resources close to reality. Currently, a 
variety of mine water re-mining techniques, like hydrometallurgy, electrochemical, micro-
biological, evaporation, precipitation, solvent extraction, ion exchange, and reverse osmosis, 
are either being tested at research or used at limited commercial levels. However, most of 
these techniques have usually had limited success either from an economic or technical per-
spective. For instance, electrochemical techniques offer considerable versatility but can suffer 
from competing electrode reactions and energy demands depending on the type of cells used. 
Further, there are challenges to separate the valuable components from each other in a man-
ner that is efficient and economically viable and to obtain resources of high quality and purity 
of industrial standard. In brief, these and other issues are discussed in detail in this chapter.

11.2 Mine Water and Drainages

11.2.1 Mine Water in Context of This Chapter

The term “mine water” has been used interchangeably with other terms like “mine drainage” and 
“mine pools” [3, 4]. For this chapter, mine water will broadly mean any water directly affected  
or influenced by mining activities or mining-related processes. This can be water coming from 
milling, extraction, or percolation from mine waste, as well as groundwater flooding active 
mine workings, which is subsequently de-watered [4, 5]. Generally, there is ambiguity between  
the term “mine water” and “mine wastewater”. For clarification and as used in this chapter, the 
term “mine water” will mean any surface or groundwater present at a mine site, while “mine 
wastewater” will specifically refer to water that has come into contact with any mine workings. 
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Thus, mining wastewater in this context will be regarded as just a type of mine water and, in 
most cases, describes water coming from mine processing [5, 6]. For instance, water used 
during the crushing and grinding of ore, which are called mill water are a type of mine waste-
water. Another example of mining wastewater is process waters, which is water used in the 
chemical extraction of metals, namely, hydrometallurgy. Both mill and process water as well 
as water leaching through solid mine wastes or tailing are considered mine wastewater and 
may contain high burdens of dissolved metals, minerals, process, and other chemicals [3].

11.2.2 General Mine Water Chemistry

The chemistry of mine water highly depends on factors including ore deposit composition 
and mineralogy, mining methods, climate, site hydrology, and site geological conditions. 
For example, when deposits of sulfurous coal and pyrite are being worked, acid water is 
often produced when no buffering minerals exist. In deposits of complex ores, the water is 
often enriched by Cu, Zn, and Pb. However, the quality of mine water is determined by the 
ability of the mine water to interact with the mineralogical and geological background in 
the presence of oxygen. Microbial activities also contribute greatly to the quality of mine 
water [7, 8], which varies considerably; they may be alkaline, acidic, ferruginous, highly 
saline, or close to freshwater. Other factors that influence the mine water quality are the 
hydrological regime and groundwater flow pattern of the site, which affects the mixing of 
the mine water with other subterranean waters [9]. Nevertheless, these factors may differ 
within the same mine depending on whether they arise from shallow workings and adits 
or from deeper levels. Very large areas of interconnected collieries, with multiple seams, 
worked at various depths, can lead to a large variation of mine water quality.

During active mining, the mines are artificially kept dry through dewatering, which 
means pumping the water out of the mine. When the mines close, the pumping usually 
is also stopped. As a result, the groundwater level rises until it reaches the surface or dis-
charges into overlying aquifers. As the groundwater rises, minerals in the rocks, such as 
sulfide minerals, are exposed to air and release sulfate and soluble metal ions [10]. Flooding 
of the exposed seams stops the oxidation of the sulfide minerals but dissolves the metal ions 
and leads sulfur to form sulfuric acid [3, 4, 9]. This is the reason for high concentrations of 
metals, particularly Fe, Zn, Cu, Pb, Cd, Mn, and Al in the mine water because the highly 
acidic water dissolves most metal compounds present. Since underground water is low in 
oxygen and can have low pH, when the mine water first emerges to the surface is often clear 
as if clean, because the metals are dissolved. As the water is aerated, iron rapidly oxidizes 
and settles out as an orange deposit of “ocher”. However, if the rocks contain carbonate 
minerals, the acidic mine water can be buffered, and metals may remain immobile. In some 
deeper mines, the main pollutants are usually sulfate or chloride rather than metals because 
the water levels usually never reach the surface but may connect with underground aquifers.

11.2.3 Types of Mine Water Sources

11.2.3.1 Overview

As mine water is water that has interacted with the mining environment, including pro-
cessing activities, it is simple to classify the mine water sources according to the mining 
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and processing procedure and how the interaction happens. Thus, the classification of mine 
water sources in this chapter is according to the mining technique and how the water inter-
acts with the mining environment. Following this thought, it can be said there are three 
main classes of mine water sources, namely, the flooded underground mine pool, flooded 
opencast (pit) lakes, and leachates.

11.2.3.2 Flooded Underground Mine Pool

Extensive underground mining results in volumes and hundreds of kilometer-long inter-
connected mine workings (Figure 11.1). Water in active below-drainage mines is pumped to 
keep working sections dry. After mine closure, the mine voids can fill with groundwater— 
a process referred to as mine flooding—creating a vast network of interconnected mine 
pools [11, 12]. The water in flooded mines comes from adjacent and overlying flooded 
mines through vertical infiltration from overlying aquifers and from surface water sources. 
Without pumping, flooded or flooding below-drainage mines form “pools” that may eventu-
ally discharge onto the surface or drain into underground aquifers [11].

11.2.3.3 Flooded Opencast Lakes

Open-pit mining is a surface mining technique that extracts minerals from an open pit, also 
known as opencast mining. Upon the completion of mining operations, the pit will fill with 
water, forming waterbodies known as flooded opencast lakes or pit lakes (Figure 11.2). The 
opencast mine can be filled artificially or be allowing to fill naturally through precipitation 
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Figure 11.1 Illustration of an active below-drainage mine kept dry by pumping and a post-closure mine with 
mine pool formation in former mine-working tunnels as water rebound when pumping stops (Reproduced 
with permission from INAP [13]).
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or groundwater infiltration [14]. These flooded opencast lakes are often complicated sources 
of mine water. Like natural lakes, they display a huge diversity in mine water quality and 
content because of being young and therefore being typically in a non-equilibrium state. 
There are several processes in interplay in the opencast lake, which some are generally com-
mon to all lakes, while others are specific to open lakes. Some processes are common to all 
opencast lakes (e.g., wind forcing and convective mixing), whereas some are distinct to a 
given mine type (e.g., geochemistry, pit shells and mining methods) [15]. Further, mine pits 
are geotechnically recommended for storage of mine waste, which also influences the water 
quality (Figure 11.2).

11.2.3.4 Leachates

In mine water, leachate is water, laden with soluble or suspended solids or any other com-
ponent of the material, which the water extracts in the course of passing through solid 
mine waste and tailings. This is one of the major sources of mine water especially those that 
generate AMD. There, two ways in which leaching leads to contaminated mine water are 
considered, namely, leachates from mine waste and tailings dams and post-closure leaching 
in in situ leach mining.

In both surface and underground mining operations, large quantities of solid wastes, espe-
cially, overburden, waste rock and rejects not valuable to the owners of the mine, are generated 
(Figure 11.3). Usually, most of the rock deposits contain a very low percentage of extractable 
mineral material that large quantities of tailings are generated during ore extraction [21]. 
Mine waste like overburden, rocks, and tailings can contain a lot of geochemical and process-
ing chemical of which some are potentially toxic. Due to exposure to atmospheric conditions, 
these chemicals may readily leach. Commonly, leachates from mining and mining processing 
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in pit mine as water table rebound when pumping stops (Reproduced with permission from INAP [13]).
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wastes may contain toxic metals and metalloids like As, Co, Cu, Ca, Pb, Ag, Fe, Cr, Mn, Hg, 
Mo, Ni, Se, V, and Zn, as well as some radionuclides [6, 16–20]. A special type of leachate 
comes from in situ mining (Figure 11.4). Logically, considerable volumes of leaching agent 
injected into the mine remain underground for a long time after the mine closes, because it is 
impossible to remove everything. As a result, they continue to dissolve minerals contained in 
the rocks, thereby releasing potentially toxic metals and radionuclides into the groundwater. 
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Figure 11.3 Illustration of generation of contaminated mine water by seepage in water rock and tailing piles 
(Reproduced with permission from INAP [13]).
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Figure 11.4 Generalized in situ leaching (ISL) mining technology, often used in uranium extraction. 
Depending of the geological background of the deposits, the extract media can be a very strong acid or 
alkaline fluid (modified from USEPA [21]).
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When groundwater enters the leaching zone, mine water forms and can disperse the contam-
inant depending on the hydrological regime and flow.

