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Preface

The mining industry has significantly contributed to the economic growth 
and prosperity of many nations. The industry provides enormous amounts 
of mineral products for both industrial and household consumption. Despite 
the criticality of the mining industry to national and global economic 
growth, the industry is associated with environmental challenges. One such  
challenge, which is one of the well-known harmful legacies of mining opera-
tions in many parts of the globe, is acid mine drainage (AMD). AMD is an 
environmental problem that has been studied extensively, and continues 
to receive considerable coverage in the media. AMD is basically the flow of 
acidic water polluted with metals and other substances from existing and 
old mining areas. It is considered as one of the main pollutants of surface 
and ground water in many countries that have historic or current mining 
activities and its potential impact on natural resources and human health 
has become increasingly evident. Indeed, AMD is one of the most serious 
and pervasive challenges facing the mining and minerals industry.

Whilst a wide range of technologies are available for preventing AMD 
generation and/or treating AMD before discharge into the environment, 
most of these technologies consider AMD as a nuisance that needs to be 
quickly disposed of after minimum required treatment. However, in the 
recent past, there has been an emerging paradigm shift towards environ-
mental responsibility and sustainable development. In fact, the recov-
ery of industrially useful materials and products from AMD is one of the 
emerging pragmatic approaches to mitigating the challenges associated 
with AMD.  Therefore, the main focus of this book is to bring together a 
number of studies in which novel methods have been developed for the 
recovery and utilisation of industrially useful materials from AMD. The 
book also discusses the contribution of mining activities and hydrological 
processes to AMD formation, and covers aspects of prediction, prevention 
and remediation processes. Furthermore, the book gives an overview of the 
legislation and policy framework governing AMD and its environmental 
and health impacts. This book also contains the basics of life-cycle assess-
ments including case studies of life-cycle assessments on AMD remediation 
technologies.

The book is divided into three parts. Part I is an introduction which 
covers mining and hydrological perspectives to AMD formation and dis-
semination, AMD prediction, the genesis and chemistry of AMD, legisla-
tion and policy frameworks governing the management of AMD, and its 
environmental and health impacts. Part II discusses AMD prevention and 
remediation processes. Some aspects of life-cycle assessments on AMD 
remediation technologies are also included. The reuse, recycle and recovery 
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of industrially useful materials from AMD, which is the main focus of this 
book, are addressed in Part III.

This book is a result of a highly engaged set of distinguished researchers 
from the academia and industry. Therefore, it is an invaluable reference for 
engineers and researchers in industry and academics on the current status 
and future trends of the contribution of mining activities and hydrological 
processes to AMD formation, prediction, prevention and remediation of 
AMD, as well as the recovery and utilisation of industrially useful materials 
from AMD.

To write a book with varsity knowledge as that contained in this book 
requires enormous contribution from various sources either directly or 
indirectly. As editors and authors we are indebted to many sources from 
a number of researchers that are listed in the references at the end of each 
chapter. The editors would like to thank the University of the Witwatersrand, 
Johannesburg, South Africa, for the conducive environment rendered dur-
ing the compilation of this book. Finally, we are grateful to CRC Press/Taylor 
& Francis Group who provided valuable guidance from the publisher’s 
perspective.
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Part I

Overview of Acid 
Mine Drainage

Acid mine drainage (AMD) is formed by a series of complex geo-chemical  
and microbial reactions that occur when water comes into contact with 
sulphur-containing minerals. This part of the book addresses, amongst 
others, the following aspects: mining and excavation operations including 
hydrological processes and their effects on the occurrence of AMD; the pre-
diction and occurrence of AMD; the chemistry of AMD generation; and the 
associated policies and legislation that have been created to regulate and 
manage AMD. The environmental and health impacts of AMD are also 
covered.
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1.1  Introduction

The mining industry plays a key role in the global economy through the pro-
vision of industrial raw materials, contribution to gross domestic product, and 
employment creation (Golev et al., 2016). Moreover, according to a World Bank 
report, minerals such as gold are estimated to have a multiplier factor of about 
1.7 to 1.8, indicating that for each mining job, the sector creates an additional 1.7 
to 1.8 jobs through expenditure effects and backward linkages (Chuhan-Pole 
et al., 2017). It must be noted, however, that the mine project cycle consists of 
several steps and activities, including: (1) prefeasibility studies, (2) exploration, 
(3) design and engineering, (4) construction, (5) extraction and processing, and 
(6) mine decommissioning and closure (Durucan et al., 2006). Without proper 
planning, these mining activities can cause significant adverse impacts on the 
biophysical environment. Specifically, mining activities may cause land degra-
dation via: (1) disruption of ecosystems and loss of biodiversity, (2) changes in 
surface and groundwater hydrology, and (3) environmental pollution, includ-
ing acid mine drainage (AMD) (Ochieng et al., 2010).

AMD is formed through the oxidation of sulphidic rock materials includ-
ing waste rock, mine tailings, and even in situ rocks exposed to water and 
oxygen during excavation and drilling operations (Pope et al., 2018; Wright 
et  al., 2018). Two pre-conditions are necessary for the formation of AMD: 
(1) sulphidic rock materials with acid-generating capacity exceeding acid-
neutralizing capacity, and (2) a combination of water and oxygen, which pro-
motes the oxidation process (Skousen et al., 2019; Campbell et al., 2020).

Unfortunately, AMD is a global environmental problem, which has been 
widely reported in several countries in nearly all continents. To date, AMD 
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has been reported in Africa (Fosso-Kankeu et al., 2017; Gwenzi et al., 2017; 
Ochieng et al., 2017; Mungazi and Gwenzi, 2019), Europe (Grande et al., 2018), 
North America (Campbell et al., 2020), South America (Galhardi and Bonotto, 
2016), Asia (Hao et al., 2017), and the Pacific/Oceania (Wright et al., 2018). At the 
moment, several cases of AMD problems exist in South Africa (Ochieng et al., 
2010), Zimbabwe (Gwenzi et al., 2017; Mungazi and Gwenzi, 2019), Australia 
(Wright et al., 2018), China (Hao et al., 2017), the United States (Campbell et al., 
2020), and Canada (Genty et al., 2016). In these case studies, AMD has been 
reported in both underground and surface mining operations, waste rock 
dumps, and mine tailings (Gwenzi et al., 2017; Ochieng et al., 2010; Mungazi 
and Gwenzi, 2019). Moreover, AMD has been detected in a wide range of 
mining operations, including coal, gold, and uranium mining, among others 
(Choudhury et al., 2017; Humphries et al., 2017; Casagrande et al., 2020).

The environmental, human and ecological health risks of AMD are well- 
documented (Liao et al., 2016;) and discussed in detail in Chapter 5. Some of 
the impacts of AMD include: (1) soil pollution, including that of agricultural 
soils used for food production (Liao et al., 2016; Fernández-Caliani et al., 2019), 
(2) surface and groundwater pollution (Ochieng et al., 2010; Wright et al., 2018), 
and (3) disruption of aquatic ecosystems and functions (Leppänen et al., 2017). 
For example, significant pollution of soils, surface water, and groundwater by 
AMD has been reported at Iron Duke Mine in Zimbabwe (Gwenzi et al., 2017; 
Mungazi and Gwenzi, 2019). In Zimbabwe, anecdotal evidence also indicates 
significant human health effects due to downstream contamination of drink-
ing water sources by AMD from underground coal mine workings dating 
back to the 1960s (Gwenzi et al., 2018b). This and several other studies show 
that AMD may have a long latent or lag time, between exposure to oxidative 
conditions and the manifestation of AMD (Kanda et al., 2017; Wright et al., 
2018). This is because AMD only manifests when the acid-generating capac-
ity exceeds the acid-neutralizing capacity derived from calcium and magne-
sium oxides and carbonates (Kanda et al., 2017).

The significant impacts of AMD and the challenges associated with its 
remediation once it occurs justify the need for AMD prevention during the 
whole mining project cycle. However, existing literature, including reviews 
on AMD, is dominated by studies on the formation, hydrochemistry, envi-
ronmental health impacts, and remediation and control using either passive 
or active methods (Buxton, 2018; Park et al., 2018; Skousen et al., 2019; Tabelin 
et  al., 2019). By comparison, limited attention has been paid to the role of 
mining activities including excavations, drilling, blasting, and metallurgical 
processes (e.g., comminution, pyrometallurgy, and hydrometallurgy) on the 
AMD generation. Similarly, a clear hydrological perspective on the genera-
tion, dissemination and control of AMD is largely missing.

Therefore, the main objective of this chapter is to discuss how min-
ing activities and hydrology contribute to AMD formation, dissemination 
and prevention. The specific objectives are: (1) to discuss the role of min-
ing activities, including excavations, drilling and metallurgical processes on 
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hydrology, and subsequent AMD formation, (2) to discuss how hydrology 
controls AMD formation, mobilisation and dissemination, (3) to summarize 
how a fundamental understanding of hydrology is used as a basis to design 
engineered cover systems for preventing AMD formation, and (4) to high-
light constraints and knowledge gaps on AMD.

1.2  Mining Operations and Acid Mine Drainage

1.2.1  The Mining Project Cycle

Figure 1.1 depicts the mine project cycle consisting of key sequential phases, 
each entailing specific activities. A detailed discussion of the key phases of a 
mining project cycle is presented in literature (Robertson et al., 2017; Gorman 
and Dzombak, 2018). In summary, a typical mining project cycle consists of 
the following steps.

1.2.1.1  Prefeasibility Stage

This step entails project ideation and scoping, including identification of 
prospective mining sites. Preliminary geological investigations during this 
stage are limited to analysis of data based on desktop studies. Preliminary 
environmental scoping may be conducted during this phase. However, com-
pared to subsequent steps, activities in this stage have limited environmen-
tal impacts and contribution to the formation of AMD.

1.2.1.2  Detailed Feasibility/Exploration Phase

This stage involves conducting environmental and social impact assessments 
(ESIAs) covering exploration, mining, metallurgical processing, and mine clo-
sure (Joyce et al., 2018; European Community, 2019). However, by nature, such 
ESIAs are overly broad and limited to scoping on potential social and envi-
ronmental health impacts, hence have limited capacity to adequately address 
the potential generation and impacts of AMD. Field geological exploration 
and sampling involving excavation of test pits, drill holes, and subsequent 
sampling and assaying are also conducted during this phase. Activities con-
ducted in this stage and, subsequent ones, have potential significant effects 
on the biophysical environment and AMD formation (Figure 1.1).

1.2.1.3  Design and Engineering

This stage involves the design of the mine layout and key infrastructure, 
including surveying of mining pits, roads, processing plants, and waste 
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and wastewater disposal facilities including waste rock dumps and tailings 
dams (Gorman and Dzombak, 2018). This stage may include excavations and 
drilling during geotechnical site investigations, and land clearing to create 
access roads and set up site camps.

1.2.1.4  Construction

This stage entails significant land and vegetation clearing, excavation, drill-
ing and blasting, and traffic movements during the construction of infra-
structure. Dewatering via groundwater pumping may occur to facilitate 

FIGURE 1.1
Mining activities contributing to the generation of acid mine drainage.
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construction of infrastructure. Typical infrastructure constructed during this 
stage includes groundwater dewatering systems, mine access points, roads, 
metallurgical processing plants, and tailings dams (Gorman and Dzombak, 
2018). Compared to the pre-mining state, this phase is also characterized by 
an increase in build-up areas and impervious surfaces, which in turn influ-
ences hydrological response (Figure 1.2).

1.2.1.5  Mine Operation and Management

This is the main phase in a mining project cycle, during which significant 
changes in the biophysical environment occur. Key activities during this 
stage include large-scale excavations, drilling and blasting during the extrac-
tion of ore (Hartlieb et  al., 2017; Winn, 2020). In this phase of the mining 
project cycle, the removal of overburden rock generates large quantities of 
waste rock and run-of-mine. In cases where the ore body occurs below the 
groundwater table, mine dewatering via pumping may also occur. Frequent 
movement of vehicular mining equipment such as excavators, bulldoz-
ers and loaders occurs, causing soil compaction, soil detachment and dust 
generation. It must also be noted that subsequent mineral processing may 

FIGURE 1.2
Conceptual depiction of the pre-mining water balance (a) compared to the hydrological 
impacts of mining activities (b). The size of the arrow is qualitatively indicative of the magni-
tude of the water balance components relative to the pre-mining state.
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require large quantities of water from surface or groundwater sources. In 
addition, mineral processing itself generates large quantities of solid waste 
including waste rock, mine tailings, and wastewater (Giblett and Morrell, 
2016; Habib et al., 2020).

1.2.1.6  Mine Decommissioning and Closure

This is the final stage of a mining project entailing the decommissioning 
of mining pits and infrastructure. During this stage, the mine dewatering/
groundwater pumping ceases, and groundwater upwelling/rising may 
occur. In some cases, rehabilitation of waste dumps and mine tailings are 
undertaken during this stage (Sanders et al., 2019).

In summary, mining activities entailing land/vegetation clearing, exca-
vations, drilling and blasting have significant effects on the surface and 
groundwater hydrological systems. Mineral processing and waste disposal 
may release sulphidic wastes and wastewaters which may undergo oxida-
tion to release AMD and associated contaminants. In subsequent sections, 
the impacts of the mining activities on hydrology and AMD formation are 
discussed.

1.2.2  Hydrological Impacts of Mining

Mining operations have significant impacts on local hydrological processes 
and water balances. Figure 1.2 depicts the hydrological impacts of mining 
operations relative to the pre-mining state. Specifically, mining activities 
reduce water infiltration, while increasing surface water runoff and soil 
erosion. Mining operations also remove vegetation cover, thereby reducing 
evapotranspiration. Mine dewatering increases groundwater pumping/
abstraction, resulting in significant declines in groundwater levels and 
potential ground subsidence. Impervious surfaces associated with build-up 
areas reduce groundwater recharge. The mechanisms and processes respon-
sible for the changes in surface water and groundwater hydrology are sum-
marized in the subsequent sections.

1.2.2.1  Land Clearing and Impervious Surfaces

Vegetation cover protects soils against wind and water erosion, while plant 
roots increase soil aggregation by binding soil particles together. Vegetation 
cover also attenuates raindrop impacts and surface water runoff velocity, 
thereby increasing infiltration during rainfall events. Hence, land clear-
ing, including the removal of vegetation, exposes soil to wind and water, 
leading to soil detachment and subsequent erosion (Asabonga et al., 2017; 
Jarsjö et al., 2017). The replacement of natural surfaces and vegetation cover 
by build-up areas consisting of mine buildings and impervious surfaces 
such as roads and roofs alters the water balance and affect hydrological 
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processes (Figure 1.2). First, the removal of vegetation reduces interception 
of rainfall by vegetation covers, root uptake of soil moisture, and transpira-
tion (Awotwi et al., 2019). Impervious surfaces associated with roads and 
build-up areas reduce infiltration and promote rapid generation of run-
off water, resulting in peak water flows or flash floods (Figure 1.2). The 
removal of vegetation reduces root uptake of soil moisture, hence reduces 
evapotranspiration. In turn, reduced root uptake of soil moisture may 
potentially increase soil moisture storage and increase the risk of drainage 
(Ketcheson et al., 2016).

1.2.2.2  Vehicular Traffic Movements

Frequent movement of both heavy and light vehicular equipment includ-
ing excavators, bulldozers, loaders and passenger vehicles has potential 
impacts on soil physical properties and hydrological behaviour (Weyer 
et  al., 2019). The effects of traffic movement on soils and hydrology 
depend on soil type and moisture conditions. For example, movement of 
vehicular traffic on moist soils results in soil compaction via increased 
soil bulk density and reduced porosity (Strahm et al., 2017). Soil compac-
tion is more pronounced on fine-textured soils such as clays and loams 
compared to sandy soils. Reduced porosity increases surface water runoff 
volumes and velocity during rainfall events. On dry soils, movement of 
vehicular traffic detaches soil particles and sediments. This increases soil 
erodibility or susceptibility to wind erosion and dust generation (Patra 
et al., 2016).

1.2.2.3  Excavation, Drilling and Blasting

Excavation, drilling and blasting alter the natural landforms and surface 
topography, which may in turn change the surface and groundwater hydrol-
ogy (Hartliebet al., 2017; Winn, 2020). Furthermore, excavations conducted 
to remove overburden materials to expose the ore body may create surface 
and underground cavities and pits, which act as artificial depressions. These 
cavities and pits alter the flow directions of surface water runoff and may 
even change river flow regimes and flow directions (Newman et al., 2017; 
Zhang et al., 2017).

Drilling and blasting cause fractures or cracks in geological rock forma-
tions (Zhang et al., 2018). Recent concerns in the mining industry have also 
focused on the impacts of hydraulic fracturing/fracking (Taherdangkoo 
et al., 2017; Wu et al., 2019). Hydraulic fracturing or fracking involves inject-
ing pressurized water, sand and chemicals into a rock formation through a 
well, in order to induce rock fragmentation and increase permeability of rock 
formations (Bao and Eaton, 2016; He et al., 2016). In cases where the ore body 
is submerged under groundwater, drilling and blasting may cause fractures 
or cracks in groundwater-bearing rock formations or aquifers. Fractures and 
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cracks alter groundwater flow directions and result in groundwater upwell-
ing, where groundwater rises to the surface under hydraulic pressure (Toner 
et  al., 2017; Morrison et  al., 2019). Groundwater upwelling is particularly 
common in confined or semi-confined aquifers, where groundwater occurs 
under hydraulic pressure.

1.2.2.4  Mine Dewatering via Groundwater Pumping

Mine dewatering entails the pumping of water from mine working areas 
such as mine pits to facilitate mining operations (Szczepiński, 2019). Such 
water may originate from two sources: (1) surface water runoff from sur-
rounding areas, and/or (2) groundwater in cases where mining occurs 
below the groundwater table. Mine dewatering systems include wells, well 
galleries, boreholes and pumping units. Subsequently, groundwater pump-
ing lowers the groundwater table and alters groundwater flow directions. 
Excessive dewatering or groundwater pumping may significantly alter the 
groundwater balance, leading to aquifer drying or groundwater recession. 
Excessive groundwater pumping also creates a large void space in the sub-
surface. Therefore, as the geological material settles to fill up the void space, 
this causes ground subsidence (Morrison et al., 2019).