11.2.4 Drainages of Mine Water

Mine drainage refers to surface water or groundwater from an active or abandoned mining 
operation. The drainage can be high-quality like natural waters or contaminated by leftover 
materials, being either extremely acidic, circum-neutral or alkaline, and is often laden with 
high concentrations of potentially toxic metals and metalloids. The contamination can be 
through different processes like interactions with waste rock and tailings or through interac-
tions with geological formations in water-filled abandoned mines. Consequently, the drain-
ages are classified by their pH as either acid (pH < 5.6), circum-neutral (5.6 < pH < ≈8), or 
alkaline (pH > ≈8) mine drainage [3, 4]. However, there are three main types of mine drain-
age waters, namely: (1) saline formation waters; (2) acidic, metal-containing sulfate waters  
derived from mineral oxidation, especially pyrite; and (3) alkaline, hydrogen-sulfide- 
containing, metal-poor waters resulting from buffering reactions or sulfate reduction.

11.2.4.1 Acid Mine Drainage

When mineral-containing rocks are exposed to oxidizing conditions, the sulfur-bearing 
minerals (i.e., pyrite, Table 11.1) oxidize and upon contact with water results in waters rich 
in sulfuric acid and dissolved iron [22]. When the exposure process occurs naturally, it is 
usually known as Acid Rock Drainage (ARD). Exposure of these minerals to atmospheric 

Table 11.1 Some important metal sulfide 
minerals responsible for ARD at mining 
sites. Adapted from Sheoran et al. [10].

Chemical formula Mineral

FeS2 Pyrite

FeS2 Marcasite

FexSx Pyrrhotite

Cu2S Chalcocite

CuS Covellite

CuFeS2 Chalcopyrite

MoS2 Molybdenite

NiS Millerite

PbS Galena

ZnS Sphalerite

FeAsS Arsenopyrite

Cu5FeS4 Bornite
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conditions increases during and after mining activities due to shafts, tunnels, and collieries 
which brings air into the mine. In such a scenario, the high acidic and metal-laden water 
with a pH below 5.6 discharging from the mines or mine processing sites is called AMD 
[13, 22]. In most cases, the presence of iron (di-)sulfides such as pyrite and marcasite 
(FeS2) cause the AMD formation in coal mining regions, but it may also be formed by 
chalcopyrite (CuFeS2), covellite (CuS), and arsenopyrite (FeAsS).

Consequently, AMD is initially rich in sulfuric acid and dissolved iron and then further 
dissolves metals such as Cu, Pb, and Hg into groundwater or surface water. The concentra-
tion of metals in AMD depends on the type and amount of sulfide minerals and the pres-
ence of alkaline materials that buffer the acidity. This can be understood with revisiting the 
chemistry of AMD formation.

The initial chemical process involves oxidation of an iron di-sulfide mineral, which 
releases ferrous iron (Fe2+), sulfate (SO )4

2− , and protons (Equation 11.1):

 FeS O H O2
7

2 2 2+ +  → Fe SO H2
4
22 2+ − ++ +  (11.1)

The resulting Fe2+ can further oxidize to ferric iron (Fe3+, Equation 11.2):

 2 2 1
4 2Fe O H+ ++ +  → Fe H O3 1

2 2
+ +  (11.2)

Ferric iron can undergo two processes. It can either be hydrolyzed to ferric hydroxide, 
Fe(OH)3, increasing the proton acidity (Equation 11.3), or directly attack pyrite as a cata-
lyst, facilitating generation of more Fe2+, SO4

2−, and acidity (Equation 11.4).

 Fe3+ + 3 H2O → Fe(OH)3 + 3 H+ (11.3)

 FeS Fe H O2
3

214 8+ ++
 → 15 2 162

4
2Fe SO H+ − ++ +  (11.4)

The steps in the AMD formation process occur sequentially and interdependently [23, 24]. 
Therefore, generation of AMD can be inhibited by slowing or halting any of these constituent 
processes. The rate of pyrite oxidation depends mostly on the physicochemical properties of 
the minerals and conditions in the milieu. The rate can be influenced by the reactive surface 
area of pyrite, oxygen availability, pH, catalytic agents, flushing frequencies, and the presence 
of Fe-oxidizing bacteria (FeOB). Usually, the oxidation of Fe2+ to Fe3+ (Equation 11.2) is the 
rate-limiting pyrite oxidation step because the conversion of ferrous iron to ferric iron is slow 
below pH 5 under abiotic conditions [23, 25]. In presence of FeOB, mostly Acidithiobacillus 
sp., the oxidation of Fe2+ to Fe3+ can be greatly accelerate the reaction.

11.2.4.2 Alkali Mine Drainage

When the mine bedrock contains little iron sulfide minerals, the originating mine water can 
be neutralized by local alkalinity or proton buffering capacity. The resulting discharge has 
a pH of 5.6 or above and is known as circum neutral or Alkaline Mine Drainage (NAMD). 
Dissolved carbonaceous compounds, existing as hydrogencarbonate ( )HCO3

−  or carbonate 
( )CO3

2−  in solution, are the principal sources of alkalinity in mine water. For this reason, 
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NAMD is said to originate from a reaction of acidic mine drainage with calcite (CaCO3) 
and other carbonate minerals. This explains why NAMD formation is associated with the 
presence of calcite or dolomite in the bedrock of the mine. However, the alkalinity or pro-
ton buffering capacity is attributable to the local presence of a wide range of anions includ-
ing OH−, CO3

2−, Si4
4−, BO3

3−, PO4
3−, NH3, and organic ligands within the mine drainage [4, 27].

Consequently, the mine conditions that results in NAMD formation include any combi-
nation of relatively low concentrations of sulfide minerals, a deoxygenated but sulfide-rich 
environment, the presence of monosulfides, large grain-sizes that would slow the oxidation 
rate of pyrite, the presence of highly reducing or alkaline influent water, or naturally highly 
alkaline groundwater [26, 27]. A few geochemical reactions do contribute to the formation 
of NAMD. Some of the reactions include the oxidation of other sulfides, dissolution of 
host rock minerals, precipitation and dissolution of iron hydroxide and hydroxysulfate, co- 
precipitation and adsorption of dissolved metals, precipitation and dissolution of iron sul-
fate, gypsum precipitation and dissolution, and CO2 degassing [28]. NAMD is prone to 
contamination with divalent metal ions, like ferrous iron and manganese.

11.3 Potential Extractable Resources

11.3.1 Water Supply

11.3.1.1 Opportunities

Most mining activities take place below the water table. Consequently, water inflow into the 
mine system is inevitable, and the water has to be removed to allow working in the mine 
(Figures 11.1 and 11.2). In arid and semi-arid zones, mining operations can lower or some-
times deplete the underground aquifers if the recharging amount and rates are lower than the 
mine dewatering process. Once the mining activities stop, there is no longer a purpose to con-
tinue the dewatering process. Thus, the mine gradually floods until it overflows at the surface 
via a shaft, tunnel, or adit, forming underground water reservoirs or open pitlakes [9]. The 
efficiency of draining water from the rocks surrounding the mine depends upon the degree 
of joints and subsidence fractures in the rock that allow the movement of water into mines. 
The underground water reservoirs and pit lakes can be water sources for municipal, indus-
trial, agricultural, or domestic water supplies, especially in areas with acute water shortage but 
depending upon the water quantity and quality.

Generally, flooded mines can be a safe source of water because the mine can act as a res-
ervoir where the water is somewhat protected from contamination by humans and animals. 
Nevertheless, the requirements of the user play a role in what mine water quantity or quality 
is acceptable for extraction investment.

11.3.1.2 Applicable Extraction Methods

Extracting water from closed or abandoned mines is like any other water extraction process, 
which involves wells and pumps for underground water, or intake pumps for open pits. For 
shallow mines, water can be extracted using drainages driven by gravity through soughs or 
adits to where the water can be directly tapped into pipes ready for further treatment to meet 
the quality required for a specific use. In deep mines, pumping is usually required [29].
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11.3.1.3 Challenges

The major challenges of extracting water from abandoned mines are related to the water 
quality, quantity, and dynamics resulting from the cone of depression created by the pump-
ing. Changes in water quality may be dynamic and difficult to predict because the quality of 
mine water is influenced by the mine’s position within the groundwater flow system, miner-
alogy, and enclosing bedrock, the time elapsed since the mine got flooded, and flushing that 
may have taken place [30]. Furthermore, the water quantity from abandoned deep mines 
varies greatly, depending on many variables that control flooded volume and recharge rate.

Most mine water have high total dissolved solids (TDSs) due to high degree of mineral-
ization of groundwater facilitated by the relatively slow movement and increased residence 
times of the water in the distal ends of the groundwater flow system [31]. The challenges are 
exuberated further due to AMD generation when sulfur-containing minerals are exposed to 
air and oxidize. Further, there are other stability challenges including geochemical and hydro-
geological which may result from dynamics induced by flooding and pumping [32]. Thus, 
the method used to extract the water from the mines should be flexible and easily adaptable 
to the geochemical, hydrogeological, and geophysical changes that may take place in the pro-
cess of water extraction. There are a number of variables that control groundwater discharge 
from a mine. These variables include the surface area overlying the mine, the position of the 
mine within the groundwater system, and the structural geology of the site, which determines 
draining of groundwater into and from the mine. In arid and semi-arid zones, slow recharge 
rates and sometimes lack of recharge lead to losses in water storage in deep mines.

There is no one-fits-all strategy of mine water extraction. Therefore, extraction of mine 
water for any use should follow a thorough and informed study that would ascertain the 
safety of the water and hydrogeochemical and geophysical stability of the decommissioned 
mines. Consequently, the pre-extraction investments, in terms of studies and investigation, 
are quite exuberant and expensive as well as time consuming.

11.3.1.4 Counter Options
For a sustainable water extraction from closed or abandoned mines, water quality, and 
quantity should be analyzed for each potential mine source and should be continuously 
monitored and analyzed throughout the time of water withdrawal. This should be done to 
determine any potential changes in quality associated with induced mobility of otherwise 
slow-moving to stagnant water within a mine. Since water withdrawal creates voids and a 
hydrogeological gradient, the gas and oxygenated water ingress into the mines should be 
part of the monitoring process. Further, the voids created by the difference in water with-
draw and recharge would lead to change in the geophysical stability of the mines due to 
several factors including water inflow into the voids.

One important water-quality factor is the length of time after mine closure and subsequent 
flooding because natural maturing of the mine requires considerable long periods for flushing. 
Where the need for auxiliary water sources is urgent just after a mine closure, it is advisable 
to invest strongly into mine water treatment using either active or passive processes depend-
ing on the type of discharge. In addition, the mine water treatment process (Figure 11.5)  
can be augmented with more advanced water treatment methods such as ion-exchange, 
adsorption, bio-sorption, bio-precipitation, neutralization, coagulation, and precipitation. 
The extent of application of most of the methods is largely an economic-benefit issue.
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11.3.2 Thermal Resource

11.3.2.1 Opportunities

Basically, the heating of water occurs due to a natural process called the geothermal gra-
dient. As a result, extraction of geothermal energy to provide heating and cooling or to 
generate electricity is well established [30, 34]. A number of technologies for extracting the 
geothermal energy already exist, which may involve, among others, exploiting heat directly 
via drilled wells or buried “ground collectors” from pumped groundwater or from surface 
water bodies such as lakes [33]. In all these technologies, the initial capital investment for 
establishing geothermal energy infrastructure is usually very high beyond the cost-benefit 
value, especially in areas farther away from the “ring of fire”. On the other hand, much of the 
work required in establishing geothermal infrastructures is done in mines to facilitate the 
mining operation, which are left behind when the mines close or are abandoned and may be 
an advantage for geothermal energy extraction. Such infrastructure includes major struc-
tures that penetrate the subsurface are constructed in open pits and underground road-
ways and borehole wells for mine dewatering operations. Consequently, the mine water 
discharges can be a “green” renewable energy asset.

Geothermal energy can be used in two ways: (a) for electricity generation and (b) for 
direct heating (non-electrical) applications [34]. Rarely, the temperatures of mine water 
exceed 85 °C, which is required for generating electricity in binary power plants. Thus, 
mine water is suitable for lower-enthalpy geothermal systems, involving temperatures that 
are either tepid (i.e., 11.5–13.5 °C) or warm (13.5–25.0 °C) for direct cooling or heating pur-
poses. Nevertheless, the decision to exploit geothermal energy, whether heating or cooling, 
in closed mines depends on the heat energy potential (H) of the mine water. To extract the 
geothermal energy, the mine water should flow and transfer its heat to the heat exchanger, 
leading to a reduction in the water temperature by ΔT  [35, 36]. Conversely, if cooling is to 
be provided, heat must be added to the flowing water, and the temperature of the water will 
be increased by ΔT. Consequently, the heat energy that can be extracted from a stream of 
flowing mine water is [35, 36]:

 H = Q × ∆T × ρw × cw (11.5)
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Air
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Settling Tank

Sludge dewatering

Sludge

Treated water
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Figure 11.5 Generalized mine water treatment process.
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where Q is mine water flow in L s−1, ΔT is temperature change at heat exchanger in °C, ρw is 
density (kg L−1), and cw is specific heat capacity (J kg−1 K−1) of water.

When external energy input is required to extract the geothermal energy from the mine 
(e.g., a heat pump), the efficiency of operation of the heat pump, also known as coefficient 
of performance (COP), is considered. The COP depends on the relative input and output 
temperatures. Thus, the heat output from the system includes the heat associated with the 
motor driving the heat pump, which can be calculated using (Equation 11.6):

 H H

COP

heatpump
ewater=

− 





min

1 1
 (11.6)

When the system is used to provide cooling, this heat associated with the heat pump reduces 
the available cooling output that the heat output of the system becomes (Equation 11.7):

 H H

COP

heatpump
ewater=

+ 





min

1 1
 (11.7)

11.3.2.2 Applicable Extraction Methods

Since most mines are below the 80 °C area, the most application technologies are low- 
enthalpy geothermal systems. Conceptually, low enthalpy geothermal energy exploitation 
involves three interconnected elements, via pumps and heat exchangers in conjunction 
with either open or closed loops. For mine water, a few modes of operation for heat pump 
or exchange schemes have been adopted or proposed for different mining systems, depend-
ing on the mine water quality and heat quantity as well as place of use. The following are 
some of the modes in which heat is exchanged with mine water:

11.3.2.2.1 Open-Loop Systems With Disposal of Thermally Spent Water
This mode involves abstracting mine water from a flooded mine via a shaft or borehole, 
including decommission mine dewatering wells, and passed directly through a heat pump 
or a heat exchanger. After heat exchange, the mine water is rejected to a surface water reser-
voir [29]. Such schemes are suitable for abandoned or closed mines where the water quality 
is relatively good and where no treatment is necessary or where heat exchange takes place 
prior to mine water treatment. The mode can be applied in both abandoned underground 
and open pit mines (Figure 11.6a, b).

11.3.2.2.2 Open-Loop Systems With Reinjection of Thermally Spent Water
This mode is similar to the one above, except that after the heat exchange, the water is 
reinjected back into either the mine workings or a different aquifer unit (Figure 11.7). The 
advantage of this is that water resources are conserved while treatment and disposal costs 
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are avoided [30]. On the other hand, it requires drilling and maintenance of reinjection 
boreholes and runs the risk of thermal “feedback” if the connection between the abstraction 
and injection points is too direct [30].

11.3.2.2.3 Closed-Loop Systems
These systems involve submerging heat exchangers directly into the mine water, and a heat 
transfer fluid, circulating through the heat exchanger and back to a heat pump servicing a 
space heating or cooling demand (Figure 11.8). The heat extraction can take place either in 
the mine itself or within a mine water treatment lagoon after the mine water is pumped to 
the surface. No mine water is abstracted in closed-loop systems, so that most of the issues 
relating to the mine water chemistry and treatment are avoided. Replenishment of heat to 
the heat exchanger takes place by conduction, natural advection, and thermal convection of 
water in the mine void, which can affect the heat extraction capacity [29].

11.3.2.2.4 Standing Column Systems
This technique involves abstraction of water from a specific depth in a mine shaft. This 
abstracted water is passed through a heat exchanger, before the water is returned to the same 
shaft at a different depth and different temperature. Sometimes, a fraction of the water after 
heat extraction is not returned into the shaft but disposed of at surface. Thus, depending on 
the fraction disposed on the surface, the system can be either closed- or open-loop systems. 
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Figure 11.6 Open loop with disposal of water to surface recipient: (a) underground mines; and (b) open pit 
mines. Modified from Preene and Younger [33] and Banks et al. [29].
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Figure 11.7 Open loop with (a) reinjection into underground mines; and (b) return into the pit lake. 
Modified from Preene and Younger [33] and Banks et al. [29].
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Due to returning of cooler water back into the shaft, sustainable heat yield is rather limited, 
dependent on the availability of natural water advection to replenish the system thermally.