1.2.2.5  Mineral Processing and Waste/Wastewater Generation

A wide range of mineral processing technologies exist, including pyromet-
allurgy, and hydrometallurgy (Giblett and Morrell, 2016; Habib et al., 2020). 
Mineral processing requires large quantities of water (e.g., washing, cooling) 
and may increase surface water and groundwater abstractions. In turn, mineral 
processing, particularly hydrometallurgy, generates large quantities of waste-
waters, which may contribute to surface water and groundwater pollution.

1.2.2.6  Mine Decommissioning and Closure

The termination of mine dewatering/groundwater pumping may be accom-
panied by groundwater upwelling and flooding of mine pits. Excessive sur-
face water runoff, and water and wind erosion may also occur from waste 
rock dumps, and mine tailings, thereby generating dust and sediments.

1.2.3  Mining Operations and Acid Mine Drainage Formation

Mining operations may contribute to AMD through the following: (1) directly 
by altering and exposing the previously buried/submerged sulphidic geo-
logical materials to weathering agents, and (2) indirectly by changing surface 
and groundwater hydrological flows and regimes. Table 1.1 presents a sum-
mary of mechanisms and processes related to mining operations.
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1.2.3.1  Vegetation Clearing and Impervious Surfaces

Increased surface water runoff and soil erosion caused by land clearing 
and impervious (Asabonga et al., 2017; Jarsjö et al., 2017; Awotwi et al., 2019) 
promote the mobilisation and transport of sulphidic sediments and fine-
textured mine wastes (Table 1.1). Traffic movements may also detach sul-
phidic mine wastes and sediments, thereby increasing their susceptibility  
to water and wind erosion (Patra et al., 2016). These processes mobilise and 
disseminate sulphidic geological materials and sediments, resulting in off-
site impacts. Reduced evapotranspiration caused by vegetation clearing also 
increases the risk of deep drainage into buried sulphidic mine wastes and 
thus the formation of AMD.

1.2.3.2  Excavations, Drilling and Blasting

Excavations, drilling, and blasting expose previously buried/submerged sul-
phidic rock materials to weathering agents (Scheiber et al., 2018). Fractures, 

TABLE 1.1

Contribution of Various Mining Activities to AMD Formation and Dissemination

Mining Activity Impact Contribution to AMD

Vegetation clearing 
during construction

Increases soil erosion  
and runoff

Disseminates sulphidic materials and 
AMD

Traffic movement 
during haulage

Sediment detachment 
and compaction

Increases erosion and transport of 
sulphidic sediments

Mine dewatering via 
groundwater 
pumping

Lowers groundwater 
table and alters flow 
directions

Promotes AMD formation by exposing 
previously submerged geological 
materials to weathering

Drilling and blasting 
of rock masses

Causes hydraulic 
fracturing or fracking of 
aquifers and changes 
water flow directions

Fractures promote AMD transport and 
expose previously submerged 
geological materials, while increasing 
surface area

Excavation of  
mining pits

Breaks down and exposes 
previously buried 
geological materials

Promotes AMD formation by breaking 
down rock materials and exposing 
them to oxidizing agents

Milling/crushing  
of mineral ores

Reduces particle size and 
increases surface area

Promotes AMD formation due to 
increased surface area

Metallurgical 
processing, 
including 
hydrometallurgy

Size reduction and 
increases in surface area, 
and use of strong 
extracting solutions

Promotes AMD formation in mine 
tailings and colloids in mine effluents. 
Strong acids/oxidizing agents 
accelerate weathering

Mine tailings /
wastewater disposal

Environmental pollution Promotes AMD formation from mine 
tailings and colloids in wastewater

Post-mine closure Environmental pollution AMD formation and dissemination via 
groundwater upwelling, erosion and 
runoff from waste dumps and mine 
tailings
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cracks and drill holes promote oxygen ingress into the sub-surface, causing 
in situ oxidation and AMD formation (Figure 1.2). Fractures and cracks also 
increase the permeability of rock formations to both water and oxygen (Bao 
and Eaton, 2016; He et al., 2016). This in turn increases connectivity and prefer-
ential flow pathways for the transport of AMD and associated contaminants.

Large quantities of waste rock or run-of-mine materials are generated dur-
ing excavation, blasting and drilling to remove overburden geological mate-
rial (Ruiseco et al., 2016; Pearce et al., 2019). Excavation, drilling, and blasting 
also cause rock fragmentation into particles relatively smaller than the origi-
nal geological materials (Singh et al., 2016; Iravani et al., 2018). The reduced 
particle size and resulting increase in surface area create ideal conditions for 
subsequent weathering processes and AMD formation. Excavation, drilling 
and blasting, transport, and stockpiling of ores and waste rock also disperse 
sulphidic materials over large areas.

1.2.3.3  Mine Dewatering

The decline in groundwater levels caused by mine dewatering may expose pre-
viously submerged sulphidic rock formations to weathering conditions includ-
ing oxidation and AMD formation. Groundwater upwelling may mobilise and 
transport AMD and contaminants from oxidized underground sources to the 
surface and aquatic systems as reported in a number of studies (Gomo, 2018; 
Migaszewskiet al., 2019). The impact on groundwater upwelling on AMD is 
most pronounced in water-limited environments such as the tropics. This is 
because, cyclic phases of groundwater upwelling in the wet summer season, 
followed by a decline in groundwater levels in the dry winter season, may sub-
ject sulphidic geological materials to wetting and drying cycles. In fact, the 
repeated cycles of drying and wetting of excavation pits and drill holes followed 
by groundwater rise or upwelling promote AMD generation. This phenom-
enon is well-pronounced in old coal mine workings in Hwange, Zimbabwe, 
for example, where coal mining dates back to the 1960s (Gwenzi et al., 2018b).

1.2.3.4  Mineral Processing and Waste/Wastewater Generation

Mineral processing entails the use of comminution circuits for mechanical size 
reduction using grinding and milling to increase surface area for subsequent 
mineral extraction in some cases (e.g., gold extraction) and/or to meet specifi-
cations for certain applications in other cases (e.g., coal) (Giblett and Morrell, 
2016; Habib et al., 2020; Martínez et al., 2020). Three processes are critical in 
the context of AMD: (1) size reduction may generate sulphidic solid wastes 
in the form of waste rock or dust, (2) the use of strong extracting solutions in 
metallurgical processing generates sulphidic mine tailings and wastewaters 
laden with fine particles and colloids, and (3) strong extracting solutions such 
as peroxides and acids may promote weathering and AMD formation. Fine 
particles and colloids are also prone to both wind and water erosion.
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1.2.3.5  Mine Decommissioning and Closure

In most developed countries using the mine bonding system such as Australia 
and Canada, among others, the environmental regulatory authority in the 
ministry responsible for environment often takes over the responsibility for 
post-mine closure monitoring and management (Cheng and Skousen, 2017; 
Sanders et al., 2019). In contrast, for most developing countries (e.g., Zimbabwe, 
Zambia, etc.), this phase marks the period of the most significant environmen-
tal impacts. This is partly because there is lack of clarity on the responsible 
authority between the ministry of mines on one hand, and the ministry of 
environment on the other hand. Moreover, due to the lack of a mine bond 
system, resources for such monitoring and management of mines in the post-
closure phase are often unavailable after mine closure. Environmental regu-
latory agencies in most developing countries also often lack expertise and 
resources to mitigate AMD and its associated impacts, because no such bond 
systems exist. The mine or environmental bond system consists of an upfront, 
gradual set-aside or the allocation of financial resources to cater for mine 
closure and associated environmental health risks, rehabilitation and clean-
up (Pepper et al., 2014; Cheng and Skousen, 2017). At the end of the mining 
operation, such bonds are either: (1) relinquished or forfeited to the state or its 
delegated regulatory authority that then takes over the responsibility of envi-
ronmental management, or (2) repaid to the mining company in cases where 
mine rehabilitation and closure are done to the satisfaction of the regulatory 
authority. Due to the challenges associated with restoration of mined sites, 
and the potential for long-term adverse impacts (e.g., AMD) in the post-mine 
closure period, the former option is more common than the latter.

In summary, compared to the operational phase, the post-mine closure stage 
is characterized by relatively minimal environmental monitoring and control, 
thus, leading to significant AMD-related environmental impacts. Specifically, 
mine excavation pits, drill holes and cavities, which are typical relicts of min-
ing operations, act as potential hotspots for the formation and transport of 
AMD and the associated contaminants. In addition, the termination of mine 
dewatering accompanied by frequent groundwater upwelling and flooding 
of mine pits promote AMD formation and dissemination. Indeed, several 
legacy cases of post-mine closure AMD occur globally, pointing to the lack of 
adequate control systems to manage AMD in several countries (Favas et al., 
2016; Gwenzi et al., 2017, 2018b; Kim and Choi, 2018; Tabelin et al., 2019).

1.3  Hydrological Controls on Acid Mine Drainage

1.3.1  Acid Mine Drainage Generation

AMD is generated via the oxidation of sulphidic geological minerals contain-
ing pyrite, pyrrhotite and chalcopyrite (Kocaman et al., 2016). The oxidation 
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process is catalysed by bacteria that oxidize metals and sulphur, including: 
(1) Desulfovibrio desulfuricans, (2) Thiobacillus spp., and (3) Sulfolobus acidocalde-
rius (Chen et al., 2016). Equations 1.1 to 1.4 depict a series of processes involved 
in the formation of AMD (Wolkersdofer, 2006). In Equation 1.1, the oxidation 
of sulphide minerals occurs in the presence of water and oxygen to release 
ferrous iron (Fe2+), sulphate and acidity or protons (H+). The Fe2+ generated 
in Equation 1.1 is then rapidly oxidised to Fe3+ in the presence of oxygen and 
protons according to Equation 1.2. Subsequently, the Fe3+ formed reacts with 
water to form ferric hydroxide (Fe(OH)3) and more acidity (Equation 1.3). 
Equation 1.4 shows the overall governing equation obtained by summing up 
Equations 1.1 to 1.3.
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The protons generated during the formation of AMD account for the acidic 
pH of AMD. High Fe3+ and its oxyhydroxides (Fe(OH)3) generate the red-
dish brown colour of AMD. Equations 1.1 and 1.4 explain the origins of high 
concentrations of sulphates detected in AMD (Mungazi and Gwenzi, 2019). 
Highly acid pH conditions are also responsible for the release of other con-
taminants such as metals, metalloids, radionuclides, and rare earth elements 
(REEs). These other contaminants are released via two processes: (1) simul-
taneously during the oxidation of sulphide-bearing geological materials, 
and/or (2) dissolution induced by highly acidic conditions (Consani et al., 
2017; Balci and Demirel, 2018; Skousen et al., 2019).

Overall, Equations 1.1 to 1.4 clearly demonstrate that hydrology plays a 
critical role in AMD generation in two ways: (1) on the one hand, the oxida-
tion process is mediated by water, and (2) on the other hand, permanently 
saturated and submerged conditions restrict the oxidation process, because 
oxygen has a very low solubility and diffusivity in water. Permanently 
saturated or submerged conditions may occur in natural systems in cases 
where sulphidic geological materials occur below the groundwater table. 
Permanently saturated/submerged conditions can also be created artificially, 
and this underpins the application of wet/water covers for the prevention of 
AMD (Aubertin et al., 2016; Karna and Hettiarachchi, 2018) as discussed in 
Chapter 6. In most natural geochemical settings, the availability of oxygen, 
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rather than water, is often considered the rate-limiting condition in AMD 
generation. Therefore, strong wetting and drying cycles associated with dis-
tinct wet and dry seasons experienced in water-limited environments such 
as the tropics are ideal for AMD generation. Such alternation of wet and dry 
or freeze/thaw conditions will promote oxidation and formation of AMD in 
pits, drill holes, old mine workings, waste dumps, and mine tailings (Jouini 
et al., 2020). The hydrochemistry of AMD formation depicted in Equations 1.1 
to 1.4 shows that restricting water and oxygen is critical in the prevention of 
AMD generation (refer to Chapter 6 for more details).

1.3.2  Dissemination of Acid Mine Drainage

Hydrological processes control the mobilisation and dissemination of both 
AMD and the associated contaminants into other environmental compart-
ments (Fosso-Kankeu et al., 2017; Santisteban et al., 2016; Oldham et al., 2019). 
The environmental compartments include soils, surface aquatic systems 
such as rivers, streams and reservoirs, and groundwater systems. A number 
of hydrological processes such as surface water runoff, sub-surface water 
flow, and groundwater flow mobilise and disseminate AMD in the environ-
ment (Chaubey and Arora, 2017). Surface water runoff and erosion mobilise 
and transfer AMD and associated colloids from various sources into surface 
aquatic systems such as rivers, streams and reservoirs (Ravengai et al., 2004; 
Masocha et al., 2020).

Groundwater flow, which is governed by Darcy’s law, also transport AMD 
and contaminants from regions of high total hydraulic heads to those with 
low heads, in response to a total head gradient (Francisca et al., 2012). Surface 
water-groundwater interactions or exchanges provide the hydrological con-
nectivity between surface aquatic systems and the groundwater systems 
(Chaubey and Arora, 2017). Therefore, the surface water-groundwater inter-
actions facilitate the transfer of AMD and contaminants between surface 
aquatic systems and groundwater. Surface and underground cavities, holes, 
and cracks created during excavations, drilling, and blasting act as connect-
ing and preferential pathways for the flow of AMD and contaminants.

Equations 1.5 to 1.9 show that hydrological fluxes/flows in both surface 
and groundwater systems are strongly coupled to contaminant transport 
(Francisca et al., 2012; Chaubey and Arora, 2017). Three key processes are 
responsible for contaminants transport by water (Francisca et  al., 2012; 
Chaubey and Arora, 2017): (1) advection/convention/mass flow, (2) diffu-
sion, and (3) dispersion. Advection or mass flow is driven by flowing surface 
water or groundwater flow, and flow velocity (Equations 1.6-1.7). Diffusion is 
governed by Fick’s law, and transfers contaminants from regions of high to 
low concentrations, in response to a concentration gradient (Franscisca et al., 
2012). Dispersion is caused by turbulences and flow heterogeneities induced 
by spatial variability in porosity and hydraulic conductivity or permeabil-
ity of groundwater-bearing rock formations. Diffusion and dispersion occur 
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concurrently, hence, are often collectively termed hydrodynamic dispersion. 
The governing equations for mass flow and hydrodynamic dispersion have 
a flow velocity as a variable, indicating the importance of flow velocity in 
contaminant transport (Equations 1.5–1.7):
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In Equations 1.5 to 1.7, the first and second terms on the right-hand side rep-
resent advection/mass flow and hydrodynamic dispersion, respectively. In 
these equations, V = water flow velocity (L/T), c = contaminant concentration 
(mg/L3), x = distance (L), and DL = longitudinal dispersion coefficient, 
calculated as a product of longitudinal dispersivity (aL) and velocity (V) (i.e., 
DL = aL x V), Rd = retardation factor, and λ = first -order degradation or decay 
constant.

Depending on the nature of contaminants and biogeochemical condi-
tions, two transport phenomena may occur: (1) reactive transport, and 
(2) non-reactive transport. Equation 1.5 depicts the governing equation for 
non-reactive transport of conservative (i.e., non-reactive) contaminants such 
as chloride. Non-reactive transport occurs when conservative contaminants 
such as chlorides only undergo transport without any reactions. Thus, 
barring the effects of dilution, the plume of a non-reactive contaminant is 
often characterized by a relatively fixed concentration along the transport 
pathway.

Reactive transport occurs when non-conservative (i.e., reactive) contami-
nants in AMD such as metals and nutrient ions (e.g., nitrates, phosphates, 
sulphates) simultaneously undergo transport and reactions. Typical reac-
tive processes include retardation via adsorption onto solid matrices, and 
biochemical decay or degradation. Equations 1.6 and 1.7 show reactive 
transport, where the contaminant undergoes retardation (Equation 1.6) 
and decay (Equation 1.7), respectively (Francisca et al., 2012; Sadrnejad and 
Memarianfard, 2017; Sethi and Di Molfetta, 2019). An example of contami-
nants that undergo reactive transport is metals, which undergo adsorption 
on the solid matrix such as soils and sediments, a process that slows the 
transport processes. Other reactive contaminants include nutrients such 
as nitrates, phosphates and sulphates, which are taken up by microbes 
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and aquatic plants during the transport process. Hence, depending on the 
nature of the reactions, the concentrations of reactive or non-conservative 
contaminants may undergo attenuation or increase along the transport 
pathway.

In summary, regardless of the nature of the transport phenomena (reac-
tive or non-reactive), surface water and groundwater flows control the trans-
port and dissemination of AMD and contaminants. The dissemination via 
hydrological processes explains the potential off-site environmental, human  
and ecological health impacts of AMD. Collectively, these processes demon-
strate how hydrology controls the formation, mobilisation and subsequent 
dissemination of AMD and contaminants.

1.3.3  Acid Mine Drainage Impacts on Hydrochemistry

Besides altering surface and groundwater flow directions and water bal-
ances, AMD also has adverse impacts on surface and groundwater hydro-
chemistry. Several studies drawn from various countries have reported the 
impacts of AMD on hydrochemistry, including extremely acidic conditions 
and high concentrations of dissolved contaminants (Grande et  al., 2018; 
Gwenzi et al., 2017; Xia et al., 2017; Wen et al., 2018; Mungazi and Gwenzi, 
2019). For example, extremely high concentrations of metals, sulphates and 
acidity were reported at Iron Duke Mine in Mazowe, Zimbabwe (Gwenzi 
et al., 2017; Mungazi and Gwenzi, 2019). According to Williams and Smith 
(2000), AMD at Iron Duke Mine has some of the highest values ever reported 
in the world as evidenced by extremely low pH (0.52–0.82), and very high 
concentrations of both sulphates (SO4

2–) (220 853–355 425 mg/L) and iron (Fe)  
(85 672–132 929 mg/L. High concentrations of other anions such as chlo-
ride and fluoride have also been reported (Alsaiari and Tang, 2018; Li et al., 
2019), while other studies detected high concentrations of toxic metalloids 
(e.g., arsenic) and radionuclides (Galhardi and Bonotto, 2017; Ilay et al., 2019; 
Manjón et al., 2019). Recent studies also reported the enrichment of rare earth 
elements (REEs) in AMD and receiving waters (Migaszewski et  al., 2019; 
Soyol-Erdene et al., 2018). For example, a study conducted in Poland detected 
extreme enrichment of arsenic and REEs in AMD with concentrations of 
up to 1548 mg L−1 for arsenic and up to 24.84 mg L−1 for REEs (Migaszewski 
et al., 2019).

The changes in hydrochemistry induced by AMD have potential ecologi-
cal and human health risks (Ochieng et al., 2017). For example, metals, metal-
loids, and radionuclides are well-known toxins that have adverse impacts on 
human and ecological health (Martínez-Alcalá and Bernal, 2020; Iryna, 2017). 
The REEs pose several human health risks, including genotoxicity, terato-
genicity, and carcinogenicity (Gwenzi et  al., 2018a; Squadrone et  al., 2019). 
Gwenzi et al. (2018b) discussed the contribution of mining and mineral pro-
cessing including AMD to REEs detected in aquatic systems and the associ-
ated health risks.
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1.3.4 � Applications of Hydrology Principles in Acid Mine  
Drainage Prevention

The fact that hydrology controls the formation, mobilisation and dissemina-
tion of AMD forms the underlying principle for the design and operation 
of wet and dry engineered covers for AMD prevention. A detailed discus-
sion of wet and dry covers is presented in Chapter 6 of this book. Therefore, 
only an overview of the application of hydrology in the design and operation 
principles of wet and dry covers is highlighted here.

1.3.4.1  Wet or Water Covers

Wet or water covers prevent AMD generation by restricting oxygen ingress 
by maintaining permanent saturation (Aubertin et  al., 2016; Karna and 
Hettiarachchi, 2018). The use of water to restrict oxygen ingress is based on 
the fact that oxygen has low solubility and diffusivity in water. According to 
Equations 1.1–1.4, the lack of oxygen prevents oxidation of sulphidic materi-
als and formation of AMD. Wet covers are commonly used in temperate and 
permafrost environments, where precipitation far exceeds potential evapo-
transpiration (Aubertin et al., 2016). Such environments lack strong seasonal-
ity patterns, hence it is possible to maintain permanent saturated conditions 
over the sulphidic wastes. However, wet covers are not ideal in water-limited 
environments such as the tropics, due to strong seasonality associated with 
distinct wet and dry seasons, which induce strong wetting and drying cycles.

1.3.4.2  Evapotranspirative ‘Store-Release’ Covers

Evapotranspirative covers are also known as dry, water balance or store-
release covers (Gwenzi, 2010). The design objective of the covers is to reduce 
drainage, and to some extent oxygen ingress into buried sulphidic wastes 
(Knidiri et al., 2017). This is achieved by: (1) storing water in a storage layer 
consisting of soil or benign geological material during or soon after rainfall 
events, and (2) then releasing it back into the atmosphere as water vapour 
via evapotranspiration (Gwenzi, 2010). Accordingly, vegetation plays a key 
role in the hydrology and performance of store-release covers. Uptake of soil 
water by plant roots and the subsequent loss of such water via transpira-
tion account for the soil dewatering process and reduction of drainage. In 
principle, evapotranspirative or store release covers are designed to enhance 
soil moisture storage and the evapotranspiration components of the water 
balance. Evapotranspirative covers are ideal in water-limited environments 
such as the tropics, where potential evapotranspiration far exceeds precipi-
tation. These climatic conditions are ideal for maximum soil water loss via 
evapotranspiration. A detailed review of global literature on the design and 
performance of store-release covers is presented in earlier studies such as by 
Gwenzi (2010).
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1.4  Future Perspectives on Acid Mine Drainage

The current chapter highlighted how several mining activities along the 
mine project cycle alter hydrology and promote the generation and dissemi-
nation of AMD. However, several constraints and knowledge gaps warrant 
further public and research attention.

1.4.1  Effectiveness of Environmental and Social Impact Assessments

The hydrogeochemistry of AMD is quite complex, hence AMD often has a 
long latent or lag period. Therefore, the occurrence and impacts of AMD 
often manifest long after the mine closure, when no resources are available 
for implementing mitigation and control measures. Moreover, most ESIAs 
lack details to address potential long-term AMD risks, yet such ESIAs and 
their associated environmental management plans (EMPs) are used as a 
basis for project approval and post-closure mining. Therefore, in most coun-
tries, current ESIAs and EMPs have limited potential to address AMD risks.

1.4.2  Rapid Acid Mine Drainage Prediction

Most methods for assessing AMD potential such as pH measurements and 
short-term leaching tests may underestimate the AMD generating potential 
of sulphidic geological materials (Kanda et al., 2017). Yet, alternative meth-
ods for evaluating AMD are often expensive, time-consuming, and require 
well-equipped geochemical laboratories. Therefore, such expensive and 
robust methods are rarely used in feasibility studies such as ESIAs and rou-
tine environmental surveillance systems. Hence, the development and vali-
dation of rapid and universal methods for assessing AMD potential warrant 
further research. However, some of the advanced methods for predicting 
AMD formation are covered in Chapter 2.

1.4.3  Acid Mine Prainage Prevention during the Mine Project Cycle

The bulk of AMD prevention and control methods seem to adopt an ‘end-
of-pipe’ approach (Gwenzi et al., 2017; Mungazi and Gwenzi, 2019; Skousen 
et al., 2019). Specifically, particular attention is paid to: (1) treatment of AMD 
using active and passive methods, and (2) use of wet and dry covers to pre-
vent AMD generation from waste rock and mine tailings. By comparison, 
AMD prevention receives limited attention during the various phases in 
the mining project cycle highlighted in the current chapter. Given the high 
cost of AMD control and its health risks, AMD control and prevention may 
need to be integrated in the whole mine project cycle as part of safety, health 
and environment (SHE) programme. Some of the techniques for preventing 
AMD are covered in Chapter 6.
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1.4.4  Translating Existing Research into Appropriate Solutions

A significant body of literature exists on the formation, hydrochemistry and 
control of AMD (Skousen et al., 2019). However, the bulk of literature applies 
to laboratory and pilot studies, while data on large-scale field applications 
are still limited, partly due to high costs associated with current technolo-
gies. Given the global scale of AMD, and the existence of several legacies 
associated with it, the next decade should focus on developing appropriate 
and scalable solutions for AMD prevention and control.

1.4.5  Acid Mine Drainage Control in Underground Workings

Compared to waste dumps and mine tailings, the prevention and control 
of AMD in current and old mine workings appear to pose serious chal-
lenges to both researchers and regulators. First, the spatial extent of AMD 
in underground mine workings is not known with certainty in most coun-
tries. Second, even in most countries, particularly developing nations, 
where underground AMD and its impacts on human and ecological heath 
have been detected, feasible control measures appear to be lacking. Hence, 
further research is required to address AMD in current and old mine 
workings.

1.4.6  Mapping of Acid Mine Drainage at Country and Regional Levels

Limited data exist on the spatial distribution of AMD hotspots at country 
and regional levels. Yet such information is critical for devising control 
measures to safeguard human and ecological health. For example, in sub-
Saharan Africa, several surface water and aquifer systems are shared among 
several countries, hence water pollution risks posed by AMD constitute a 
shared trans-boundary problem. Thus, there is a need for coordinated efforts 
to map AMD problems close to major national and regional surface water 
and aquifer systems. The availability of remote sensing tools, coupled with 
GIS spatial tools can enable such mapping at various spatial and temporal 
scales (Masocha et al., 2020).

1.4.7  Hydrological Impacts of Mining

The hydrological impacts of mining activities such as land clearing, excava-
tion, drilling and blasting on water flows and balances are largely based on 
inferential evidence. Hence, systematic studies are required to understand 
the hydrological impacts of mining activities on surface and groundwater 
hydrological processes and water balances at mine, local and catchment lev-
els. Such studies should also investigate impacts on hydrochemistry, includ-
ing the occurrence of residual chemicals used for drilling, blasting and 
hydraulic fracturing/fracking.
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1.5  Concluding Remarks

The current chapter discussed the impacts of mining activities on hydrol-
ogy and AMD generation. Specifically, the role of mining activities includ-
ing excavation, blasting and drilling on the hydrological systems and AMD 
formation were discussed. The impacts include the alteration of surface 
and groundwater flow directions, as well as the lowering of groundwater 
levels during dewatering or groundwater pumping to expose submerged 
ores. Furthermore, excavations and drill holes provide access points for the 
ingress of oxygen, thereby promoting in situ AMD generation in old under-
ground mine workings. In situ AMD generation from old mine workings 
is particularly pronounced in water-limited environments characterized by 
strong wetting and drying cycles. Ex situ AMD generation occurs in waste 
rock dumps and mine tailings, which constitute a significant portion of mine 
processing wastes. Metallurgical processes involve comminution and use of 
strong extracting solutions which are likely to increase surface area for oxi-
dation and formation of AMD.

The role of hydrology in AMD formation, mobilisation and dissemina-
tion was discussed. For example, on the one hand, hydrology plays a critical 
role in the mobilisation and dissemination of AMD and contaminants via 
reactive and non-reactive contaminant transport. Yet, on the other hand, the 
manipulation of hydrological processes and the water balance is used as a 
basis for the prevention of AMD using wet and evapotranspirative or store 
release covers. The lack of data on sub-surface AMD remediation noted in 
this chapter highlighted the need for further research. Moreover, most avail-
able data are limited to laboratory or pilot scale studies, while case studies of 
large-scale applications and their evaluations are largely lacking. Therefore, 
despite several research efforts on AMD, the legacy of AMD problems still 
exists globally.
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2.1  Introduction

Many countries have now enacted national legislation, signed international 
conventions and regional agreements and protocols that recognise the use 
of environmental impact assessment (EIA) tool as a key legal instrument to 
manage environmental impacts of development projects and policies (Maest 
et al., 2005; Morgan, 2012). The International Association for Impact assess-
ment (IAIA, 1999) defines EIA as “the process of identifying, predicting, 
evaluating, and mitigating the biophysical, social, and other relevant effects 
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of development proposals prior to major decisions being taken and commit-
ments made”. The specific forms of impact assessments may include envi-
ronmental, social, health, sustainability, regulatory, human rights, cultural 
and climate change (Morgan, 2012). Thus, EIA process is crucial for identify-
ing and predicting the potential impacts of projects such as mining on the 
biophysical and social environments. In addition, the EIA is used as an envi-
ronmental management tool to develop environmental management plans 
(EMPs) as measures to mitigate impacts. The basic EIA steps include screen-
ing, scoping, impact prediction and evaluation, mitigation and follow-up 
studies for implemented projects to provide feedback (Noble, 2011; Castilla-
Gomez and Herrera-Herbert, 2015). The potential for acid mine drainage 
(AMD) to form at mine sites is one of the key questions to be answered in an 
EIA process. A detailed discussion of the activities for each step in the EIA 
process is given by Noble (2015).

Despite many socio-economic benefits, the legacy of mining is mostly asso-
ciated with many environmental impacts such as land degradation, solid 
waste disposal challenges, biodiversity loss, AMD, air and water pollution. 
This chapter focuses on the problem of AMD at mine sites and gives a criti-
cal review of its management through prediction. It is evident that mining, 
quarrying, excavation and mineral beneficiation activities to recover min-
eral-based products such as base metals, uranium, precious metals, coal and 
industrial minerals often expose sulphidic materials to the outside environ-
ment with the potential to form AMD (Rae et al., 2007). As part of EIA pro-
cess, it is now a regulatory requirement for mine owners in most countries 
to predict the AMD potential for all types of mineral wastes and prepare 
management plans for future mitigation and to protect the environment at 
all stages of the mine life cycle (Maest et al., 2005; Price, 2009; Elaw, 2010).

The issue of AMD at mine sites has been a challenging environmental 
problem for many years. It is known to have contaminated soils, polluted 
water, affected ecosystems and destroyed biological resources (Banks et al., 
1997; Bell et al., 2001; Gordon, 1994; Gray, 1997). Rae et al. (2007) classify AMD 
discharge as either acidic, neutral or saline (alkaline). Although the environ-
mental impacts of acidic drainage are well known, the neutral and alkaline 
drainages may also be harmful and difficult to manage if they are metallifer-
ous in nature, that is, if they contain elevated levels of dissolved metal ions. 
However, alkaline drainage is rare relative to acidic or metalliferous drain-
age (Rae et al., 2007; Price, 2009).

In the past, mining firms managed AMD problems by developing reme-
diation plans only after its occurrence and subsequent impacts. The con-
sequences of this reactive approach were extensive damage to natural 
resources and huge remediation costs. It was later realised that the practice 
was uneconomic and environmentally unacceptable, and so, the mining 
sector changed and started to focus more on proactive mitigation measures 
based on accurate prediction of drainage chemistry to prevent AMD for-
mation and its impact (USEPA, 1994; Price, 2009). Furthermore, the interests 
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for early assessment and detection for potential of mineral waste materials 
to generate acid using various prediction methods arose out of concerns 
of lag times associated with the occurrence of AMD and the costly lessons 
learnt from its long-term (perpetual) care over the years (USEPA, 1994; Price, 
2009). In addition, the prediction of drainage chemistry was driven by the 
legal requirements in many countries such as the United States, Australia, 
Canada, etc., which stipulated that mining permits would only be granted 
if applicants included plans with practical methods to avoid AMD (USEPA, 
1994; Price, 2009). This requirement led to increased efforts to develop tech-
niques to predict the drainage chemistry and understand methods to avoid 
pollution (Lawrence et al., 1989; Ridge and Seif, 1998).

Lawrence et al. (1989) noted that accurate prediction of AMD formation 
would provide the basis for the development of effective waste management 
plans to prevent acid generation and/or allow for use of innovative methods 
to contain and treat unavoidable AMD. Other key benefits of predicting AMD 
formation include a reduction in environmental damages and remediation 
costs, and timely planning for mitigation facilities. Prediction also ensures 
a sustainable development of mineral resources by preventing impacts of 
AMD on water resources, aquatic and terrestrial life, vegetation, human 
life and livelihoods. The proposed proactive approach based on prediction 
agrees with sustainability principles and solid waste management hierarchy, 
in which the sustainability preference is to prevent AMD formation rather 
than treatment (Rae et al., 2007; El-Hagger, 2007; Lottermoser, 2011).

The aim of this chapter is to review the current understanding and recent 
developments in the AMD prediction methods, analytical procedures and 
any limitations that may arise during the characterisation of drainage chem-
istry at mine sites. In addition, the chapter will assess the sustainable AMD 
management options that eliminate risks and/or prevent AMD formation 
through prediction tools.

2.2  Developments in Acid Mine Drainage Prediction

The earliest observations to understand AMD formation and its impacts date 
back to the 16th century when Diego Delgado recognised that the oxidation 
of pyrite at Rio Tinto mine generated acidic drainage that poisoned fish, and 
that the use of simple tests to indicate the formation of AMD provided evi-
dence for the ecotoxicity of AMD (Lottermoser, 2015). Since then, the chem-
istry of acid generation (see Chapter 3) has been studied extensively and is 
fairly well understood. Following the introduction of laboratory tests to pre-
dict AMD, a lot of progress has been made in developing and improving the 
testing tools to identify and accurately predict AMD formation. Historically, 
the prediction approach has evolved from merely making qualitative 
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observations and correlations between mineralogical characteristics and 
leachate composition, to the introduction of geochemical static and kinetic 
tests. These geochemical tests have formed the basis of the AMD prediction 
procedures still being utilised today (Lottermoser, 2015).

The Mine Environment Neutral Drainage (MEND) (2000) defined predic-
tion as a set of integrated approaches that are followed in order to assess, in 
advance, the geochemical behaviour of mineral wastes at all phases of the 
mine life cycle. The geochemical reactions, described in detail in Chapter 3, 
that lead to AMD formation depend primarily on the mineralogical com-
position of mineral wastes and the presence of water and oxygen. Various 
prediction methods aim to determine whether mineral wastes at mine sites 
will react and oxidise to generate acid and to predict the drainage quality. 
However, due to high variations in the mineralogy of different waste materi-
als from different mine sites, it may be a difficult and costly task to accurately 
predict the potential for AMD formation, and sometimes the reliability of 
data may be questioned (USEPA, 1994). Price, (2009) proposes a site-specific 
approach in predicting the drainage chemistry and suggests that all waste 
materials should be considered in the AMD prediction process.

The purpose of a prediction study is to evaluate the characteristics of the 
present and future drainage chemistry, and to determine the potential envi-
ronmental impacts and the required remediation measures to address the 
problems (Price, 2009). Depending on the stage of a mining project in its life 
cycle, the specific prediction objectives may be to address the quality prob-
lems of existing drainage chemistry or to determine if any of the mineral 
waste materials will potentially form acidic drainage and estimate the tim-
ing of acid generation (MEND, 2000).

2.3  Overview of Acid Mine Drainage Prediction Methods

The potential of mineral wastes to form acid, mobilise pollutants and affect 
natural resources (land, soil, water, ecosystems, biodiversity and others) is 
often evaluated by field measurements, various laboratory tests and predic-
tive modelling approaches. These techniques constitute what is sometimes 
known as the “Wheel Approach” for predicting the future drainage chemis-
try and potential environmental impacts as summarised in Figure 2.1 (Morin 
and Hutt, 1998; Maest et al., 2005; Elaw, 2010).