11.3.2.3 Challenges

The general challenges of extracting heat from abandoned mines are related to four issues, 
namely: (a) sustainable rates of geothermal heat extraction of an underground reservoir; 
(b) ocher clogging of pumps, heat exchangers, pipelines, and reinjection wells; (c) pres-
ence of long-term and stable demand; and (d) the proximity of the geothermal sources to 
the potential energy consumers. Like any other geothermal heat extraction, the total heat 
resource from the mine water reservoir is the available quantity of heat, which results from 
natural heat inputs and outputs to the reservoir.

The temperature stability in the geothermal energy reservoir is influenced by inputs and 
output of energy from sources like solar energy heating the ground, geothermal flux (i.e., 
for every 100 m depth into the ground), the temperature increases by 3 °C and groundwater 
flow, which may transfer heat between aquifers as well as strata. Thus, one of the challenges 
to the geothermal use of mine water is to design the best configuration and the rate at which 
the heat is extracted or added to a reservoir by the geothermal system [37]. If the geother-
mal system adds or removes heat at a greater rate than the natural replenishment, the res-
ervoir temperature can change substantially. This can lead to an unstable or fluctuating heat 
source or may cause the reservoir temperature to cross a cut-off temperature beyond which 
the geothermal system fails to function efficiently [37, 38].

11.3.2.4 Counter Options

Among the outstanding issues of geothermal energy extraction are the alteration of water 
temperature of the mine pool due to, intra alia, heat extraction or rejection, and nucleation, 
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Figure 11.8 Closed loop with (a) heat exchangers place direct into the underground mines and (b) heat 
exchangers place in the pit lake; and (c) closed loop in surface mine water treatment pond. Modified from 
Preene and Younger [33] and Banks et al. [29].
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and aggregation of ocher leading to fouling of heat exchangers and pipes. Ocher is the corro-
sion due to the precipitation of Fe3+-oxides after oxidation of Fe2+. In case of fouling problems, 
caused by raw unaerated mine water (Table 11.2), the addition of reducing agents helps to hin-
der the oxidation and precipitation of ferric iron and manganese. This entails that effort should 
be made to avoid the iron-rich mine water getting into contact with atmospheric oxygen or 
other oxidizing agents, such that the iron remains in its soluble ferrous (Fe2+) form. The best 
strategy in this case is using a closed-loop configuration in which the circulating heat transfer 
fluid, based on a solution of glycol, is passed through the heat exchanger instead of mine water. 
Otherwise, reducing agents like sodium bisulfite (NaHSO3) and sodium dithionite (Na2S2O4) 
should be added to keep the iron dissolved, just before the water flows into the heat exchanger.

When deciding the construction of geothermal systems, it should be born in mind that 
the ultimate amount of extractable heat from the system is dictated by the quantity of mine 
water that can be pumped or discharged and the temperature gradient that can be achieved 
across a heat exchanger [29, 33].

11.3.3 Electricity Generation Prospects

11.3.3.1 Opportunities

Mines, whether open or underground, intercept the piezometric level, which results into 
either partial or a total flooding of the mine voids and pits after mine closure. To avoid 
potential contamination resulting from uncontrolled migration of polluted mine water, large 
volumes of excess water are pumped from flooded mines and treated before release into the 
environment, becoming an important post mining remediation cost. These large volumes of 
water can be used as hydroelectric source (Figure 11.9), which is a relatively underinvesti-
gated potential, in which there are two considered prospects for generating electric energy.

Thus, closed or abandoned mines could be a potential hydroelectric storage reservoir. A 
pumped hydroelectric energy storage is a commercial utility-scale technology currently used 
in many locations world-wide, where periods with excess electricity production exist during 
low demand times [39]. As a result, the excess electricity is used to pump water from a lower 
reservoir into a reservoir at a higher elevation. When need for electricity arises, the water is 
released back to the lower reservoir via a hydroelectric turbine to generate electricity. Thus, 
this technology can be the backbone of a reliable renewable electricity system by supporting 
bulk electricity storage for intermittent renewable energy, especially solar and wind energy.

Usually, after treatment, the mine water is left to flow with gravity to the receiving water 
bodies. This has potential for direct gravity hydroelectric generation as well as hydroelectric 
gravity dams. In a hydroelectric dam, whose reservoir is usually at higher elevation, elec-
tricity is generated when water flows downward due to gravity through a narrow tube—a 
penstock—and turns the blades of the turbine. Thus, the treated mine water can feed into 
a hydroelectric dam and provide a constant source of uninterrupted power, so long as the 
mine water treatment takes place.

11.3.3.2 Applicable Extraction Methods

A hydroelectric power system converts potential energy of water from a high elevation 
to kinetic energy as the water flows and drives a turbine and generator. Thus, the power 
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capacity of a hydroelectric station depends on the volume of water and the elevation dif-
ference between the upper and lower reservoir, called the water head. Further, the gradient 
of the penstock (i.e., the pipe) delivering water from the reservoir to the turbine is laid to 
contribute to the actual power output. Assuming that the penstock is gradient, the electric 
power production at a hydroelectric station is approximated using Equation 11.8:

 P m h V g h= − =δ δ ρ( ) (( ) )

∆ ∆  (11.8)

where P is power (W), δ is the coefficient of efficiency, ρ is the density of water (≈1000 kg/m3), 
V  is the volumetric flow rate (m3/s), m is the mass flow rate (kg/s), ∆h is the change in height 

(m), and g is acceleration due to gravity.
This principle of hydroelectric power generation is adapted to produce electric energy in 

abandoned mines using two main methods, namely:

11.3.3.2.1 Pumped-Hydrostorage Technique
The pumped-hydrostorage technique is not an energy source per se but an energy storage 
method, with potential application in balancing and integration of variable and unpredict-
able renewable energy, especially wind and solar [34, 40]. When wind or solar is unpredict-
ably high and produces electricity higher than the demand, the excess electric energy can 

Lower reservoir

Powerhouse

Aeration
Cable

Pumping Generation

Upper reservoir

Figure 11.9 Underground pump storage hydropower system applicable in both abandoned underground and 
open mines (modified from University of Colorado at Boulder).



332 Recovery of Byproducts from Acid Mine Drainage Treatment

be used to pump mine water into a higher reservoir, which can later be released through a 
turbine to supplement the production from the renewable source.

Mine pools in in pit lakes and underground voids in abandoned mines are a unique 
potential as reservoir options. Conceptually, open pit lakes are used as the upper or lower 
reservoir depending on the mine structure, as follows:

i. Open pit lakes used as the upper reservoir: This approach combines two dif-
ferent unconventional reservoirs, namely, the open pit lakes as the upper res-
ervoir and the underground voids as the lower reservoir.

ii. Open pit lakes used as the lower reservoir: The mine water from a lower pit 
lake may be pumped to an upper constructed or neighboring higher pit lake 
and released back when required to generate energy. Sometimes, it may involve 
diverted and gravity-feed water from an upper-ground source into a powerhouse 
located above the lake level, where it would pass through the pump-turbine.

The geometry of mine voids could be good sub-surface reservoirs. This is a type of an under-
ground pumped storage hydropower system (UPSH) [41]. The application opportunities of these 
underground mine structures for pumped-hydrostorage technique may include the following:

i. Surface to underground reservoirs: This type of underground pumped stor-
age uses an abandoned mine and quarry for both the upper and lower reser-
voir. Water from an aboveground source is diverted and gravity-fed into an 
underground powerhouse, passing through the pump-turbine, thereby gen-
erating power. The water is then temporarily stored in the abandoned mine 
voids until there is excess electric energy production by either wind or solar 
to be pumped back to the upper reservoir.

ii. Underground to underground reservoirs: This method is employed where 
both upper and lower reservoirs are below ground, obviously at different 
elevations. This is particularly applied where the underground mining was 
done in deposits, at different seams of different elevations. Basically, a shaft 
connects the two reservoirs, where in most cases the lower reservoir has high 
capacity. Water is let drop down the shaft flow into a powerhouse containing 
pump-turbines before being stored in underground voids, and being pumped 
up using excel renewable energy, or low-cost off-peak power.