Price (2009) proposed three main steps to follow in order to identify and 
predict AMD formation, namely (1) determination of the environmental 
baseline conditions at the mine site (water quality objectives, environmental 
values, etc.), (2) measurement of the existing drainage chemistry and (3) deter-
mination of the potential future drainage chemistry. The types of analyses 
and tests that are conducted under each of these prediction steps have been 
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reviewed in many publications (Sobek et al., 1978; Coastech Research, Inc., 
1989; Skousen et  al., 1990; USEPA, 1994; Lawrence and Wang, 1996; White 
et al., 1999; Morin and Hutt, 1997; 1998; 2001; Lapakko, 2002; Rae et al., 2007; 
Price, 2009; Lottermoser, 2015; Jones et al., 2016).

The Wheel approach given in Figure 2.1 is the accepted standard practice 
in AMD prediction and metal leaching studies whereby several geochemical 
static and kinetic tests are carried out and the results compared (Morin and 
Hutt, 1998). The most common static tests are acid-base accounting (ABA), 
mineralogy studies, total metal content and whole-rock analysis, retention 
(and reaction product) tests and net acid generation (NAG) tests. The main 
kinetic tests are laboratory-based kinetic tests (humidity cells, leach columns 
and the international kinetic database [IKD]) and field-based kinetic tests 
(large-scale bins or cribs, i.e., test pads or piles), mine wall stations and rou-
tine site monitoring (Morin and Hutt, 2001; 1997; 1998). The IKD contains 
pre-test characterisation and overall test results that help to compare kinetic 
data with that from other mine sites (Morin and Hutt, 2001). According to 
Morin and Hutt (2001) and Price (2009), there is no single test that can provide 
a basis for a reliable AMD prediction alone, but rather prediction data should 
be derived from various tests and sources.

2.3.1  Water Quality Survey

The best method to assess the present situation of the water quality and 
identify AMD presence is by measuring the chemistry of existing drainage 

FIGURE 2.1
The Wheel approach to predict acid mine drainage formation. (From Morin and Hutt, 1998.)
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through field observations, measurements and monitoring of surface seep-
age and groundwater quality (i.e., field water quality survey) discharged 
from all types of mineral wastes such as overburden material, ore stock-
piles, heap and dump leach residue materials, tailings and waste rocks 
impoundments and bedrocks (walls of open pit mines, underground mine 
workings, etc.) (Rae et al., 2007; Price, 2009). Apart from water quality sur-
vey, the laboratory prediction tests on all mine waste materials are neces-
sary to confirm AMD formation (ZCCM-IH, 2005). The poor effluent quality 
in the form of AMD may contain sulphuric acid, toxic metal ions and sul-
phates that present a risk to water resources, vegetation, aquatic life and 
human livelihoods.

One of the simplest and most useful field parameters to measure is effluent 
pH, which is an indicator of free acid. The pH value also gives an indication 
of whether (or not) sulphide oxidation has exhausted the acid neutralising 
capacity of the mineral wastes. Electrical conductivity (EC) is another useful 
parameter that indicates leachable soluble salts (salinity) (Jones et al., 2016). 
The typical chemical characteristics of AMD may be low pH (1.5–4.0), high 
concentration of metal ions (Fe2+/3+, Cu2+, Pb2+, Zn2+, Al3+, Mn2+, Cd2+, As2+/3+), 
high sulphate concentration (500–10,000 mg/L) and low turbidity (total sus-
pended solids). Some of the key visual indicators of AMD presence are red 
coloured water, orange-brown precipitates (of iron oxides), death of fish and 
corrosion of steel/concrete structures (Price, 2009).

The pH, EC, oxidation/reduction (redox) potential and total dissolved sol-
ids (TDS) of AMD samples are easily measured by portable pH meters. The 
liquid samples are also commonly analysed for the concentration levels of 
metal ions and sulphates by techniques such as atomic absorption spectro-
photometry (AAS) and inductively coupled plasma atomic emission spec-
troscopy (ICP-AES). The measured values may be compared with water and 
effluent discharge standards to determine whether the drainage meets the 
water quality objectives. All these measurements are carried out so as to 
characterise the status of any exposed sulphidic material.

2.3.2  Geochemical Static Tests

Many types of static tests have been developed to measure the geochemical 
properties of mineral samples at mine sites in order to predict the poten-
tial future drainage chemistry. They mainly aim to quantify the maximum 
capacities of mine wastes to either produce acid or consume acid by measur-
ing the theoretical balance between acid producing and neutralising com-
ponents of a waste material. The static tests are simple, low-cost and rapid 
laboratory test procedures that are conducted in a matter of hours or days, 
but at one point in time to evaluate the net acid generation potential (AP) of 
samples. These tests form the basis of predicting AMD formation (Morin 
and Hutt, 2001; Price, 2009; Lottermoser, 2015). According to Price (2009), 
static tests data is useful for identifying materials with little AMD potential 
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and can also help to develop criteria to classify and segregate mineral wastes 
for separate disposal and mitigation procedures.

2.3.2.1  Acid-Base Accounting Method

The commonest static tests fall under the ABA methods and its various 
modifications. The characteristic tests in the ABA procedure include the 
determination of sulphur species (sulphide, sulphate and total sulphur), AP, 
acid neutralisation potential (NP) and the net acid NP. The other key analyt-
ical tests that must accompany ABA methods are the mineralogy, elemen-
tal composition, soluble components, paste pH and the related direct NAG 
test procedure (Sobek et  al., 1978; USEPA, 1994; White et  al., 1999; Morin 
and Hutt, 2001; Rae et al., 2007; Price, 2009; Lottermoser, 2015; Jones et al., 
2016). A combined data interpretation from static tests, kinetic tests, drain-
age chemistry and baseline water quality is necessary to fully understand 
and predict the potential of AMD formation in the future. The objectives, 
procedures and limitations of various static tests are discussed in the sec-
tions that follow.

The earliest approaches in the development of the ABA method in the 1960s 
focussed on assessments of the potential of coal mine wastes (i.e., overburden 
and mine spoil) for revegetation based on rock types, acidity and alkalinity. 
This included an assessment of the need for lime and suitability for plant 
species. By the 1970s, the AP of rocks from coal seams was reported and a 
system to balance acid and alkaline producing potential of rocks was devel-
oped. Later, the important role of acid neutralising minerals was recognised 
and quantified, and this became known as the NP (West Virginia University, 
1971; Grube et al., 1973; Smith et al., 1974; Smith et al., 1976; Skousen et al., 
1990; Kania, 1998; Perry, 1998). Based on these early publications, Sobek et al. 
(1978) formally presented the detailed laboratory procedures for performing 
the ABA method, which is now termed the Sobek method and is frequently 
cited and considered as the source document and basis of AMD prediction 
methods.

The ABA method, also known as the EPA 600 ABA, is the best known 
and most widely used method for predicting the potential future drainage 
chemistry from mine wastes (Ferguson and Erickson, 1988; Morin and Hutt, 
1997; 2001). The theoretical principle in the ABA method is that AMD forma-
tion in the future can be predicted by a quantitative determination of the 
total amount of acidity and alkalinity a particular mine waste material can 
potentially produce. The ABA method consists of geochemical analyses and 
calculations to evaluate the potential for mine wastes to produce net acidic 
drainage if exposed to air and water. It is, thus, a quantitative estimate of 
the balance between the acid generated from the oxidation of sulphide min-
erals and the acid consumption by the carbonate minerals. The capacity of 
a mineral sample to generate net acidity is based on measurement of sul-
phur species, the calculation of AP and the determination of the acid NP. 
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The difference between AP and NP values indicates the net acid production 
potential (NAPP) of the waste material (Morin and Hutt, 1997; 2001; Kania, 
1998; Lottermoser, 2015). One of the inherent limitations of the ABA meth-
ods as discussed by Lottermoser (2015) is that they do not predict the time 
when acid generation would occur. In addition, the tests do not consider the 
role of microbial activity in catalysing acid formation. Furthermore, the ABA 
method provides no information about effluent quality and the individual 
mineral reaction rates for acid generation and neuralisation. The large dif-
ferences between laboratory tests and actual mine site conditions have also 
been criticised (Morin and Hutt, 2001; Lottermoser, 2015; Parbhakar-Fox and 
Lottermoser, 2015). Thus, kinetic tests have been developed to compliment 
static tests data by calculating the rates of acid formation in order to fully 
assess the potential of future water quality. The details of the main labora-
tory procedures in the ABA method and its modifications are discussed in 
the sections that follow.

2.3.2.2  Sulphur Analysis and Acid Generation Potential Calculation

The acid generation potential or simply AP, also referred to as the maximum 
potential acidity (MPA), is the total acid that mine wastes can produce. Thus, 
AP is determined by calculating the theoretical amount of acid that can be 
produced if the total amount of sulphur in the mineral sample is oxidised to 
sulphuric acid (Lawrence and Wang, 1996). It is used to estimate the maxi-
mum acid production potential based on the concentration of sulphur and/
or its forms (i.e., total sulphur (S), sulphide ( −S2 / −S2

2 ), sulphate ( −SO4
2 ) and 

organic sulphur). Thus, sulphur is the primary source of acid through oxi-
dation (Perry, 1998; Price, 2009). In the original Sobek method, the AP is 
stoichiometrically calculated using the percent (%) total sulphur (S) content 
that occurs only as pyrite (FeS2) as given in Equation 2.1. The AP is com-
monly expressed in units of kilogram CaCO3 equivalent per tonne of the 
sample (kg/t) (or kg H2SO4 per tonne). Alternatively, a conversion factor of 
30.6 is used in Equation 2.1 to estimate MPA values in kg H2SO4/t (Weber 
et al., 2005).

( )= × ×AP
Sulphur content  % 1000 kg

100
Molecular weight of CaCO
Atomic weight of sulphur

3

	
(2.1)

Thus, AP (kg CaCO3/t) = % total sulphur × 31.25
The conversion factor (31.25) is derived from the stoichiometric consider-

ation of the standard pyrite oxidation reaction (2.2) and the acid neutralisa-
tion reaction (2.3) for calcite (Morin and Hutt, 1997; 2001; Price, 2009). It is 
assumed, in Equation 2.2, that all sulphur occurs only as a sulphide ( −S )2

2  
and also that the sulphide occurs only in pyrite (FeS2) with oxygen and water 
being the only oxidants. In addition, it is assumed that pyrite is completely 
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oxidised to sulphate ( −SO4
2 ) and ferric hydroxide, and H+ ions are neutral-

ised by CaCO3 (Morin and Hutt, 1997; 2001).

	 + + → + +− +FeS  (15/4)O  (7/2)H O Fe(OH) (s) 2SO  4H2 2 2 3 4
2

	 (2.2)

	 ( )+ → + + <+ +2CaCO  4H  2Ca  2H O   2CO pH   ~ 6.33
2

2 2 	 (2.3)

Overall reaction is given in Equation 2.4 as follows:

+ + + → +

+ + +

−

+

FeS (15/4)O  (7/2)H O   2CaCO Fe(OH) (s)   2SO

 2Ca  2H O   2CO
2 2 2 3 3 4

2

2
2 2

	
(2.4)

Therefore, from Equation 2.4, one mole of oxidised pyrite requires two moles 
of calcite to neutralise the acid formed. By mass basis, 1 g of sulphur pres-
ent requires 3.125 g of calcite. Using the units of “parts per thousand” (ppt) 
of mine waste, for each 10 ppt sulphur (i.e., 1% sulphur) present, 31.25 ppt 
calcite is required to neutralise the acid (Morin and Hutt, 2001; Perry, 1998). 
Similarly, from Equation 2.2, for every one (1) mole of pyrite that is oxidised 
two moles of sulphuric acid are produced. Therefore, the MPA value of a 
mine waste material containing 1% S (as pyrite) is 30.6 kg of H2SO4 per tonne 
(Smart et al., 2002; Weber et al., 2005). Hence, the MPA value may be calcu-
lated from Equation 2.1 using a conversion factor of 30.6. Although differ-
ent conversion factors for sulphur to AP exist if pyrite is oxidised by other 
oxidants, for example, 15.63 using Fe3+ and 125.0 using Mn, the standard and 
more accurate conversion factor is 31.25 (Morin and Hutt, 2001).

However, the use of total sulphur (mainly a sum of sulphate and sul-
phide species) to estimate AP in mine wastes is considered as a conservative 
approach because not all forms of sulphur produce acid (Morin and Hutt, 
2001). For example, the sulphate form of sulphur or simply sulphate-sulphur 
in gypsum, anhydrite and barite minerals does not generate acid, but sul-
phate in jarosite, alunite and melanterite is acid generating. The sulphide 
form of sulphur or sulphide-sulphur that generate acid occurs mainly in 
iron sulphide minerals (pyrite, pyrrhotite, arsenopyrite) and chalcopyrite, 
but chalcocite and covellite yield less acid than pyrite while sphalerite and 
galena may not yield acid at all (refer to Chapter 3 as well). Furthermore, 
organic sulphur (in coal mines) does not produce net acidity (Price, 2009; 
Jones et al., 2016). Thus, the use of total sulphur may overestimate the AP 
in a sample. For these reasons, the modified ABA (or Sobek) method uses 
sulphide-sulphur rather than total sulphur in Equation 2.1 to estimate AP 
(Coastech Research, Inc., 1989).

The accurate determination of sulphur species is a crucial step in the 
prediction of AP. A variety of analytical methods exist to determine the 
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concentration of sulphur species in mine wastes, and these include volatili-
sation (roasting/pyrolysis), wet chemical extraction, mineralogical analysis 
and solid phase elemental analysis (Price, 2009). The standard analytical 
procedure for total sulphur analysis involves volatilisation of the sample 
by roasting (or pyrolysis) at 1500–1700°C in a Leco high temperature induc-
tion furnace followed by sulphur dioxide analysis in the gas phase. In the 
American Society of Testing and Materials (ASTM) method (E-1915-97) as 
presented in ASTM (2000) and reviewed by Lapakko (2002), the mineral 
sample is ignited at 1500–1700°C to convert all sulphur species to sulphur 
dioxide gas which is then analysed by absorption spectrometric techniques. 
To measure the sulphide-sulphur content, the sample is heated at a relatively 
lower temperature of 550°C in a muffle furnace. Here, it is assumed that only 
sulphides are converted to sulphur dioxide and not sulphate-sulphur. The 
sulphate content is the difference between the total sulphur in the original 
sample material, measured at 1500–1700°C, and total sulphur (also mea-
sured at 1500–1700°C) in the residue material that is left after pyrolysis that 
is carried out at lower temperature of 550°C as given in the ASTM method  
E-1915-99 (ASTM, 2000; Lapakko, 2002; Price, 2009).

The response to pyrolysis treatment differs for different minerals. The 
sulphide in iron sulphides (pyrite (FeS2), marcasite (FeS2), arsenopyrite 
(FeAsS) and pyrrhotite (Fe(1-X)S)) may be volatilised completely. However, 
the loss of sulphide from copper sulphides (bornite (Cu5FeS4), chalcopy-
rite (CuFeS2)), pentlandite ((Fe,Ni)9S8), galena (PbS) and sphalerite (ZnS) is 
reported to be minor, which then underestimates the total sulphide content. 
In addition, hydrated sulphate minerals (gypsum (CaSO4∙2H2O), jarosite 
(KFe3(SO4)2(OH)6)) may decompose partially, resulting in overestimation of 
the sulphide species (Bucknam, 1999; Li et al., 2007). Therefore, mineralogi-
cal analysis must always be taken into account when selecting a method for 
determining the sulphur species (Lapakko, 2002). The importance of miner-
alogy in AMD prediction is discussed further in Subsection 2.3.2.7.

The estimation of sulphur species can also be carried out by various wet 
chemical extraction procedures where mine wastes are digested either 
by water to measure soluble sulphates (FeSO4∙7H2O, MgSO4∙7H2O and 
CaSO4∙2H2O) (Li et  al., 2007), or by hydrochloric acid to remove sulphate-
sulphur (Sobek et al., 1978; Tuttle et al., 2003; Ahern et al., 2004; Li et al., 2007), 
or by sodium carbonate to remove less soluble sulphate minerals (Bucknam, 
1999) and by nitric acid to measure sulphide-sulphur (Sobek et al., 1978). The 
detailed laboratory procedures can be found in various relevant references. 
For example, in the EPA-600 method, a mine waste sample is milled and 
leached with 40% hydrochloric acid to determine sulphate-sulphur (acid sol-
uble). The leach residue material is then analysed for residue total-sulphur by 
the high temperature pyrolysis technique in a Leco induction furnace. The 
sulphur lost or dissolved by leaching, that is, acid soluble sulphate-sulphur, is 
taken as the difference between total sulphur in the sample before and after 
extraction. The sulphate-sulphur is then subtracted from the total-sulphur to 
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determine the sulphide-sulphur content, which is used to calculate the AP of 
the material. This method is not suitable if acid insoluble sulphate minerals 
are present since AP may be underestimated (Price, 2009).

2.3.2.3  Acid Neutralisation Potential

The acid NP or acid neutralisation capacity (ANC) method measures the capac-
ity of mine waste materials (tailings, waste rocks) to neutralise the acid that is 
produced. The alternative to the ANC test is the costly acid buffering charac-
teristic curve (ABCC) test that also measures the ANC of waste materials. The 
main sources of acid neutralisation are carbonate minerals (calcite (CaCO3), 
dolomite (Ca,Mg(CO3)2), magnesite (MgCO3)) and some reactive silicate min-
erals. The most common analytical methods used to measure NP are based 
on the Sobek method and its modified forms that use either bulk acid neu-
tralisation or carbonate acid neutralisation techniques (Lawrence and Wang, 
1996; Price, 2009). In the Sobek or US EPA-600 method (Sobek et al., 1978), NP 
is determined experimentally by adding hydrochloric acid to a finely ground 
sample and digesting under boiling conditions. The volume and strength of 
hydrochloric acid added is determined by the fizz test. The strength of the 
fizz resulting from the addition of drops of acid to the sample is an indicator 
of the amount of reactive carbonate minerals present. For example, for “no 
fizz”, add 20 mL 0.1 N; “slight fizz”, add 40 mL 0.1 N; “moderate fizz”, add 40 
mL 0.5 N and for a “strong fizz”, 80 mL 0.5 N of hydrochloric acid is added 
(Price, 2009). After the sample has been cooled, the residue acid in the slurry is 
determined by titration with sodium hydroxide to pH 7.0 so that the amount 
of acid consumed by the waste material can be calculated (in kg CaCO3/t). The 
NP value is then compared with AP value to calculate the NAPP of a sample. 
Although the basic laboratory procedure is the same, the NP method based 
on Sobek et al (1978) has been modified by Coastech Research, Inc. (1989) and 
Lawrence and Wang (1996) mainly to provide longer acid digestion time for 
samples. Furthermore, the pH end point during titration is different (pH 8.3 
for the modified NP method). All these methods aim to ensure that sufficient 
acid is added to dissolve all carbonates and reactive silicates (Price, 2009).

According to Price (2009), the Sobek method is fast (3–4 h) and widely used 
to determine NP, while the modified NP method by Lawrence and Wang 
(1996) require over 25 hours which may be costly, time consuming and prac-
tically difficult to implement. The errors in these methods may come from 
misinterpretation of fizz test results, leading to incorrect determination of 
the amount of acid to be added, and any strong acid employed may dissolve 
minerals that do not contribute to acid neutralisation.

Other less common bulk NP methods include the British Columbia (BC) 
Research Initial test (Duncan and Bruynesteyn, 1979) and the Lapakko test 
(1994) in which NP is determined by the amount of acid required to attain 
pH values of 3.5 and 6.0, respectively. It must be noted that different methods 
can produce different NP values for the same sample due to differences in 
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particle size, digestion conditions (acid used, pH, temperature and duration) 
and endpoint pH of titration (Lapakko, 1992; Lapakko, 1994).

Another technique that can be used to estimate the acid NP is called the 
carbonate neutralisation potential (CO3-NP). This is the ANC that a waste 
material possesses if all the carbonates reacted like calcite. The carbonate 
concentration is calculated from total carbon (i.e., carbon present as carbon-
ate, organic carbon and graphite), inorganic carbon or carbon dioxide as 
shown in Equation 2.5:

	 ( )− = ×CO NP   % C   83.4 Kg CaCO /t3 3 	 (2.5)

where C is percentage of total carbon.
If all carbon occurs as carbonate, the total carbon is measured by Leco 

furnace facilities. For high concentration of non-carbonate carbon (coal, 
organic matter, graphite), the acid soluble analysis of carbonate-carbon is 
used whereby carbonate minerals are converted to carbon dioxide by hydro-
chloric acid (Price, 2009).

2.3.2.4  Net Acid Production Potential

The NAPP, as used in Australia and Asian countries, is calculated as the 
difference between the MPA and ANC values (Equation 2.6a) (Price, 2009; 
Jones et al., 2016). The NAPP value gives an acid-base account of the mine 
waste materials, which is then interpreted to predict AMD formation. When 
the NAPP value is negative (i.e., MPA < ANC), then the mine waste has suf-
ficient neutralisation capacity to prevent acid formation. However, the mate-
rial may generate acid if the NAPP value is positive (i.e., MPA > ANC). Thus, 
NAPP data may then be used to classify mine waste materials as either 
potentially acid forming (PAF) or non-acid forming (NAF). Figure 2.2 shows 
that the risk of acidic drainage is high if NAPP values are located in the risk 
domain. However, a related term that is commonly used in North America 
is the net neutralisation potential (NNP) which is the difference between NP 
and AP values (Equation 2.6b). Similar to the interpretation of NAPP, a mine 
waste may generate acid if NNP value is found to be negative (i.e., NP < AP) 
and may neutralise any acid formed if NNP value is positive (i.e., NP > AP) 
(Coastech Research, Inc., 1989; USEPA, 1994; White et al., 1999; Price, 2009).

	 ( )= −NAPP  MPA   ANC Kg H SO /t2 4 	 (2.6a)

	 ( )= −NNP   NP   AP Kg CaCO /t3 	 (2.6b)

Another ABA classification criterion is based on the net potential ratio (NPR), 
that is, ANC/MPA or NP/AP ratio that is used to assess the acid producing 
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or acid consuming (ACM) potential of mine wastes (Morin and Hutt, 1994; 
Price, 2009; Jones et al., 2016). Lawrence and Wang (1996) stated that the use 
of NPR to interpret ABA test data is favoured because it clarifies the rela-
tive amounts of acid producing and ACM phases. A range of NPR values 
has been recommended in the literature to differentiate the potentially acid 
producing materials from ACM ones. Jones et  al. (2016) cited NPR values 
of 1.5 to 3, but recommended safe values of ≥2 to ensure that the material 
will remain near-neutral in pH and that it will not result in AMD forma-
tion. According to the universal criteria given in Table 2.1 by Morin and Hutt 
(1997), an NPR < 1 or NNP < 0 t CaCO3/1000 t indicates that the material has 
insufficient neutralisation capacity and, therefore, should eventually result 
in net acidic outcome. However, the material may remain near-neutral or 
alkaline indefinitely if NPR > 1 or NNP > 0 t CaCO3/1000 t.

2.3.2.5  Paste pH

The analytical procedure for paste pH as presented by Sobek et al (1978) 
provides a simple method to assess whether a material will be acidic, neu-
tral or alkaline at the time of analysis. It involves pulverising a sample (to 
dp < 100 μm) and mixing it with distilled water at ~pH 5.3 to form a slurry 
from which paste pH is measured. As presented in Table 2.1, a paste pH 
of less than 5.0 indicates net acidity, pH values between 5.0 and 10.0 are 
regarded as near neutral and values above pH 10.0 indicate net alkalinity 
at the time of the test, but the future drainage pH is non-predictable in all 
cases.

FIGURE 2.2
Acid-base accounting data interpretation plot. (From Jones et al., 2016.)
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2.3.2.6  Net Acid Generation

According to Price (2009), the NAG test utilises hydrogen peroxide (H2O2) to 
rapidly oxidise sulphides in order to assess the capacity of mine waste mate-
rials to neutralise acid formed by sulphide oxidation, for example, pyrite 
(Equation 2.7). The NAG test is based on the original hydrogen peroxide 
method by Sobek et al. (1978). The acid formed may subsequently solubilise 
carbonate (or neutralising) minerals to give a net effect between acid form-
ing and neutralising reactions which can then be measured directly in the 
NAG test. This implies that the test directly measures the net quantity of 
acid formed by a mine waste sample. The test is simple, rapid and relatively 
cheap, which helps to identify PAF waste materials at mine sites. The NAG 
test is often used in association with the NAPP values to classify the acid-
generating potential of waste materials (Miller et  al., 1994; Lapakko, 2002; 
Smart et al., 2002).

	 + = + + +− +FeS  15/2H O    Fe(OH)    4H O 2SO 4H2 2 2 3 2 4
2

	 (2.7)

Several types of the NAG test have been developed to accommodate the wide 
geochemical variability of mine waste materials. These include the single 
addition NAG test (low −S2

2 ), sequential NAG test (high −S ),2
2  partial ABA 

(for total S, NP and paste pH), kinetic NAG test and the ABCC (Smart et al., 
2002; Price, 2009). The theory, detailed experimental procedures and limita-
tions of these tests can be found in laboratory manuals by Smart et al. (2002) 

TABLE 2.1

Universal ABA Criteria for Assessing and/or Predicting Drainage pH from 
Mine Wastes 

Criteria
Prediction / Current 
Condition

Paste pH
I Paste pH <5.0 Currently acidic; future 

non-predictable
II 5.0 ≤ /Paste pH ≤ 10.0 Currently near neutral; 

future non-predictable
III Paste pH > 10.0 Currently alkaline; 

future non-predictable

NPR or NNPa

A NPR < 1.0 or NNP < 0.0 t CaCO3/1000 t Eventually acidic
B 1.0 ≤ NPR ≤ 2.0 or 0 ≤ NNP ≤ 20 Uncertain future
C NPR > 2.0 or NNP > +20 t CaCO3/1000 t Indefinitely near neutral 

or alkaline

Source:	 Morin and Hutt, 2001.
a	 The static tests are based on sulphide-sulphur.
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and Price (2009). The NAG test procedures commonly used are the single 
addition NAG test and the sequential NAG test. The sequential NAG test is 
applicable if mine waste samples have high total sulphur or sulphide sul-
phur in order to measure the total acid-generating capacity, and also for sam-
ples with high ANC.

The NAG test is done by mixing hydrogen peroxide with finely milled 
mine waste samples and heating the mixture until effervescence stops fol-
lowed by cooling and recording the pH (or NAG pH). The mixture is filtered 
and titrated with sodium hydroxide (NaOH) to pH 4.5 and 7.0. The first pH 
value of 4.5 accounts for acidity due to Fe, Al and most of the H+ ion, and the 
pH between 4.5 and 7 indicates soluble metals (e.g., Cu and Zn). A pH after 
the sulphide oxidation reaction (NAG pH) of less than 4.5 indicates that the 
mine waste sample is PAF or potentially acid generating (PAG). However, 
if NAG pH is greater than 4.5, the sample may be considered as non-acid 
forming (NAF) or non-PAG. The amount of acid produced is determined by 
titration and expressed in the same units as NAPP (kg H2SO4/tonne) (Smart 
et al., 2002) as given by Equation 2.8. The classification criteria for mine waste 
material based on NAPP and NAG test data are shown in Table 2.2.

	 ( )= × ×NAG   49   V   M/ W  kg H SO /tonne2 4 	 (2.8)

where V = amount of NaOH (mL), M = concentration of NaOH (moles/L), 
W = weight of rock sample (g).

The data from the NAG test is useful to assess the risks of acid formation, 
sulphide reactivity and the quantity of acid that may form. This informa-
tion helps to develop plans to implement mine waste management strategies 
to prevent AMD formation (Miller et al., 1994). However, one of the limita-
tions of the NAG test is that hydrogen peroxide may decompose before it 
reacts with all sulphides and thus underestimate the total acid-generating 

TABLE 2.2

Geochemical Classification Criteria 

Primary Geochemical Material Type NAPP (kg H2SO4/tonne) NAG pH

Potentially acid forming (PAF) >10 <4.5
Potentially acid forming – low capacity (PAF-LC) 0 to 10a <4.5
Non-acid forming (NAF) Negative ≥4.5
Acid consuming (ACM) Less than –100 ≥4.5

Uncertainb

Positive ≥4.5
Negative <4.5
Positive <4.5

Sources:	 Smart et al., 2002; Jones et al., 2016.
a	 Site-specific, 5–20 kg H2SO4/tonne.
b	 Further testing required.
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potential. The use of pH 4.5 criteria also can imply that Non-PAG classifica-
tion might include weakly acidic mine waste samples that can potentially 
solubilise toxic trace elements. In addition, the rapid oxidation of sulphides 
may not simulate expected field conditions (Price, 2009).

2.3.2.7  Mineralogical and Elemental Analyses

The prediction of AMD formation also depends on mineralogy as shown in 
the “Wheel approach” by Morin and Hutt (1998). Thus, mineralogical charac-
terisation of mine waste materials is essential to understand the actual min-
eral phases that drive AMD formation. A mineralogical study should reveal 
mineral type, composition, abundance, particle sizes, liberation and grain 
size distribution of minerals. A combination of characterisation methods 
are often used such as optical mineralogy, petrographic, X-ray diffraction 
(XRD), scanning electron microscopes (SEM), micro-probes, quantitative 
evaluation of materials by scanning electron microscopy (QEMSCAN) and 
bulk elemental analyses (such as X-ray fluorescence (XRF), ICP-AES). The 
chemical analysis of elements is accomplished by whole rock or near-total 
solid phase analysis by hot acid digestion method and leachate analysis by 
XRF or ICP-AES techniques (Price, 2009). The aim of the characterisation is 
to identify the sulphide and carbonate minerals that are responsible for acid 
formation and neutralisation, respectively. However, silicates (e.g., anor-
thite, olivine and chlorite) also have long-term acid neutralising properties 
but may be ineffective due to slow reaction kinetics. The knowledge of min-
eralogy not only helps to indicate the mineral phases that may contribute to 
acid formation and NP in static tests, but also to establish the likely source 
of harmful elements in the leachates. The characterisation may also provide 
information about the concentration of elements of interest relative to back-
ground rocks/soils. The common acid-forming sulphides are pyrite (FeS2), 
pyrrhotite (FeS), marcasite (FeS2), chalcopyrite (CuFeS2) and arsenopyrite 
(FeAsS). However, not all sulphides are acid-generating (see Chapter 3) dur-
ing oxidation, for example, covellite, sphalerite, galena, chalcocite and born-
ite may not form acid when oxidised, but may release metals when exposed 
to acidic water (Morin and Hutt, 2001; Smart et  al., 2002; Rae et  al., 2007; 
Price, 2009).

2.3.3  Geochemical Kinetic Tests

According to Coastech Research, Inc. (1991), the kinetic prediction tests are 
follow-up geochemical test procedures that may be carried out on mine 
wastes if the results from static tests are either uncertain or predict poten-
tial for AMD formation. Therefore, the aim of kinetic tests is to understand 
whether, and/or when, AMD is likely to occur by predicting the long-term 
oxidation (or dissolution) rates of mine wastes (in months to years) (Coastech 
Research, Inc., 1991; Parbhakar-Fox and Lottermoser, 2015; Dold, 2017). The 
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specific objectives (Coastech Research, Inc., 1991; Lapakko, 2003; Price, 2009; 
Lottermoser, 2015) may be to:

•	 Determine the rates of acid generation and neutralisation,
•	 Determine whether AMD is likely to occur and its time frame,
•	 Estimate the rate of metal leaching from mine wastes,
•	 Establish the chemical composition and leachate quality (drainage 

chemistry),
•	 Identify the main chemical weathering reactions, and
•	 Confirm results from static tests, hence, AMD generation potential.

A number of kinetic tests have been developed to complement static tests 
data in the prediction of AMD formation. These kinetic tests are categorised 
as either laboratory-based (e.g., humidity cells, leach columns, shake flasks, 
biokinetic tests, soxhlet extraction, BC research confirmation tests and the 
use of the international kinetic database) or field-based (e.g., large-scale field 
test pads (i.e., bins or cribs or piles), mine wall stations and routine site moni-
toring) (Coastech Research, Inc., 1991; Morin and Hutt, 2001). The basic con-
cepts, principles and inherent limitations of the most popular kinetic tests 
with wide applications, i.e., humidity cell test, leach columns and biokinetic 
tests, are briefly discussed in the sections that follow.

2.3.3.1  Humidity Cell

Morin and Hutt (1997) reported that the humidity cell was the kinetic test of 
choice. This is now the recommended and most popular kinetic test. As dis-
cussed by Lapakko (2003), the original humidity cell testing method based 
on Sobek et al. (1978) has been revised by many researchers, with the notable 
method being the ASTM5744-96 (revised 2007–2018). The humidity cell test 
simulates the geochemical weathering of mine wastes (e.g., rocks or tailings) 
in order to estimate mainly the rate of acid generation and the quality of 
the leachate. The test results may indicate whether the sample will generate 
acidic, neutral or alkaline drainage and types of dissolved species (e.g., met-
als and sulphates) and rates of their release under controlled conditions. The 
test also helps to address any uncertainty in data from static tests.

The principle of the humidity cell test is that a suitable sample size of the 
waste material is crushed to a particular particle size and loaded into a column 
of suitable dimensions. The loaded column is then subjected to alternating 
cycles of dry air (3 days) and humid (or moist) air (3 days). Thereafter, water 
is percolated through the column to soak, rinse or leach the material (1 day) 
which is later discharged as a leachate. The quality or chemistry of the leach-
ate is analysed for metal ions, sulphate, pH, conductivity, redox potential, acid-
ity and alkalinity (Sobek et al., 1978; Lawrence et al., 1989; Morin and Hutt, 
1997; 2001; Lapakko, 2003; Coastech Research, Inc., 2008, Lottermoser, 2010).
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The ASTM D8187-18 method (ASTM, 2018) provides a detailed discussion 
on the interpretation of results from the humidity cell test. Basically, the 
results are analysed to assess the potential of the mineral wastes in forming 
AMD based on leachate composition, for example, a pH of 3–5 indicates that 
the sample is PAF. In addition, the acidity and alkalinity measurements refer 
to the balance between acid and alkaline generating minerals and a high 
redox potential (>500 mV) indicates a high sulphide oxidation rate by ferric 
ions. Plots of pH, acidity/alkalinity, metal ions with time help to establish 
the variation in leachate chemistry and deduce evidence for the potential to 
form AMD (Coastech Research, Inc., 2008).

The humidity cell test is simple and reliable. It predicts the leachate qual-
ity expected from waste materials, and thus, it is useful in helping to assess 
the initial plans that can prevent AMD formation. However, the humidity 
cell test is costly and requires a lot of time to be completed or to generate 
meaningful data (Coastech Research, Inc., 2008). Furthermore, the equilib-
rium weathering conditions that are expected in actual mine waste dumps 
might not be reproduced in the humidity cell test due to relatively limited 
reaction time that is employed under laboratory conditions (Parbhakar-Fox 
and Lottermoser, 2015).

2.3.3.2  Leach Columns

The leach column tests are designed to simulate leaching conditions in mine 
waste materials under partial or full saturation conditions and/or deprived 
of oxygen. These tests are often carried out on scale that is larger than that 
of humidity cell test (Lawrence and Day, 1997; MEND, 2000). The most com-
monly used column type is the free draining leach column test that uti-
lises the Buchner funnel or drums depending on the size of the sample. 
The columns are loaded with crushed mine waste material and exposed to 
cycles of wetting and drying (with heat lamps) to oxidise the material and 
flush the reaction products. The loaded samples are wetted by addition of 
water (weekly) to the surface of the column and leachates collected at the 
column base (monthly). The testing period depends on the characteristics 
of the waste material and the objectives of the project. The leachate qual-
ity is analysed for metal solubility, oxidation kinetics, sulphide reactivity 
and the leaching characteristics of mine waste materials (Smart et al., 2002). 
However, columns can be operated such that they are sub-aerial type (well-
drained waste materials) or sub-aqueous leach columns (waste materials are 
flooded) (Price, 2009).