iii. In-ground closed-loop system: This a novel and innovative technology 
developed by Gravity Power, LLC (USA), using underground structures like 
abandoned mine shafts for a grid-scale electricity storage system. Briefly, the 
technology is similar to the pumped storage, except that a large and heavy 
piston suspended in a sealed shaft, which is fitted with a side-loop return pipe 
that passes through the turbine (Figure 11.10). When the piston is let to drop, 
it pushes water down the storage shaft. The water escapes up via the return 
pipe and spins the generator turbine, before filling the part of the same shaft 
but above the piston. To store energy for instance, excess solar or wind energy 
is used to pump the water in reverse, down the return pipe and up into the 
shaft to lift the piston to a higher position. None of their announced projects 
has been able to show the viability of the method so far.
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11.3.3.2.2 Post Mine Water-Treatment Hydroelectricity Technique
The common practice in mine site remediation is to treat AMD in either passive or active 
treatment plants to prevent pollution of the receiving environment. Once the mine water 
is treated to ambient quality, it is released into receiving water bodies. In most cases, high 
volumes of water are treated and released daily, and the treatment activity can take years 
to centuries. Thus, there is an assurance of constant water flow from the treatment facility. 
Instead of just releasing the treated mine water, the water can be tapped for hydroelectric 
generation, as the water flows to the water bodies. There are many ways of harnessing the 
kinetic energy of the treated mine for hydroelectricity, but two potential examples are pre-
sented and summarized in Figure 11.11:

i. Run-of-the-treatment effluent stream hydroelectricity: Hydroelectric sta-
tions are planted using only the treated water, directly coming from a mine 
water treatment plant for generation of electricity at that moment, and any 
oversupply pass unused. This requires a constant supply of water from an 
abandoned mine, which is an important determining factor to use a site for 
this hydroelectric generation. Electricity is generated when water from the 
effluent stream is gravity fed through the penstock to spin the turbine; and

ii. Conventional (dams) hydroelectricity: This approach is slightly different 
from the above, that the treated mine water is led into a small reservoir. The 
reservoir can be constructed as a mini hydroelectric dam on the mine treat-
ment effluent stream with a relatively high volume of water. Electricity is gen-
erated by forcing the water by gravity through a penstock. The conventional 
hydroelectricity can provide a constant source of uninterrupted power, as 
long as the mine water treatment continues.

Piston Control Station

Pump

Recharging

Powerhouse

Generation �ow

Sealed Shaft

Figure 11.10 An in ground closed loop technique of generating electricity using abandoned underground 
mine shaft, a technology developed and potentially commercialized by Gravity Power, LLC (Developed and 
modified after concept by Gravity Power, LLC [42]).
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11.3.3.3 Challenges

Implementation of hydroelectric generation from mine water or abandoned mines is chal-
lenged from economic, geotechnical, and geochemical perspectives, among others, except 
in a post mine water treatment plant. The use of mine water hydroelectricity is mainly for 
energy storage and not energy source. Therefore, it is only applicable where there is need 
to store either excess energy at low demand or unpredictable renewable sources like solar 
or wind.

One relevant technical aspect in pumped-hydrostorage technique using existing mine 
infrastructure is related to the storage structure for the lower reservoir. The construction of 
an underground storage reservoir is technically feasible, but it heavily depends on availabil-
ity of competent rock, especially at reservoir depths [43]. Technically, using mine shafts and 
tunnels for lower reservoirs in the underground pumped-hydrostorage system can affect 
the mine stability, the same way water inrush can threaten the mine. As a result, there is 
always need for re-enforcement of the tunnel or shaft walls and pillars or extract new cav-
ities. However, the extraction of large cavities is as technically demanding and financially 
expensive as the construction of a new mine, which seems not worth the effort and invest-
ment or reasonable [42].

In underground pumped-hydrostorage systems, the plants interact with the surrounding 
porous medium through exchanges of groundwater. This a common challenge for consider-
ation because the exchanges may affect the surrounding aquifers, affecting the head differ-
ence between the reservoirs and thus influencing the efficiency of the pumps and turbines. 
This can also affect the geotechnical stability of the mines. As a natural physical process, 
the lower reservoir is connected to a ventilation for smooth flow of water. Consequently, 
the mine water is constantly supplied with oxygen rich air which eases the development of 
AMD in the underground mine pool. Thus, with time, the AMD becomes an issue that may 
threaten the life of the pumped-hydrostorage system including pipes, turbines and pumps.

For post-mine water treatment, the major challenge is to find the best terrane with a 
good gradient to supply enough gravity generated water. Further, techno-economic and 
environmental issue can be limitation, especially where a reservoir involving dam construc-
tion is involved.

Post-treated
mine water

Post-treatment pond as forebay

Powerhouse
Head

Figure 11.11 A conventional hydroelectricity system adapted for use post-treated mine water to generate 
electricity before discharging in to receiving water bodies.
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11.3.3.4 Counter Options

For the pumped-hydrostorage system using the mine structure, it is important to under-
stand the groundwater exchange with the surrounding porous medium in designing the 
system, because each site has its own specific complexity. Generally, systems development in 
high groundwater exchange has high-energy generation efficiency. Thus, the system is most 
efficient when the underground reservoirs are located in a transmissive porous medium, 
allowing free groundwater exchange [39]. Further, the knowledge of the mine water geo-
chemistry should always be determined and monitoring through the implementation of the 
hydroelectric system. The main criteria for the use of mine water and abandoned mines for 
energy storage or production should consider both the economic benefits and the environ-
mental impact. Further, it is advisable to indulge into such a project only when there is a 
necessity to store excess or renewable energy.

11.3.4 Mineral Resource Extraction

11.3.4.1 Opportunities

The growing need for low-cost resources, the increasingly environmental consciousness and 
stringent regulation for opening new mines, as well as the search for new economy bases for 
rejuvenating ghost town created by closure of mining activities has led a fresh consideration 
of mine water for mineral resource recovery and production [44, 45]. Ironically, most of 
these dying ghost towns have a huge burden of mine water remediation. Thus, the approach 
to resource recovery from mine water can be part of a larger water treatment remediation 
strategy. However, recovering resources from mine water is not a new phenomenon—it has 
been there for a long time.

As mentioned before, the earth is the source of all chemical elements, extracted through 
either mining or farming. It has also been repeated that deposits of sulfide minerals, such 
as pyrite (FeS2), are a substantial part in the earth’s crust and they are associated with most 
mining operations, including petroleum. By virtue of their deposition in deep earth, they 
are shielded from the atmospheric conditions. However, mining and excavation exposed 
these minerals to atmospheric conditions rich in oxygen and water, oxidizing to form either 
metal-rich solutions of sulfuric acid, or secondary acidic metal sulfate minerals like jarosite 
(K,Na,H)FeIII

3(OH)6(SO4)2, melanterite (FeSO4•7H2O), römerite (FeIIFeIII
2(SO4)4•14H2O), 

or copiapite (FeIIFeIII
4(SO4)6(OH)2•20H2O) [44, 46].

Thus, the flooded abandoned mines typically contain water rich in dissolved metals, sul-
fate and can be acidic. Obviously, economic value base metals or rare earth elements may 
be recovered from the mine water, such as Fe, Al, Cu, Pb, Zn, Mg, Mn, Ca, and Cd, high 
concentrations of SO4

2− and rare earth elements like lanthanides plus scandium and yttrium, 
just to mention a few. Generally, mine water from abandoned coal mines is rich in rare 
earth elements because coal contains humic acids, which chelate metals and rare earths. 
Over time, humic acids tend to naturally degrade, resulting in drop of their concentration 
in coal and releasing the rare earth elements, which eventually get incorporated into alumi-
nosilicate clays [44, 47]. Typically, metal concentrations for most mine water from precious 
metal mines occur in decreasing concentrations in the order Fe > Al > Zn, Cu > Cd > Pb. 
Therefore, Fe and Al dominate in the schemes of resource recovery from mine water.
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The overall reaction of oxidizing (di-)sulfide minerals forming AMD has been presented in 
admittedly simplified form in Equation 11.1. The acid produced in the reaction may be neu-
tralized by reaction with carbonate or silicate minerals, if the host rocks contains iron-bearing 
carbonates such as siderite (FeCO3) and ankerite (Ca(Fe,Mg,Mn)(CO3)2) [44, 46, 47]. The 
neutralization reaction is presented in Equation 11.9:

 2 4 4 4 2 4 42
4
2

3
2

4
2 2Fe SO H CaCO Fe SO Ca+ − + + − ++ + + + + +(aq)  44 3HCO  (11.9)

Thus, many neutralized mine waters are relatively rich in base cations and hydrogen-
carbonate alkalinity. Neutralization reactions can release yet more ferrous iron to solution.

11.3.4.2 Applicable Extraction Methods

Methods for extracting valuable elements from mine water follow into two main broad cat-
egories, namely: chemical and biological. Though the methods are not only applicable to 
metal extraction, the processes can be thought of as a form of hydrometallurgy. Chemical 
extraction methods stand for some of the more attractive options for resource recovery from 
mine water. The techniques used in chemical extraction methods can be subdivided into 
pure chemical, physicochemical, and electrochemical (Table 11.3) [43, 45, 48, 49] and the 
biological methods (Table 11.4) may further be divided into microbiological and phytomin-
ing techniques [50]. Most of the techniques in the table can be combined, used as stand-alone 
but also in combination with other microbiological methods as well as chemical methods.