Apart from determining the rates of acid formation, sulphide oxidation 
and depletion of NP, a column test may reliably predict the drainage quality 
and dissolved metals expected from mine wastes (Coastech Research, Inc., 
2008). The column test set-up may be modified to accommodate different 
grain sizes and sample mass of waste materials and the frequency of leach-
ate collection can also be varied (Parbhakar-Fox and Lottermoser, 2015). It 
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is claimed by some studies that experimental conditions in the column test 
closely simulate actual field conditions than the humidity cell test (Bradham 
and Caruccio, 1990; Maest et al., 2005), but this view was refuted by Morin 
and Hutt (1997), who noted that laboratory conditions may not reproduce 
field conditions and that columns rarely attain steady-state conditions to 
give reliable estimates of oxidation rates. Furthermore, solution channel-
ling in columns can be a challenge (MEND, 2000), and there is no provision 
to integrate mineralogical assessment during the test (Parbhakar-Fox and 
Lottermoser, 2015).

2.3.3.3  Biokinetic Tests

The effect of iron and sulphur oxidising bacteria (e.g., Acidithiobacillus ferrooxi-
dans) on the rate of acid formation by mine waste materials has been studied 
by the shake flask test (USEPA, 1994), the biological acid producing poten-
tial (BAPP) test (Parbhakar-Fox and Lottermoser, 2015) which is based on the 
BC Research confirmation test (USEPA, 1994) and the relatively recent bioki-
netic test (Hesketh et al., 2010). In the BC Research confirmation test, a mine 
waste sample is milled to form an acidic slurry in shake flasks, which are then 
inoculated with Acidithiobacillus ferrooxidans and incubated for the bacterial 
adaptation followed by frequent monitoring of pH and other water quality 
parameters. A final pH value that is below 3.5 indicates microbial activity and 
the potential for the sample to form acid. For the pH above 3.5, the sample is 
considered NAF. One major criticism in this test is the use of a single bacterial 
species (Hesketh et al., 2010; Parbhakar-Fox and Lottermoser, 2015). The shake 
flask test is similar to the BC Research confirmation test except that consid-
eration of the effect of bacteria on the kinetics of acid formation is optional.

The biokinetic test, as presented by the work of Hesketh et al (2010), is an 
improvement to the existing shake flask tests. The objective of this test is to 
determine the potential and likelihood of acid formation by mine wastes in 
the presence of bacteria and to determine the rates of acid formation and neu-
tralisation reactions. In the test, the mine waste materials are milled to form 
an acidic slurry at pH 2 through sulphuric acid addition in flasks and inocu-
lated with more than one bacterial species. The bacteria is a mixed culture 
of Acidithiobacillus ferrooxidans, Leptospirillum ferriphilum, Acidithiobacillus cal-
dus and Sulfobacillus benefaciens that simulate typical microbial environments 
found at actual mine sites with AMD. The biokinetic test data (e.g., final pH, 
acid consumption) are able to validate the NAG pH, ANC and waste clas-
sification criteria under the static ABA methods. However, the timing is dif-
ferent between ACM and acid-generating reactions. The ANC of the waste 
material is depleted rapidly and controlled by the more reactive carbonate 
phases. The sulphides oxidise and form more acid over long term than that 
predicted by static tests. Thus, the biokinetic shake flask test is seen to be rel-
atively simple, fast and of low-cost. However, there is still no practical use of 
this test to predict AMD formation (Parbhakar-Fox and Lottermoser, 2015).
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2.4  Applications of Acid Mine Drainage Prediction Data

As discussed previously, all mine wastes should be characterised to pre-
dict the potential, rate and timing of AMD formation, and likely metals in 
leachates from sulphide oxidation. This forms the basis for developing waste 
management plans where AMD risk is evident. Therefore, the control and 
safe disposal of waste materials to minimise AMD formation may involve 
prediction for AMD potential, classification and confinement of any materi-
als at risk of AMD. Consequently, any material classified as PAF from predic-
tion tests have high AMD risk that must be properly identified. The material 
must be selectively disposed and encapsulated with benign materials, that is, 
those that are classified as NAF mine wastes with high ANC and low AMD 
risk (Jones et al., 2016). Thus, the integrated and sustainable AMD manage-
ment through prediction dictates the use of source control technologies for 
AMD in order to prevent, minimise or reduce AMD formation through the 
following measures, some of which are discussed in Chapter 6:

•	 Identification of AMD risk and early integration of AMD issue in the 
life cycle of the mine,

•	 Blending of acid-generating wastes with acid-consuming materials,
•	 Encapsulation of PAF waste dumps by dry covers, caps, seals, etc.,
•	 Flooding/sealing underground mines (with water) after closure to 

stop oxygen ingress and thus, prevent further AMD generation,
•	 Underwater storage of tailings, and
•	 Application of cleaner production principles.

The awareness, adoption and use of AMD prediction tools by the mining 
industry is evident, however, post mine closure incidents of AMD continue 
to occur at many mine sites despite improved understanding of AMD pre-
diction tests. Consequently, failure to predict AMD has resulted in environ-
mental destruction, unplanned remediation costs and reputational damage 
to the industry. Lottermoser (2015) provides a comprehensive discussion on 
why some mine sites remain AMD liabilities after mine closure. For exam-
ple, from a practical perspective, the mining industry puts too much empha-
sis on reactive or end-of-pipe approaches to manage environmental impacts 
through legal compliance, mine site rehabilitation and monitoring, etc., as 
opposed to the use of AMD prediction tests to prevent AMD formation at 
source which is regarded as a sustainable option and best practice. In addi-
tion, the industry often uses static tests to make major waste management 
plans rather than the more realistic, long-term, field-based kinetic tests that 
have not received much attention. Furthermore, mine waste dump facilities 
are susceptible to AMD partly because they tend to be constructed without 
strictly following the design and mine closure plans (e.g., capping, etc.).
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Although AMD prediction tests are well established and have predicted 
AMD formation correctly in many case studies, they have also failed in 
many others due to their inherent limitations. For example, the simple waste 
classification criteria of PAF, NAF and uncertain (UC) are limited in that it 
does not account for parameters like the mobility of metal ions of interest at 
neutral pH, effects of microorganisms, reaction rates of individual minerals, 
particle size, texture, climate and many others (Lottermoser, 2015).

2.5  Concluding Remarks

The use of predictive tools to prevent AMD formation has historically 
been driven by the application of increasingly unacceptable end-of-pipe 
approaches to address the destructive nature of AMD and its huge reme-
diation costs. It is now a regulatory requirement in most mining countries, 
as part of EIA process, to predict the potential of AMD formation for all 
solid waste materials at mine sites and to proactively develop plans for waste 
management and mitigation facilities for unavoidable AMD.

Amongst the many methods used, the ABA method is widely used to pre-
dict AMD formation from mine wastes by measuring sulphur species, the cal-
culation of AP and the determination of the acid NP. The difference between 
AP and NP values indicates the NAPP of the waste material. It is, thus, a 
quantitative estimate of the balance between the acid generated from mainly 
the oxidation of sulphide minerals and the acid consumption by carbonate 
minerals. The other tests that complement the ABA method are the mineral-
ogy, elemental composition, paste pH and the NAG test. The results from all 
these tests are useful to identify waste materials with potential to form AMD 
and to classify and segregate the mine wastes for separate disposal and miti-
gation. However, ABA methods do not predict the time when acid generation 
would occur and provide no information about effluent quality and rates for 
acid generation and neuralisation. Thus, several kinetic tests (e.g., humidity 
cells, leach columns, etc.) have been developed to complement ABA static 
tests in the prediction of AMD formation. They are aimed at determining the 
sulphide oxidation kinetics, rates of acid formation and neutralisation, assess 
water quality and predict when AMD is likely to occur.

Some of the recent developments in AMD prediction include the acid rock 
drainage index (ARDI) tool that was proposed by Parbhakar-Fox et al (2011). 
This tool addresses some limitations in the waste characterisation criteria 
using an integrated geochemistry-mineralogy-texture (GMT) approach to 
generate detailed and accurate prediction data at a relatively low cost. Other 
new tests have been developed such as the computed acid rock drainage 
(CARD) risk protocol that uses the automated mineralogy data to calculate 
surface area of minerals that form or neutralise acid. In addition, the existing 
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testing tools are being validated, for example, the paste pH method by ASTM 
has been found to be the best paste pH procedure on drill cores (Lottermoser, 
2015).

It is recommended that a site-specific approach in predicting the poten-
tial for AMD formation is developed and that all mine waste materials are 
considered. To obtain a reliable prediction, a combined data interpretation 
from the mineralogy, static tests, kinetic tests, drainage chemistry and water 
quality is necessary to fully understand and predict the potential of AMD 
formation in the future. Waste materials that are PAF may be blended with 
acid-consuming materials or encapsulated with benign materials to mini-
mise AMD formation at source.
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3.1  Introduction

There is no doubt that acid mine drainage (AMD) is one of the serious envi-
ronmental problems in the world. Typically, AMD contains high concentra-
tions of sulphate, iron, and many other metallic ions at low pH (Prasad and 
Henry, 2009). Its formation involves a series of complex chemical, biological, 
and electrochemical reactions (Zdun, 2001). It is, therefore, important that 
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there is a proper understanding of the formation of AMD by evaluating the 
biogeochemical interactions and the sequences in these processes (Dold, 
2014). In addition, a proper understanding of the chemistry is required if the 
means of controlling the environmental hazard or enhancing the reaction 
for commercial exploitation are to be devised (Lowson, 1982). Indeed, under-
standing the chemistry behind the AMD formation will help create more 
cost-effective prevention and remediation solutions. Therefore, this chap-
ter discusses the chemistry of AMD formation in detail. First, the chapter 
focuses on the chemistry of AMD formation with respect to pyrite. Pyrite is 
chosen amongst many other sulphide minerals because the process of AMD 
production is made more clear by considering the reactions during the oxi-
dation of pyrite (Simate and Ndlovu, 2014), and that pyrite oxidation is the 
main process responsible for the generation of AMD (Espańa, 2008). Second, 
the chapter will briefly discuss the oxidative dissolution of a selected num-
ber of other sulphide minerals.

3.2  Oxidation of Sulphide Minerals

The mining and excavation operations have already been discussed in 
Chapter 1. These operations allow the introduction of oxygen onto the min-
eral surface and thus initiating the oxidation of minerals which are normally 
in a reduced state (Banks et al., 1997). The most common family of such min-
erals is the sulphides. In principle, the oxidation of sulphide minerals occurs 
when the mineral surface is exposed to an oxidant and water, either in oxy-
genated or anoxic systems, depending on the oxidant (Blowes et al., 2003). 
In addition, microorganisms also indirectly play a role in the oxidation of 
sulphide minerals (Rossi, 1990; Acevedo et  al., 2004; Brierley and Brierley, 
2001; Nestor et al., 2001; Kodali et al., 2004; Adams et al., 2005; Ndlovu, 2008). 
Therefore, as a result of various interacting factors, the AMD generation pro-
cess may be considered as being a complex process involving chemical, bio-
logical, and electrochemical reactions that are dependent on the conditions 
of the environment (Zdun, 2001).

3.2.1  Oxidation of Pyrite

3.2.1.1  Introduction

Pyrite which is found in a wide variety of geological formations is the most 
widespread and abundant of the sulphide minerals (Craig and Vokes, 1993). 
It is widely distributed and forms under extremely varied conditions. For 
example, it can be produced by magmatic (molten rock) segregation, or by 
hydrothermal solutions, and as stalactite growth. It occurs as an accessory 
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mineral in igneous rocks, in vein deposits with quartz and sulphide miner-
als, and in sedimentary rocks, such as shale, coal, and limestone (Rafferty, 
2020). Pyrite is sometimes called fool’s gold because of its similarity to gold 
in colour (brassy-yellow) and shape (King, 2020a; Rafferty, 2020). However, 
pyrite is quite easy to distinguish from gold, i.e., pyrite is much lighter, but 
harder than gold and cannot be scratched with a fingernail or knife (TMM, 
2014). In addition, pyrite will tarnish when exposed to acid, whereas gold is 
nonreactive (IGS, 2011).

3.2.1.2  Oxidation Process

Pyrite is stable under anaerobic conditions, but is oxidised and dissolved 
to release soluble iron species and sulphuric acid when it comes in contact 
with oxygen and water (Satur et al., 2007). In fact, the oxidative dissolution of 
pyrite is one of the most extensively studied geochemical processes by many 
researchers (Lowson, 1982; Nordstrom and Alpers, 1999; Edwards et al., 2000; 
Espańa, 2008; Simate and Ndlovu, 2014). The pyrite oxidation and the factors 
affecting the kinetics of oxidation (O2, Fe3+, temperature, pH, Eh, and the pres-
ence or absence of microorganisms) have been the focus of extensive study 
because of their importance in both environmental remediation and min-
eral separation (Blowes et al., 2003). As shown in Figure 3.1, the oxidation of 
pyrite follows a cycle of complex reactions (Stumm and Morgan, 1996; Banks 
et al., 1997; Ali, 2011; Buzzi et al., 2013) involving surface interactions with 
dissolved O2, Fe3+, and other mineral-based catalysts such as MnO2 (Blowes 
et al., 2003; Simate and Ndlovu, 2014). Ideally, several products are formed 
during the oxidation of pyrite including metastable secondary products such 
as ferrihydrite (5Fe2O3·9H2O), schwertmannite (between Fe8O8(OH)6SO4 and 
Fe16O16(OH)10(SO4)3), and goethite (FeO(OH)), as well as the more stable sec-
ondary jarosite (KFe3(SO4)2(OH)6), and hematite (Fe2O3) depending on the 
geochemical conditions (Dold, 2010; Dold, 2014).

For pyrite oxidation, oxygen and ferric iron are the two possible available 
oxidants. However, the initial step and most important reaction is the oxida-
tion of the pyrite (or sulphide) in the presence of atmospheric oxygen and 
water forming dissolved ferrous iron, sulphate, and hydrogen as shown in 
Equation 3.1 (Akcil and Koldas, 2006; Dold, 2010). The initial step of pyrite 

FIGURE 3.1
Model for the oxidation of pyrite. (From Stumm and Morgan, 1996; Ali, 2011; Buzzi et al., 2013.)
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oxidation is also illustrated in Figure 3.1 (Stumm and Morgan, 1996; Banks 
et  al., 1997; Ali, 2011; Buzzi et  al., 2013). It must be noted that though two 
oxidisable species are present in pyrite (ferrous iron and sulphidic sulphur), 
it has been experimentally determined that irrespective of the mechanism 
(oxygen or ferric mediated), during the initial solubilisation of pyrite only 
the sulphidic sulphur is oxidised and the iron passes into solution in the fer-
rous state (Lowson, 1982).

	 + + → + ++ − +2FeS    7O    2H O   2Fe    4SO    4H2 2 2
2

4
2

	 (3.1)

In an environment which is sufficiently oxidizing (dependent on O2 concen-
tration, pH greater than 3.5 and bacterial activity), the ferrous iron generated 
as shown in Equation 3.1 may be oxidised to ferric iron according to reac-
tion 3.2 (Blowes et al., 2003; Akcil and Koldas, 2006; Udayabhanu and Prasad, 
2010). However, according to Fripp et al. (2000), if the concentration of oxygen 
is low, reaction 3.2 will not occur until the pH reaches 8.5.

	 + + ↔ ++ + +4Fe  O    4H    4Fe    2H O2
2

3
2 	 (3.2)

Once ferric iron is produced by the oxidation of ferrous iron (reaction 3.2), 
which is the case at low pH conditions and strongly accelerated by micro-
biological activities, then ferric iron also becomes an oxidant of pyrite 
(reaction  3.3) (Dold, 2010). In fact, an important factor in the oxidation of 
pyrite and the generation of acid mine waters is that Fe3+ is able to oxidise 
pyrite under anoxic subaqueous conditions at a much faster rate than does 
molecular oxygen (Espańa, 2008). In other words, though oxygen is a pri-
mary oxidant, the ferric iron (Fe3+) resulting from the oxidation of ferrous 
iron is now recognised as a more powerful oxidant than oxygen even at near-
neutral pH (Zdun, 2001).

	 + + → + ++ + − +FeS    14Fe  8H O   15Fe    2SO    16H2
3

2
2

4
2

	 (3.3)

It is noted that at pH < 3.5, reaction 3.2 is several orders of magnitude slower 
than reaction 3.1 (Espańa, 2008). Therefore, the oxidation of Fe2+ by oxygen 
is usually considered as the rate-limiting step in pyrite oxidation (Singer 
and Stumm, 1970; Skousen et al., 1998). However, the presence of acidophilic 
bacteria such as Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans 
greatly accelerates (by a factor of around 106) the abiotic oxidation rate (Singer 
and Stumm, 1970; Nordstrom and Alpers, 1999; Espańa, 2008), thus maintain-
ing a high concentration of ferric iron in the system (Espańa, 2008).

According to Singer and Stumm (1970), the overall process resulting from 
the combination of reactions 3.2 and 3.3 is traditionally known as the ‘propa-
gation cycle’ and along with reaction 3.1 depicts a model by which pyrite 
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oxidation initially starts by reaction 3.1 with oxygen as the oxidant at circum-
neutral pH conditions, and as pH decreases to about 4 the oxidation of pyrite 
proceeds through reaction 3.3. It must be noted, however, that oxygen will 
always be required to replenish the supply of ferric iron according to reac-
tion 3.2, so that the overall rate of pyrite oxidation is largely dependent on the 
overall rate of oxygen transport by advection and diffusion (Nordstrom and 
Alpers, 1999; Ritchie, 1994; Ritchie, 2003; Espańa, 2008).