11.3.5 Re-Mining Mine Water Treatment Sludge

11.3.5.1 Opportunities

One of the major inevitable activities in mine site remediation is the treatment of mine 
drainages. Mine water treatment systems fall into two categories: (a) Active treatment sys-
tems involve application of treatment chemicals (for neutralization and flocculation) to 
remove iron from the water and use of pumps and other energy-consuming equipment 
and (v) Passive technologies, in strict sense, harnessing natural processes, with little human 
intervention, to treat mine water. In most cases, passive treatment systems use a combina-
tion of natural materials, geophysical, and geochemical processes and biotic processes and 
use a gravity-fed water flow system [53]. A typical design of a passive treatment system 
allows the mine water to flow down an elevated cascade—for maximum aeration to oxidize 
Fe2+ to Fe3+—into settling ponds, designed to collect precipitating iron and other contam-
inants. The settling pond has water residence times designed based on the sedimentation 
rate of the precipitates. Then, the water flows into a constructed wetland where treatment 
continues through natural chemical reactions and biological processes [52, 53].

An unavoidable consequence of mine drainage treatment is the production of large 
amounts of metal-rich sludge. Apart from iron, the sludge is also laden with various metals 
like Mg, Mn, Ca, and Al. Consequently, management and disposal of the sludge becomes an 
environmental and economic burden of the operation in both active and passive treatment 
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systems. These burdens can be lessened or eliminated by extracting potentially marketable 
components of the sludge, particularly iron oxide constituents for a variety of industrial and 
manufacturing applications. Further, with a few modifications, the active treatment system 
can simultaneously be used for treatment of water and synthesis of commercially valuable 
Fe-hydroxides, gypsum, and limestone.

11.3.5.1.1 Iron Oxide From Sludge
On average, iron oxide makes up about 60% of sludge from the mine water treatment pro-
cess. Iron oxide has potential application such as in iron and steel manufacturing, many 
alloys production, in metallic jewellery and lenses polishing, in cosmetics, in pigment, in 
magnetic storage and recording media, in photocatalysis, and in medicine. It is used during 
copper mining for the extraction and purification of copper. Furthermore, the physical and 
chemical characteristics of the sludge facilitate their use as soil amendments or cementing 
agents. As a result, the demand for iron oxides has been ever increasing. Thus, mine water 
treatment sludge could prove a good resource.

11.3.5.1.2 Gypsum and Limestone Synthesis
AMD sulfate laden and pH neutralization of mine water in treatment systems are mostly 
done though addition of lime (CaO). If right thermodynamic conditions would prevail, 
CaO can transform to anhydrite (CaSO4), which turns into gypsum (CaSO4•2H2O) in 
water. Therefore, mine water treatment processes can be easily modified to produce gyp-
sum. Gypsum is used in manufacturing of wallboard, cement, plaster of Paris, soil condi-
tioning, a hardening retarder in Portland cement. It has also many applications in art and 
pottery and in medicine as casts for broken bones or as dental moulds for making artificial 
teeth. Its many other uses include the “paste” part of toothpaste, modern chalk used in 
classrooms, and as filler for paper and paints.

11.3.5.2 Applicable Extraction Methods

11.3.5.2.1 Iron Oxide From Sludge
The iron exists in one of two oxidation states, either ferrous having a +2 charge soluble in 
water at any pH, or ferric having a +3 charge, soluble at a pH less of than about 3.5 and 
precipitates if the pH is higher than 3.5, forming an orange/yellow compound called yellow 
boy. Since mine water can have high acidity, it may appear crystal clear, just because both 
ferrous and ferric iron are completely dissolved. Thus, the principal treatment strategy for 
mine water is neutralizing the acidity by adding alkalinity and, virtually, has all the iron 
in the ferric state vis increasing oxygen availability in the water for all ferrous to become 
ferric iron. This leads to the formation of mostly ferric (oxy)hydroxide (yellow boy), which 
eventually separates from the water into sludge and naturally sinks. Sludge has usually low 
density.

During the process, ferric iron may co-precipitate with other elements. The mine water 
sludge is commonly known as ocher, due to an orange to red coloration imparted by the ferric 
hydroxide, and is a mixture of hydrated iron oxides, ranging from amorphous ferric hydrox-
ide (Fe(OH)3), ferrihydrite (metastable nanocrystalline Fe2O3•(H2O)n, where n = 1.8 – 0.5), 
goethite (FeOOH) to haematite (Fe2O3) [29, 54].
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The salient chemical reactions involved are mainly two: one that describes the reaction in 
which ferrous iron is converted to ferric iron (Equation 11.10); and the other that describes 
the actual hydrolysis and precipitation of ferric hydroxide (Equation 11.11).

 4 Fe2+(aq) + O2(g) + 4 H+ (aq) → 4 Fe3+ (aq) + 2 H2O (l) (11.10)

 4 Fe3+(aq) + 12 H2O(l) → 4 Fe (OH)3 (s) + 12 H+ (aq) (11.11)

For extraction for economic use, high density sludge is needed. Hence, the process is 
enhanced by mixing the sludge with the lime slurry, which alters the physical structure of 
the sludge particles, resulting in larger and more rounded and smooth particles. The parti-
cles are hydrophobic and tend to attract metals or metallic compounds while repel water. As 
a result, they are denser and drain more readily to achieve high solids content.

11.3.5.2.2 Gypsum and Limestone Synthesis
In a classical active treatment system, the first step is usually to raise the mine water pH 
though addition of lime (CaO), in conjunction with aeration and clarification. Magnesite 
(MgCO3) equally neutralizes and removes metals from the mine water, due to the interac-
tion of magnesite with sulfate species available in the mine water lead to the precipitation 
of metals as hydroxides [55]. From the process, magnesium is freed and forms complexes 
of MgSO4 on contact with sulfate rich mine water. When CaO is simultaneously added, 
interaction of CaO and MgSO4 leads to the formation of gypsum (CaSO4•2H2O). In brief, 
the reactions involved in the process are:

 CaO + H2O → Ca (OH)2  (11.12)

 MgSO4 + Ca(OH)2 + H2O → Mg(OH)2 + CaSO4 • 2 H2O (11.13)

At this point, bubbling the magnesite-lime treated water with CO2 leads to synthesis of 
limestone because the residual Ca in reactions 11.12 and 11.13 reacts further with CO2, and 
also stabilizes the pH, as shown in Equation 11.14.

 CO2 + Ca+ + H2O → CaCO3 + 2 H+ (11.14)

The reaction above is a simplification of the process because CO2 dissolves in water, 
forming carbonic acid (i.e., H2CO3)—the protons (2H+) and initially hydrogencarbonate 
(HCO3

– ions. The hydrogencarbonate ions donate protons and generate a carbonate ion. 
This process can be used as a double sided sword for gypsum manufacturing and seques-
tration of carbon dioxide.

11.3.5.3 Challenges

The market value of an iron oxide product is largely determined by its purity (i.e., FeOOH, 
Fe2O3, or Fe3O4 content), the presence of metal contaminants and the particle size [52]. 
Unfortunately, iron oxides extracted from mine sludge are extremely inconsistent in size and 
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have a high number of other metals that it requires a lot of purification to compete with iron 
oxide obtained from direct ore mining, synthetic, and even by products from steel manu-
facturing. Iron oxides from direct mining are present as goethite, hematite, and magnetite 
deposits. Synthetic iron oxides are produced from oxidized and neutralized ferrous sulfate 
solutions. They are usually of high quality, pure, and it is easy to manipulate their grain size 
according to market requirements. This makes them the most valuable on the market.

Similarly, breaking into the market with gypsum synthesized from mine water is severely 
challenged by massive gypsum deposits in the world. Quality is usually not an issue, because 
no gypsum deposits are 100% pure. They are usually found with deposits of a combination of 
limestone, sand, shale, anhydrite and sometimes rock salt. To be a commercial deposit, gypsum 
content should be at least 75%, which the gypsum synthesized from the mine water surpasses.

11.3.5.4 Counter Options

Despite the challenges faced with mining of iron oxides from mine water treatment sludge, 
extraction iron oxide and development of products that do not require high purity still has 
very high potential of commercialization. The strategy would be changing the iron oxides 
into forms and quality required by target industries or application. Therefore, the quality 
and content of the sludge as well as the chemical, physical, and mechanical properties of the 
sludge should be known before the extraction starts. This helps to target the specifics of the 
iron oxides demanding industries and to decide on the products to be made.