It is noted further that at pH values between 2.3 and 3.5, ferric iron formed 
in reaction 3.2 may precipitate as Fe(OH)3 (and to a lesser degree as jarosite, 
H3OFe3(SO4)2(OH)6) while simultaneously producing acid as shown in reac-
tion 3.4 (Blowes et al., 2003; Akcil and Koldas, 2006; Dold, 2010; Dold, 2014). 
The hydrolysis and subsequent precipitation of Fe(OH)3 produces most of 
the acid in the whole process (Dold, 2010; Dold, 2014). If pH is less than 2, 
ferric hydrolysis products like Fe(OH)3 are not stable and Fe3+ remains in 
solution (Dold, 2010; Dold, 2014). Therefore, any remaining Fe3+ from reac-
tion  3.2 that does not precipitate into Fe(OH)3 (or jarosite) from solution 
through reaction 3.4 may be used to oxidise additional pyrite, according to 
reaction 3.3 (Akcil and Koldas, 2006).

	 + ↔ ↓ ++ +Fe  3H O   4Fe(OH)    3H3
2 3 	 (3.4)

The process of pyrite oxidation relates to all sulphide minerals once 
exposed to oxidizing conditions (e.g., chalcopyrite, bornite, molybdenite, 
arsenopyrite, enargite, galena and sphalerite among others). In other 
words, while the principal sulphide mineral in mine wastes is pyrite, 
other sulphide minerals are also susceptible to oxidation releasing ele-
ments such as aluminium, arsenic, cadmium, cobalt, copper, mercury, 
nickel, lead, and zinc into the water flowing through the mine waste 
(Blowes et al., 2003). The oxidation of other sulphide minerals is discussed 
in the next sections.

3.2.2  Oxidation of Pyrrhotite

3.2.2.1  Introduction

Pyrrhotite group of minerals are considered as all the iron monosulphides of 
the general formula,  Fe(1-x)S (where 0 ≤ x ≤ 0.125) (Wang and Salveson, 2005). 
The pyrrhotite group of minerals often occurs in association with a variety 
of ore deposits including Ni-Cu, Pb-Zn, and platinum group elements and 
appears in different crystallographic forms and compositions (Becker et al., 
2010). Ideally, the pyrrhotite group of minerals is extremely complex (Wang 
and Salveson, 2005) with each type exhibiting subtly different physical and 
chemical properties (Ekmekçi et al., 2010). Pyrrhotite group includes troilite 
(FeS) which is hexagonal and pyrrhotite (Fe(1-x)S) which may be monoclinic or 
hexagonal (Wang and Salveson, 2005).
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3.2.2.2  Oxidation Process

The oxidation of pyrrhotite is not a very well understood process compared 
to that of pyrite, and the rate of controls of the reactions and the oxidation 
products are also poorly known (Nicholson and Scharer, 1994; Fox et  al., 
1997). However, pyrite (FeS2) and pyrrhotite (Fe(1-x)S) are two of the most 
common iron-sulphide minerals in areas where AMD is prevalent (Fox et al., 
1997). It is known that dissolved oxygen and Fe3+ are important oxidants of 
pyrrhotite. Therefore, pyrrhotite dissolution can proceed through oxidative 
or nonoxidative reactions (Blowes et al, 2003). The overall reaction when oxy-
gen is the primary oxidant may be written as follows according to Blowes 
et al. (2003):

	 + + → + ++ − +Fe S   (2-x/2)O    xH O   (1-x)Fe    2SO    2xH(1-x) 2 2
2

4
2

	 (3.5)

The stoichiometry of pyrrhotite affects the relative production of acid (Dold, 
2010). For example, if x = 0 and the formula is FeS, no H+ will be produced in 
the oxidation reaction; at the other extreme (x = 0.125), the maximum amount 
of acid will be produced by the iron-deficient Fe7S8 phase (Dold, 2010).

As for nonoxidative dissolution of pyrrhotite, it occurs when predominant 
S2– surface species are exposed to acidic solutions; and the reaction occurs as 
follows (Blowes et al., 2003):

	 + → ++ +Fe S   2H    (1-x)Fe    H S(1-x)
2

2 	 (3.6)

3.2.3  Oxidation of Chalcopyrite

3.2.3.1  Introduction

Chalcopyrite is the most important copper-bearing ore mineral (Vaughan 
et al., 1995), comprising approximately 70% of copper reserves in the world 
(Baba et al., 2012). It is a mineral predominantly found in igneous and met-
amorphic rock and in metalliferous veins (Baba et  al. 2012; McGraw-Hill 
Encyclopedia, 1998). Chalcopyrite is a mineral with a brassy to golden yellow 
colour (Baba et al., 2012; Mamedov et al., 2012). It contains several minerals 
including copper, zinc, sulphur, and iron that were produced at different 
times (Baba et al., 2012).

3.2.3.2  Oxidation Process

Chalcopyrite dissolution is usually suggested to be an electrochemical cor-
rosion activity with oxidants, such as Fe3+ or dissolved O2, being reduced at 
the mineral surface (Biegler and Swift, 1979; Li et al., 2017). The resulting Fe2+ 
may be re-oxidised either by iron-oxidizing microorganisms or, at a slower 
rate, by O2 (Li et al., 2017; Nazari and Asselin, 2009).
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In the presence of ferric ions under acidic conditions, the oxidation of chal-
copyrite can be represented as shown in reaction 3.7 (Blowes et al., 2003).

	 + → + ++ + +CuFeS    4Fe Cu    5Fe    2S2
3 2 2 0

	 (3.7)

A study by Rimstidt et al. (1994) showed that, with an increase in Fe3+ con-
centration, the oxidation rate of chalcopyrite increases, though with an oxi-
dation rate of 1–2 orders of magnitude less than that of pyrite. Other studies 
have shown that the combination of ferrous iron oxidation and ferrihydrate 
hydrolysis is the main acid producing process as shown in reaction 3.8 
(Dold, 2010).

	 + + → + + ++ − +4CuFeS    17O 10H O   4Cu    4Fe(OH)    8SO 8H2 2 2
2

3 4
2

	 (3.8)

Dold (2010) noted that complete oxidation of chalcopyrite without acid pro-
duction can be represented as reaction 3.9.

	 + → + ++ + −2CuFeS    4O 2Cu    Fe    SO2 2
2 2

4
2

	 (3.9)

It has also been established that the dissolution of chalcopyrite can be greatly 
influenced by galvanic effects (Blowes et al., 2003). A study by Dutrizac and 
MacDonald (1973) reported that the presence of pyrite or molybdenite in 
association with chalcopyrite can cause accelerated rates of chalcopyrite dis-
solution, whereas according to Blowes et al. (2003) the presence of iron rich 
sphalerite and galena can slow the dissolution.

3.2.4  Oxidation of Arsenopyrite

3.2.4.1  Introduction

Arsenopyrite (FeAsS) is the most common arsenic (As) bearing min-
eral (Saxe et  al., 2005). Arsenopyrite and other primary arsenic miner-
als are formed only under high temperature conditions (Drewniak and 
Sklodowska, 2013) and are found in a variety of ore deposits, including 
magmatic, hydrothermal, and porphyry-style systems (Corkhill and 
Vaughan, 2009; Drewniak and Sklodowska, 2013). It is a common mineral 
constituent of refractory gold ores (Corkhill and Vaughan, 2009; Andrews 
and Merkle, 1999) and thus arsenopyrite is often mined, processed to 
extract the gold and discarded as solid waste (Corkhill and Vaughan, 
2009). Other mineral constituents of arsenopyrite are copper and silver 
(Dos Santos et  al., 2017). In addition, natural arsenopyrite samples are 
always associated with pyrite and are generally found with large domains 
of pyrite randomly inlaid in its structure (Fleet and Mumin, 1997; Dos 
Santos et al., 2017).
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3.2.4.2  Oxidation Process

Arsenopyrite is stable under reducing conditions (Corkhill and Vaughan, 
2009; Nesbitt et al., 1995). However, when arsenopyrite has been mined and 
exposed to the environment, it oxidises leading to the release of arsenite 
(As(III)), arsenate (As(V)) in addition to acid and heavy metals (Dos Santos 
et al., 2017). The oxidation of asernopyrite is a two-step process represented 
by reactions 3.10 and 3.11 (Drewniak and Sklodowska, 2013).

	 + + → + ++ −4FeAsS   11O    6H O  4Fe    4 SO    4H AsO2 2
2

4
2

3 3 	 (3.10)

	 + → +− +2H AsO    O    2H AsO  2H3 3 2 2 4 	 (3.11)

Combining reaction 3.10 and reaction 3.11 results in arsenopyrite oxidation 
process represented by the following reaction path (Dold, 2010; Mok and 
Wai, 1994; Simate and Ndlovu, 2014):

	 + + → + + ++ − − +4FeAsS   13O    6H O   4Fe    4 SO    4H AsO  4H2 2
2

4
2

2 4 	 (3.12)

When ferrous iron generated in reaction 3.12 is oxidised forming ferric iron 
according to reaction 3.2, the ferric iron may hydrolyse at low pH generating 
ferrihydrate precipitation (reaction 3.4). Therefore, the overall arsenopyrite 
oxidation reaction can be written as follows:

	 ( )+ + → + + +− − +2FeAsS   7O    12H O   2Fe OH    2SO    2H AsO  6H2 2 3 4
2

2 4 	 (3.13)

Research studies have shown that the oxidation rate of arsenopyrite is simi-
lar to the oxidation rate of pyrite if ferric iron is the oxidant (Dold, 2010) 
whereas the oxidation rate of arsenopyrite is lower than that of pyrite if oxy-
gen is the oxidant (Mok and Wai, 1994; Dold, 2010).

The galvanic effect between arsenopyrite and pyrite minerals has also 
been found to influence the dissolution of the two sulphide ores. For exam-
ple, in the presence of arsenopyrite, the oxidation rate of pyrite is delayed 
whereas the oxidation rate of arsenopyrite increases (Dos Santos et al., 2017).

3.2.5  Oxidation of Sphalerite

3.2.5.1  Introduction

Sphalerite with a chemical composition of (Zn,Fe)S is a sulphide mineral 
found in metamorphic, igneous, and sedimentary rocks in many areas 
globally (King, 2020b). Sphalerite compositions can vary among differ-
ent sulphide-mineral deposit types (Stanton et  al., 2006). For example, it 
contains variable amounts of iron up to 25% by weight that substitute for 
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zinc in the mineral lattice (King, 2020b), and the structure of sphalerite 
can accommodate a wide variety of substitutions, such as Cu, Mn, and In 
(Jambor et al., 2005). Sphalerite also contains trace to minor amounts of rare 
earth elements such as cadmium, indium, germanium, or gallium, which, 
if present in large quantities, can be recovered as profitable by-products 
(King, 2020b).

3.2.5.2  Oxidation Process

Research has shown that the oxidation of sphalerite is dependent on a num-
ber of parameters including the concentration of oxidants, such as dissolved 
O2 or Fe3+ in solution, the temperature, and the pH (Bobeck and Su, 1985; 
Crundwell, 1988; Rimstidt et al., 1994; Blowes et al., 2003). The overall oxida-
tion reaction for pure sphalerite, assuming that all sulphur is oxidised to 
sulphate, is given in reaction 3.14 (Blowes et al., 2003).

	 + → ++ −ZnS   2O  Zn     SO2
2

4
2

	 (3.14)

As can be seen from reaction 3.14, sphalerite falls in the category of non-acid 
producing sulphide minerals (Dold, 2010). However, if iron substitutes for 
zinc, sphalerite will be an acid generator in a similar way as pyrrhotite due 
to the hydrolysis of ferric iron (Blowes et al., 2003).

3.2.6  Oxidation of Galena

3.2.6.1  Introduction

Galena is a sulphide mineral with a chemical composition of PbS. The min-
eral occurs in igneous and metamorphic rocks in medium to low tempera-
ture hydrothermal veins (Ogwata and Onwughalu, 2019). In sedimentary 
rocks, it exits as veins, breccia cements, isolated grains, and as replacements 
of limestone and dolostone. Galena is also commonly associated with acid-
generating minerals, such as pyrite and pyrrhotite (Blowes et al., 2003).

3.2.6.2  Oxidation Process

Several researchers have studied the oxidation of galena and observed that 
in natural oxygenated environments, galena weathers to anglesite (PbSO4), 
which is weakly soluble below the pH of 6 (Lin, 1997; Blowes et  al., 2003; 
Shapter et al., 2000) according to reactions 3.15 and 3.16.

	 + → ++ −PbS   2O  Pb    SO2
2

4
2

	 (3.15)

	 + →+ −Pb    SO  PbSO2
4
2

4 	 (3.16)
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Jambor and Blowes (1998) found that as the secondary anglesite forms, it 
creates a layer on galena that can prevent the mineral from direct contact 
with oxidizing reagents because anglesite has a low solubility. A study by 
Fornasiero et al. (1994) showed that in the absence of oxygen, both lead and 
sulphide ions are released into solution in the form of free lead ions and 
hydrogen sulphide.

Rimstidt et al. (1994) also showed that, under acidic conditions, galena may 
also be oxidised by Fe3+ ions as follows:

	 + + → + + ++ + + − +PbS   8Fe  4H O   Pb    8Fe    SO    8H3
2

2 2
4
2

	 (3.17)

In general, in the presence of Fe3+, the oxidation of MeS (where Me = diva-
lent metal) produces acidity according to reaction schemes where part of the 
oxidation capacity of the system is derived from Fe3+ as given in reaction 3.18 
(Dold, 2010).

	 + + + → + + ++ + + − +2MeS   4Fe  3O    2H O  2Me    4Fe    2SO    4H3
2 2

2 2
4
2

	 (3.18)

Other studies have shown that the oxidation of galena in air may lead to the 
formation of lead hydroxide and lead oxide (Evans and Raftery, 1982; Buckley 
and Woods, 1984; Blowes et al., 2003). On the other hand, the exposure of 
galena to aqueous solutions may result in the formation of lead oxides and 
lead sulphate surface products (Fornasiero et al., 1994; Kartio et al., 1996; Kim 
et al., 1995; Blowes et al., 2003).

3.4  Concluding Remarks

This chapter outlined various key reactions in which sulphide minerals are 
oxidised and dissolved. There is no doubt that the aqueous oxidation and 
dissolution of sulphide minerals play important roles in the production of 
environmentally detrimental AMD. The generation of AMD may also be 
accompanied by release of toxic metals and metalloids to the environment.

From a number of research studies, the dissolution of sulphide minerals is 
usually proposed to be an electrochemical corrosion process with oxidants, 
such as Fe3+ or dissolved O2, being reduced at the sulphide mineral surface. 
Research has also shown that the oxidation of sulphide minerals by aqueous 
ferric iron generates significantly greater quantities of acid than the oxida-
tion by oxygen. In fact, at low pHs, the oxidation of some sulphide minerals 
such as pyrite by ferric iron has been found to be in the range of 10–100 times 
faster than by oxygen, thus making ferric iron a more effective oxidant than 
oxygen.
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4.1  Introduction

Mining is one of the oldest industrial sectors in many countries that is of 
significant economic importance (OECD, 2019). As a result, the empha-
sis of mining policies in many countries in the world to date has focused 
mainly on the industrial and economic contributions of the mining indus-
try (Amezaga and Kroll, 2005). However, mining industries create severe 
environmental problems by discharging waste in the form of solid, liquid 
and gaseous emissions (Wiertz, 1999; Chan et al., 2008; Ndlovu et al., 2017). 
Therefore, with a view of protecting the environment due to the produc-
tion of waste from mining industries, regulations and policies have been 
enacted to control the disposal and/or recycling of mining and metallurgi-
cal wastes (Ndlovu et al., 2017). At the moment, governments have respon-
sibilities to protect human health and the environment from the harmful 
effects of mining, including mitigating potential adverse impacts of acid 
mine drainage (AMD) (Commonwealth of Australia, 2016). It must be noted, 
however, that various countries have developed different approaches for 
managing AMD, or mining waste, in general, which differ both in the legis-
lative scope and effectiveness (Kumar and Singh, 2013; Ndlovu et al., 2017). 
This chapter discusses legislation governing the management of AMD for 
a selected number of countries, but where there is no distinction between 
AMD and mine waste, in general, only legislation pertaining to mine waste 
will be discussed.

4.2  Legislation and Policies

As stated in Chapter 3, the formation of AMD involves complex processes 
including chemical, biological and electrochemical reactions that are depen-
dent on the conditions of the environment. AMD itself is characterised 
by low values of pH (high acidity), high salinity, high osmotic pressure 
and high levels of sulphate and heavy metals (Mohan and Chander, 2001; 
Mohan and Chander, 2006a,b; García et al., 2013; Deloitte, 2013). AMD, by its 
nature, has given rise to several adverse environmental impacts including 
toxicity to aquatic organisms, destruction of the ecosystems, corrosion of 
infrastructure and tainting of water in regions where freshwater is already 
in short supply (Singh, 1987; Ruihua et al., 2011; Simate and Ndlovu, 2014). 
The adverse effects of AMD on plant life, human life and aquatic life have 
been reported in Chapter 5. Indeed, AMD gives rise to a range of environ-
mental problems that will have to be addressed not only by technology, but 
also by socio-institutional interventions embedded in law and governance. 
Therefore, the subsections of this section of the chapter discuss guiding 
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policy actions and/or legislations or laws of selected number of countries 
that are earmarked to help them in the mitigation of environmental impacts 
caused by AMD.