For example, the raw iron oxide recovered from mine water treatment sludge can be 
processed into value-added products such as fertilizer additive. It has become customary 
in most golf courses to apply 2% iron-containing fertiliser a few days before a tournament 
to obtain a deep green color in specific areas of the course. Since the sludge contains a very 
high percentage of ferric oxides, cheap procedures are required for reducing the Fe3+ to the 
soluble, labile, and mostly bioavailable form, Fe2+ species. In brief, there are many iron oxide 
products that can be produced from mine water treatment sludge extracts.

11.3.6 Mine Methane Gas Extraction

11.3.6.1 Opportunities

Mines gases, especially related to coal mining, are responsible for underground death and 
mine explosions. These mine gases are dominantly composed of methane, counting for 
about 50%, followed by almost equal amounts of nitrogen and carbon dioxide, and several 
low quantities of other gases (Table 11.5). Methane and carbon dioxide are a product of geo-
chemical transformation—carbonification—of organic substances that formed coal, start-
ing hundreds of million years ago. Therefore, methane dominates among gases entrapped 
and adsorbed in cracks, crevices, and pores within coal seams and adjoining rocks [56]. The 
methane gas is responsible for most explosions in underground coal mining. Thus, meth-
ane and other mine gases are extracted and vented out of the mine for the safety of miners. 
Further, methane gas can be released naturally from the ground into the atmosphere by 
diffuse migration through cracks, crevices, and pores of overlying rock [55–59]. After the 
closure of a coal mine, the mine gases continue being released due to cracks and crevices 
created in the ground by the mining activity.
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Methane is used primarily as fuel to make heat and electricity as well as to manufacture 
organic chemicals. The composition of mine gas is reasonably stable because the gases change 
very slowly due to very little oxygen, and the methane content ranges from 60–80% [61]. As a 
result, the composition of abandoned mine methane (AMM) gas has no technical difficulties 
for combustion in gas engines [61]. Thus, sealed abandoned mines offer an excellent oppor-
tunity for the production and extraction of high-quality methane. Further, recovery of AMM 
from abandoned coal mines for energy (thermal and electrical) production adds advantage 
of reducing atmospheric emissions of methane, a potent greenhouse gas.

11.3.6.2 Applicable Extraction Methods

11.3.6.2.1 Methane Drainage System
This method uses infrastructure from active mining to extract methane from underground 
coal workings, where the coal is extracted. When coal is removed, it leaves gobs, which usu-
ally fill with methane and other mine gases. Generally, extraction of AMM using the drain-
age system consists of a borehole detector, a wellbore, and a surface methane drainage system 
(Figure 11.12). In an abandoned mine, water influx from aquifers into the abandoned gobs 
is one of the most relevant problems, substantially affecting the gob methane flow to the 
wells. Thus, the borehole detector is used to detect aquifers above the abandoned gobs, so 
that they can be sealed before drilling begins, to avoid groundwater leakages, pouring into 
the bottom of the well. The surface well is used to drain the abandoned gob methane and is 
drilled through the topsoil overburden and enters the deep bedrock aquifers, into the gob.

The methane in the gobs is extracted using the negative pressure at the well bottom, 
which is created by vacuum pumping. Generally, wells located in the fractured zone near 
the caved zone are most effective for gob methane drainage because such locations are 
enriched by gob stress-relief methane [62–64]. The methane flow in abandoned mine gobs 
can be described by Darcy’s law [61]:

 u
k

Pp= ∇
µ

 (11.15)

Table 11.5 Generalized composition of most mine gas. 
Modified from Robinson [59] and Osunmakinde [60].

Fraction Composition 

Methane, CH4 50.0%

Carbon dioxide, CO2 24.0%

Nitrogen, N2 24.3%

Ethane, C2H6   1.0%

Propanol, C3H8   0.2%

Oxygen, O2   0.5%
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where u is the relative gas flow velocity between the fluid and the solid structure, μ is the 
dynamic viscosity of the fluid, ∇P is the pressure gradient that forces the fluid to flow 
through the porous media, and kp is the permeability. Under normal state, the volume of 
methane (Vg) in the gob is proportional to residual pore volume (φr) the pressure exerted by 
methane (p) in relation to the pressure at normal state (p0) and absolute temperature (T0). 
Their relationship is described by Mariotte’s law [62, 63]:

 V pT
p TZg

r= ϕ 0

0

 (11.16)

where T is the reservoir temperature and Z is the methane compressibility factor.

11.3.6.2.2 Hydraulic Fracturing (Fracking)
This technique of extracting AMM is similar in many aspects to the drainage system, except 
for injection of fluids into the underground to enhance gas flow. The fluids are water mixed 
with particulate material (mostly sand) and chemical additives. The injection pressure of 
the fluids creates fractures and while the particulate coarse material holds the fractures 
open and the water displaces the gas [65]. Traditional hydraulic fracturing is quite an effec-
tive method for the extraction of coalbed methane and can be similarly applied in the AMM 
extraction. However, gobs have specific issues related to the mining activity such as water 
pressure, resulting from halting of dewatering when the mine closes, sometimes, there are 
large volumes of fractures, requiring special sealing. Consequently, there are several tech-
nology innovations, mostly modifications to improve methane extraction using hydraulic 
fracturing being developed. One such innovation is the newly developed technology of 
pulse hydraulic fracturing, which involves exciting oscillation from pulsating water pres-
sure to weaken the rock strength. The gas pressure weakens the integrity of the coal seam, 
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Figure 11.12 Methane drainage from a methane rich zone in an unmined coal seam of gobs of closed mines.
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inducing micro-cracks generation, creating spots for facture formation even under a lower 
water pressure [66].

11.3.6.2.3 In Situ Gasification
Though not directly involving mine water, in situ gasification is applied when the gobs 
of the abandoned coal mines still contain a lot of un-mineable coal. The process involves 
drilling injection and production boreholes apart from each other into the coal despite 
remnants and the gob, respectively. Then, a permeable channel is created between two bore-
holes which enables a sufficient flow of gases [65, 66]. The injection borehole is used to feed 
the gas and oxygen mixture, while the production borehole is where the gas is captured and 
pumped to the surface for further processing. To initiate the gasification process, the coal is 
ignited to raise the coal temperature while the mixture of air/oxygen and steam are injected 
into the remnant deposits to gasify the coal (Figure 11.13) [67]. Generally, all types of coal 
can be gasified through this technique, although coal with lower ash content is preferable. 
The advantage of in situ gasification in abandoned mines is that there are minimal major 
issues of emissions of S, NOx, and Hg.

11.3.6.2.4 Underground Bio-Gasification
In circumstance that methane in constant quantities and pressure exists, the production 
can be augmented or stimulated biologically. Generally, methane is produced biologically 
through microbial activity, mostly living anaerobically and using coal as the electron donor 
carbon (i.e., energy source). The growth and activities of aboriginal microorganism in the 
abandoned mine can be stimulated by addition of nutrients. Another approach is to aug-
ment the activities to break down in situ coal into simpler compounds, methane by intro-
ducing microorganisms.
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Water table

Streaming of:
• Oxidizing gases
• Bio-stimulants

Direction of
gasi�cation
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Figure 11.13 Schematic illustration of in situ biogasification of coal in an abandoned coal mine.
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To carry out the process of in situ biogasification of coal in gobs, the system requires 
two boreholes via an injection and a production borehole through the cracked coal seam 
and in gob, respectively (Figure 11.14). The gasification takes place in the gob between the 
two boreholes, and the gas is collected through the production borehole. To stimulate or 
enhance the biogasification, nutrients or microorganisms as well as oxidizing agents are 
injected into the gob through the injection well. Most mine water establishes conditions 
for growth of aboriginal anaerobic microbe species, which are known to use coal as carbon 
source for respiration and produce methane as a by-product. The methane gas is captured 
in producing wells, pumped, processed, and compressed into tanks for further use.

11.3.6.3 Challenges

The major challenge with gas extraction in mines is mostly related to the age of the concept. 
Though some concerns are real, the concept of extracting gas from abandoned mines and 
mine water still sounds hypothetical to many. Consequently, there are a lot of myths that 
surround abandoned mine gas extraction, which has resulted in challenges to obtain social 
licence as well as obtaining authorization for the projects. Other challenges are directly 
related to specific techniques for extraction of the gas. For instance, there are generally pub-
lic concerns with hydraulic fracturing, especially about potential negative effects on drink-
ing water and other environmental damage. Further, in situ gasification in the abandoned 
mines has issues related to the nongaseous products of the gasification reaction, which can 
leach and contaminate groundwater. Other challenges are the possibility of developing sur-
face subsidence due to consumption of the coal in deep seed during gasification.
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Figure 11.14 Principle of underground coal biogasification using the gob of an abandoned coal mine as 
bioreactor.
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11.3.6.4 Counter Options

Principally, a solution to the challenges faced with extraction of methane from abandoned 
mines lies in further research to generate information, to help differentiate the real from 
hypothetical issues. Further research will help to develop mitigation of the risks related to 
the problems. Some literature suggests careful analysis of the geological setting and selec-
tive gasification of seam areas would help in reducing both subsidence and production of 
a chemical product that may leach into ground water [66]. Further, stability mentoring of 
geophysical and geochemical conditions during and after the gasification should be man-
datory to any in situ biogasification projects.

11.4 Conclusion

This chapter has examined a few examples of resource recovery from mine water, which can 
form part of a larger strategy for remediation and management of abandoned mine sites 
as well as rejuvenation of ghost post-mining towns, born out of loss of the main economic 
drive—the mining activity. Some of the potential resources and techniques discussed in 
the chapter are still at research levels, while others have already reached pilot stages as 
well as commercialization. There is very high potential in extracting a number of dissolved 
non-ferrous minerals from AMD, including some precious base metals and rare earth ele-
ments, depending on factors including site geology, hydrology, ore deposit composition, 
and mineralogy. Further, mine water can be a source of hydrogen and gypsum for energy 
as well as geothermal energy and natural gas. Recovery of these components of mine water 
adds an economic value, making mine water treatment a potential investment. Advances 
in resource recovery technology are pushing the extraction of these components of mine 
water close to reality. Like every innovation, however, there are several technical and socio- 
political challenges for this approach and its techniques to overcome to attain both full com-
mercialization and social licences. For example, there are challenges to separate the valuable 
components from each other in a manner that is efficient and economically practical, and to 
obtain resources of high quality and purity of industrial-standard. Nevertheless, it is highly 
optimistic that mine water, even AMD, may once fuel new economy growth for most ghost 
post-mine towns. Finally, decisions on extracting resources and the methods to use should 
be grounded on well informed knowledge of the types of mine water that might be met.

It would be impossible to adequately represent all types of mine water compositions as 
well as abandoned mines. Hence, a few generalizations as well as conditions that may apply 
universally have been made and discussed.
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discovery, 264
first industrial application, 265
identification, 264
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Humidity cell test, 3, 12–13
Hybrid system, 39, 40
HybridICE™ technology, 136
Hydraulic fracturing (fracking), 344–346
Hydraulic properties, 73, 75, 77, 90, 92
Hydroelectric dam, 330
Hydrometalurgy, 219, 225

In situ reactor, 132–133
Indicative cost analysis, 184
Infiltration zone, 26
In-fuel catalysis, 274–275

CeO2 nano particles, 274
combustion efficiency, 274
NOx reduction, 274

Integrated process – ROC process, 138
Ion exchange, 124, 250, 253–254, 256, 261
Iron oxide from sludge, 340

Jarosite, 73, 84–87, 91–93, 335
Juvenile acidity, 26, 36

Kinetic tests, 49, 50, 68–70
Kinetics, 73, 92
KNeW, 125–126
Knowledge-based systems, 37–38

Lasers, 298–302
applications, 301, 302
automotive fuel ignition, 299
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fibre lasers, 300
functioning, 298
Nd:YAG lasers, 298–300
optical pumping, 298
signal amplification, 301
stimulated emission, 298

Leachates, 73, 92, 319–321
Legislation, 101–202
Lime, 109–211, 235, 239, 242–245, 251–254, 256, 

259, 340
Limestone, 105–206, 239, 252–254, 340
Limestone handling and dosing system, 106
Long short-term memory (LSTM), 39
Low density sludge (LDS), 31
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Magnesite, 341
Magnetic properties, 270

magnetic anisotropy, 270
magnetic moment, 270
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spin-orbit coupling, 270

Magnetite, 176, 235, 252–253, 256, 261
Magnets and magnetic materials, 283–288
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Marcasite, 322
Mariotte’s law, 344
Melanterite, 335
Membrane technologies, 115, 198–202
Metalliferous solid waste (MSW), 3–6, 8–16

metalliferous tailing (MT), 4–12, 14–15
stockpiled metalliferous waste (SMW), 4–10, 
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Methane drainage system, 343–344
Mill water, 317
Mine, 3–9, 11–16

metalliferous mine, 3–4, 12, 15
Mine flooding, 25–26
Mine methane gas extraction, 342–347

applicable extraction methods, 343–345
challenges, 346
counter options, 347
in situ gasification, 345–346
opportunities, 342–343

Mine water and drainages, 316–323
mine water, 28–29, 31–36, 38–40, 316–317
mine water chemistry, 317
mine water drainage, 321–323

acid mine drainage, 321–322
alkaline mine drainage, 322–323

mine water sources, 317–321
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flooded underground mine pool, 318
leachates, 319–321
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Mineral resource extraction, 334–336
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Nanofiltration technologies, 117
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matrix stabilisation, 279

O’kiep, 3–16
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Open-pit mining, 318
Optical glass, 277–279
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decolorisation, 295, 296
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mechanical polishing, 277
molecular polishing, 278
optical properties, 296
polishing compounds, 278
radiation shielding, 295, 296
refraction, 296
rheological polishing, 278
spectroscopic applications, 297
spherical aberration, 297
UV absorption, 295
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Ore extraction, 319
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Oxidation rate, 55–57, 66
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Paques technology, 129–130
Particle size, 50, 51, 56, 57, 59, 60, 66
Passive treatment, 27–29, 32–34
Permeable reactive barriers, 133–135
pH, 24–28, 32, 39, 40, 163–185
Phosphors, 293–295

applications, 294
function, 293
luminescence, 294
structure, 293

Phreatic surface, 74, 76, 77, 82–83, 90
PHREEQC, 34, 162–163
Physical metallurgy, 276, 277

corrosion protection, 277
grain boundary passivation, 277
impurity removal, 276
inclusion modification, 276
micro-alloying, 277

Physico-chemical-microbiological properties of 
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Phytoremediation, 202
Pit lakes, 318–319, 332
Pore water, 73, 86, 88–93
Portland cement, 340
Potable water, see drinking water
Potentially toxic elements (PTE), 3–16
Preferential flow pathway, 75
Precipitation, 159–185, 222, 223, 224, 227, 228, 
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Prediction of AMD, 34, 36, 38
Prussian blue coloration, 178
Pumped-hydrostorage technique, 331–332
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Radionuclides, 320
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Raw materials, 220, 221, 222, 225
Reclamation, 75, 89
Reclamation of drinking water, 203
Recovery of saleable products or raw materials, 
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Recycling, 33, 223, 224

REE sources, 303–308, see also Rare earth 
elements

abundance, 303, 304
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Remediation, 27, 30, 34, 315, 316, 330, 333, 335, 
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Re-mining mine water treatment sludge, 336, 
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applicable extraction methods, 340–341
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counter options, 342
oppurtunities, 336, 340

Resources policy, 225, 226
Reverse osmosis (RO), 31, 115–217, 235, 240, 

242–243, 249–250, 255–258
Römerite, 335

SAVMIN, 111
Selective precipitation, 223, 228
Siderite, 336
Silicates, 54, 56, 65–67
Sludge, 222–225, 231

processing, 137
Sodium bisulfite, 330
Sodium dithionite, 330
Solid oxide fuel cells, 275

advantages, 276
mechanism of oxygen-ion transfer, 276
solid electrolytes, 275

South Africa, 24–27, 29, 32–33, 36, 39, 73, 74, 
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Spectroscopic properties, 270, 271
absorption spectra, 271, 297
f-f transitions, 271, 280, 297

Static geochemical tests, 3, 12–13, 49–51, 
58–60, 64, 67

Sulfate removal, 235, 239, 243, 249, 252, 256
Sulfide, 24–25, 35, 50, 52–56, 67, 68, 70, 73, 
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Sulfide-bearing minerals, 4, 321
Support vector machine (SVM), 38
Synthesis of valuable minerals, 204

Tailing storage facility (TSF), 4, 7–9, 11, 
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stockpiled overburden material (SOM), 
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Techniques for AMD treatment, 195
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Total dissolved slids (TDS), 29, 324

Underground bio-gasification, 345–346
Underground pumped storage hydropower 

system (UPSH), 332, 334
Uranium, 235, 237, 261

Vacuum pumping, 343
Valorization, 202, 223, 224
Value recovery, 33

Vestigial acidity, 26
Vibration shear enhanced process (VSEP), 
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VitaSOFT process, 131–132

Waste rock deposits, 74
Wastewater, 14
Water balance, 74, 77–78
Water chemistry, 183–184
Wavelet neural network (WNN), 38
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