4.2.1 � Analysis of Legislation and Policies of South Africa on Acid  
Mine Drainage

AMD is a multi-dimensional issue which is multi-scalar at the same time. 
Therefore, in order to determine the many challenges that law and gover-
nance face, from the South African perspective, Feris and Kotze (2014) are 
of the view that it is important to first understand some of the critical chal-
lenges associated with AMD. Two challenges were listed in this respect, 
namely (1) environmental challenges: this has been addressed extensively 
in several areas of this book, particularly, in Chapter 5, and (2) challenges 
for law and governance: this refers mainly to the insufficient legislation 
and regulatory practices that were in place several decades ago. Such legal 
frameworks were supposed to ensure proper rehabilitation of a substantial 
number of mines that have been left abandoned in South Africa after the 
completion of mining. In other words, prior to current legislations, numer-
ous historical mining operations had been abandoned by their operators 
with little or no provision for the remediation of the impacts caused by 
mining (Deloitte, 2013). For example, prior to the promulgation of the cur-
rent legislations, mining companies were bound only by the Water Act of 
1956, which was insufficient in dealing with mine closures (Naidoo, 2017). 
Thus, historically, it was legally possible for mines that were no longer prof-
itable to be boarded up and abandoned and the land transferred to the 
government (Mpofu et  al., 2018). Confirmation of this is the Fanie Botha 
Accord of 1975 (Chamber of Mines). An agreement was reached between 
the Chamber of Mines and government, which stated that government 
would take over ownership of abandoned mines that existed before 1976 
(Flynn and Chirwa, 2005).

The issue of abandoned and now ownerless mines is very problematic 
from legal perspective because it leads to a situation which shifts liability to 
the government as stated already, and ultimately taxpayers, who were not 
responsible for the pollution and who benefited less from the profits of the 
polluter(s). Several other challenges for law and governance also exist as dis-
cussed by Feris and Kotze (2014).

To start with, in addressing the issue of AMD in South Africa, it is impor-
tant to note that the Constitution of the Republic of South is pivotal in safe-
guarding the environment, health and well-being of its people (Feris and 
Kotze, 2014). Furthermore, a number of statutory regulations are also vital 
in enforcing the objectives of the constitution. These two elements are dis-
cussed further in the subheadings that follow. Mpofu et al. (2018), however, 
argue that even within the framework of the latest environmental legisla-
tions, there is very limited regulation by government in real terms.
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4.2.1.1  The Constitution of the Republic of South

Two subsections within Section 24 of the Constitution of the Republic of 
South Africa deal with the issue pertaining to the environment, whereas 
Section 27 deals with water matters. For example, subsection (a) of Section 24 
calls for an environment that is not harmful to human health or well-being 
and subsection (b) requires that it is more important for the environment to 
be protected for the good of present and future generations. In the context of 
environmental protection, subsection (b) mandates the national government 
to establish appropriate legislative and other measures that are aimed at 
preventing pollution and ecological degradation, promote conservation and 
secure the ecologically sustainable development and utilisation of natural 
resources. Ecologically sustainable development is simply defined as “using, 
conserving and enhancing the community’s resources so that ecological pro-
cesses, on which life depends, are maintained, and the total quality of life, 
now and in the future, can be increased” (Australian Government, 1992).

Section 27 of the constitution provides a formal assurance of the right of 
access to sufficient water by every person. In this regard, the Water Services 
Act (WSA) of 1997 mandates the water services authorities to supply water-
related services in a sustainable manner which implies that water is not 
only conserved, but water supplied to consumers is also acceptable for use 
(WSA, 1997). The aspect of providing water of an acceptable quality requires 
that local authorities also consider and address the impacts of AMD on its 
water services, sources and infrastructure when fulfilling its task of supply-
ing water of good quality to its customers (Feris and Kotze, 2014). There is 
no doubt the ecological impacts of AMD also have various socio-economic 
effects on local authorities across South Africa as they grapple to give people 
water in sufficient quantity and an acceptable quality.

4.2.1.2 � Statutory Frameworks That Regulate Pollution Caused by Acid  
Mine Drainage

In South Africa, mining activities are regulated by legislations from the 
mining, water and environmental divisions (Mpofu et al., 2018). However, 
according to Thomashausen et  al. (2016), there are no specific regulations 
on AMD. Nevertheless, the provisions under National Water Act (NWA), 
Mineral and Petroleum Resources Development Act (MRPDA) and National 
Environmental Management Act (NEMA) on environmental damages may 
apply to AMD liabilities. In other words, the current environmental legisla-
tions relevant to AMD in South Africa includes NEMA, NWA and MRPDA. 
Therefore, in this subsection the statutory frameworks that may be used to 
regulate pollution caused by AMD are explored.

4.2.1.2.1  National Water Act

The South African NWA (Act 36 of 1998) provides a framework for the pro-
tection, use, development, conservation, management and control of water 
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resources in the country as a whole (DWS, 2017). The NWA has been hailed 
by the international water community as one of the most progressive pieces 
of water legislation in the world and a major step forward in the translation 
of the concept of integrated water resources management (IWRM) into leg-
islation (Schreiner, 2013). The act is premised on balancing the three legs of 
social benefit, economic efficiency and environmental sustainability and sets 
out the legal framework for the national government to protect, use, develop, 
conserve, manage and control water resources in the country (Schreiner, 
2013). It also incorporates the principle of subsidiarity – management of water 
resources at the lowest appropriate level – through catchment-management 
agencies.

According to a study by Naidoo (2014), the NWA is the principal Act that 
governs water resource management in South Africa. The Act requires that 
pollution or degradation of the environment must be prevented or resolved. 
Furthermore, the NWA states that sustainability and equity are identified as 
central guiding principles in the protection, use, development, conservation, 
management and control of water resources (NWA, 1998). These principles 
recognise the basic human needs of present and future generations, the need 
to protect water resources, the need to promote social and economic develop-
ment through the use of water and the need to establish suitable institutions 
in order to achieve the purpose of the Act (NWA, 1998).

The impact of the laws such as NWA and many others is manifested by 
aspects such as waste discharge costs and the polluter pays principle that 
have become important focuses of water management in the South African 
collieries (Postma and Schwab, 2002). Indeed, the “polluter pays” principle 
supports NWA and has direct implications for the mining industry which 
is closely related to AMD. The “polluter pays” principle stipulates that those 
who are responsible for producing, allowing or causing pollution should 
be held liable for the costs of clean-up and the legal enforcement (Cordato, 
2001). For example, according to Postma and Schwab (2002), the implications 
of NWA that a mine be held responsible for its impact on water resources 
even after achieving certified formal mine closure from the Department of 
Minerals and Energy (DME) remain the basis for long-term water manage-
ment employing a risk-based approach.

One important implementation instrument of the NWA is the Trans 
Caledon Tunnel Authority (TCTA). The TCTA is a state owned entity that 
has become directly involved with the AMD issue (Naidoo, 2014). It was 
established in terms of government Notice No. 2631 in the Government 
Gazette No. 10545 of December 1986. However, the 1986 notice has been 
replaced with Government Notice 277 in the Government Gazette No. 
21017 of March 2000, which was circulated in terms of the NWA (TCTA, 
2011). The TCTA’s aim is to provide a sustainable water supply in the 
Southern African Region and is directly involved in South Africa’s Lesotho 
Highlands Water Project. The TCTA also provides advisory support to the  
Department of Water Affairs and Forestry (DWAF) on the AMD project 
that has been implemented since 2010 (Naidoo, 2014).
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4.2.1.2.2  National Environmental Management Act

The National Environmental Management Act No. 107 of 1998 serves as a 
general framework within which environmental management and imple-
mentation plans must be formulated. It serves as a guideline by reference to 
which any organ of state must exercise any function when taking any deci-
sions in terms of NEMA or any statutory provision regarding the protection 
of the environment, and it serves as principles by reference to which a concili-
ator under NEMA must make recommendations and, lastly, guide any law 
concerned with protection or management of the environment (DWAF, 2008).

The NEMA contains certain principles that are applicable throughout the 
country by the actions of all organs of state that may affect the environment 
and applies together with all other appropriate and relevant considerations, 
which include the state’s responsibility to respect, protect, promote and ful-
fil the social and economic rights in Chapter 2 of the Constitution of the 
Republic of South Africa (NWA, 1998).

The NEMA is administered by the Department of Environmental Affairs 
and Tourism (DEAT) and addresses AMD and mining impacts through 
statutory requirements for Environmental Impact Assessments (EIAs) and 
Environmental Management Programmes (EMPs) (Hobbs et al., 2008). It must 
also be noted that the National Environmental Management Amendment 
Act (No. 62 of 2008) and the NWA stipulate that a person(s) or party answer-
able or responsible for any mining operation shall take all reasonable steps 
to prevent pollution or degradation from taking place (Mpofu et al., 2018). 
In other words, NEMA requires that pollution or degradation of the envi-
ronment must be prevented or rectified. If the landowner or person respon-
sible for the pollution fails to take the required action, DEAT may take legal 
actions and recover the costs from the polluter (Hobbs et al., 2008).

4.2.1.2.3  Mineral and Petroleum Resources Development Act

The Mineral and Petroleum Resources Development Act 28 of 2002  is 
intended (1) to make provision for equitable access to and sustainable devel-
opment of the nation’s mineral and petroleum resources; and (2) to provide 
for matters connected therewith (MPDRA, 2002). In terms of the MPRDA, 
the principles set out in Section 2 of NEMA apply to all prospecting and 
mining operations (Mpofu et  al., 2018). This implies that any prospect-
ing or mining operation must comply with generally accepted principles 
geared towards sustainable development by incorporating social, eco-
nomic and environmental factors into the planning and implementation of 
such operations (Mpofu et al., 2018). It is recognised that NEMA and the 
MPRDA have laid down new obligations for the mining and other indus-
tries, which include the requirement to monitor and remediate pollution of 
water resources (NEMA, 1998; MPRDA, 2002). Modern South African law in 
general also recognises that rehabilitative management of mines needs to 
continue after extractive operations have ended and that planning for the 



79Legislation and Policies Governing the Management of AMD

mine closure phase should always be in place. Furthermore, Section 48 (1)(a) 
of the MPRDA states that closure objectives and how they relate to the min-
ing operation and its environmental and social setting must be included in 
the EMP that is developed during the planning stages of the mining opera-
tions (MPDRA, 2002).

It is also important to note that after the promulgation of the Minerals Act 
of 1991, all operational mines are required to provide funds to enable environ-
mental and social rehabilitation after mine closure (Deloitte, 2013). The MPRDA 
of 2002, which, together with General Notice Regulation 527 of 2004 and asso-
ciated guidelines, provide a methodology which is allowing for the financial 
estimation of the closure quantum to be provided by the mine; and this estima-
tion is revised annually to ensure sufficient provision of funds (Deloitte, 2013).

4.2.1.3  Summary

The South African Constitution is the supreme law of the land, and Section 24 
entrenches a right to a clean environment whilst the Constitution also 
enshrines a right to clean water in Section 27. All mining activity regulation 
including licensing is regulated by the MPRDA. Water licensing occurs under 
the NWA. Environmental regulation is catered for by the NEMA. Indeed, 
there is no doubt that the impact of mining on the freshwater sources in the 
river systems of South Africa is of serious concern (Jacobs and Testa, 2014). 
Unfortunately, a number of studies, so far, have shown that the government’s 
efforts to finally manage AMD problem are compromised by numerous 
issues that tend to shift the focus away from it (Mpofu et al., 2018). For exam-
ple, environmental legislation that enables action to address the AMD prob-
lem has been found to be inadequate in terms of enforcement (Naidoo, 2014; 
Mpofu et  al., 2018). Furthermore, current policies that govern mining and 
water usage are inadequate and appear to be subject to abuse by those who 
are politically connected (Mpofu et al., 2018). However, it is also noted that 
prior to enactment of a number of legislations such as the MPRDA, numer-
ous historical mining operations had been abandoned by their operators with 
little or no provision for the rehabilitation of the impacts caused by mining.

4.2.2 � Analysis of Legislation and Policies of the United States of America 
on Acid Mine Drainage

The United States is a vast country that comprises of 50 states, with diverse 
culture and laws from state-to-state. Coal, which is one of the major causes of 
AMD, has been mined in the United States since the 1740s (Jacobs and Testa, 
2014). Thereafter, gold mining which is also a cause of AMD gained promi-
nence in the 1960s (Testa and Pompy, 2007; Jacobs and Testa, 2014).

An extensive regulatory system has been developed to govern current 
mining operations in the United States, as well as to guide the clean-up 
of historical ones (Hudson et al., 1999). In fact, there are several dozens of 
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federal environmental laws and regulations that cover all aspects of mining 
in the United States (NMA, 2015). The framework for these regulations is 
primarily based on federal laws dating back to the late 1960s (Hudson et al., 
1999). In addition, each state has laws and regulations that mining compa-
nies must follow (Ndlovu et al., 2017). Ideally, regulatory standards estab-
lished at state levels are commonly equal to or more stringent than federal 
standards (Hudson et al., 1999).

4.2.2.1 � Federal Laws and Policies That Regulate Pollution Caused by Acid 
Mine Drainage

Some of the major federal laws and regulations governing the mineral indus-
try including AMD in the United States are analysed in this section.

4.2.2.1.1  National Environmental Policy Act

The National Environmental Policy Act (NEPA), passed in 1969, but enacted 
in 1970, established the basic environmental policies for the nation (Hudson 
et al., 1999). The NEPA defines processes for evaluating and communicating 
the environmental consequences of federal decisions and actions, such as 
the permitting of new mine development on federal lands. With respect to 
mining, the NEPA applies to mining operations requiring federal approval. 
The processes established by NEPA are used by concerned parties to ensure 
that environmental considerations are included in federal decisions. It 
requires federal agencies to prepare environmental impact statements (EIS) 
for major federal actions that may significantly affect the environment. 
These procedures exist to ensure that environmental information is avail-
able to public officials and citizens before actions are taken.

4.2.2.1.2 � Comprehensive Environmental Response, Compensation and Liability Act

This Comprehensive Environmental Response, Compensation, and Liability 
Act (CERCLA) or law commonly known as Superfund, because of its funding 
aspects, was enacted by Congress on 11 December 1980 (Jacobs and Testa, 2014). 
This law requires operations to report inventory of chemicals handled and 
releases of hazardous substances to the environment. Hazardous substances 
are broadly defined under CERCLA and have included mining, milling and 
smelter wastes that are currently excluded from regulation under Resource 
Conservation and Recovery Act (RCRA) (Hudson et al., 1999; Ndlovu et al., 
2017). It requires clean up of sites where hazardous substances are found.

This law created a tax on the chemical and petroleum industries and pro-
vided broad federal authority to respond directly to releases or threatened 
releases of hazardous substances that may endanger public health or the 
environment (Jacobs and Testa, 2014). The Superfund program was estab-
lished to locate, investigate and clean up the worst abandoned hazardous 
waste sites nationwide and is currently being used by the U.S. Environmental 
Protection Agency (EPA) to clean up mineral-related contamination at 
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numerous locations (Hudson et al., 1999). Clean-up alternatives range from 
“no action”, at little cost, to removal of the entire mineralised zone, costing 
millions of dollars (Jacobs and Testa, 2014).

4.2.2.1.3  Resource Conservation and Recovery Act

The Resource Conservation and Recovery Act (RCRA), which is an amendment 
to the Solid Waste Disposal Act, was passed in 1976. The goals of the RCRA 
law are to conserve energy and natural resources, reduce the amount of waste 
generated and ensure that wastes are managed to protect human health and 
the environment. The RCRA gives EPA power to make and enforce regula-
tions for managing many kinds of wastes.

In 1980, Congress specifically, albeit temporarily, excluded oil and gas 
wastes, mining wastes, waste from the combination of coal and other fos-
sil fuels, and cement kiln dust waste from being regulated under Subtitle 
C, Hazardous Waste (Bevill Amendment) (Jacobs and Testa, 2014). As stated 
already, the changes imply that most mining, milling and smelting solid 
wastes in the category of “high-volume, low-hazard” materials have been 
exempted from regulation under RCRA (Hudson et al., 1999). The regulation 
of high-volume, low-hazard mining wastes is now the primary responsibil-
ity of the states. Therefore, the RCRA regulations only apply to three kinds of 
waste management: municipal, solid waste landfills; hazardous waste gen-
erators and transporters, and treatment, storage and disposal facilities; and 
underground tanks that store hazardous materials.

4.2.2.1.4  Surface Mining Control and Reclamation Act

The Surface Mining Control and Reclamation Act of 1977 (SMCRA) is the 
primary federal law that regulates the environmental effects of coal min-
ing in the United States. SMCRA was basically created to provide a regula-
tory framework for regulating coal mining and providing a mechanism for 
remediation activities for lands and waters that had been affected adversely 
by past coal-mining activities (Jacobs and Testa, 2014). Two programs were 
created: one for regulating active coal mines and a second for reclaiming 
abandoned mine lands. SMCRA also created the Office of Surface Mining 
Reclamation and Enforcement (OSMRE). The OSMRE collects fees on the 
basis of a tonnage of surface mined coal, coal-mined underground and lig-
nite on all active mining operations. The SMCRA funds are intended for 
clean-up projects at coal mines that were abandoned prior to 3 August 1977. 
In some cases, SMCRA can be used to address abandoned hardrock mines 
provided that the state certifies that the responsible party(ies) have already 
addressed all of the coal mine problems under their jurisdiction.

4.2.2.1.5  Federal Water Pollution Control Act (Clean Water Act)

According to Hudson et al. (1999), the Federal Water Pollution Control Act 
commonly referred to as the Clean Water Act (CWA) came into effect in 1977. 
The CWA’s goal is to make all surface waters safe and eventually to stop 
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all harmful discharges. One of the principal tools established by CWA is 
a permitting system for surface water discharges, known as the National 
Pollutant Discharge Elimination System (NPDES) (Hudson et al., 1999). The 
CWA requires mining operations to meet standards for surface water qual-
ity and for controlling discharges to surface water. The CWA-based regula-
tions cover such mining-related situations as the disposal of mining-related 
waters, the pumping or draining of mine water to the surface, storm water 
runoff in mining operation areas, and control of seeps from mine tailings 
impoundments (Hudson et al., 1999).

4.2.2.1.6  National Pollutant Discharge Elimination System Permit Program

The CWA established the NPDES permit program as stated earlier under 
CWA in the preceding heading. This program controls water pollution by 
regulating point sources that discharge pollutants into waters of the United 
States. Point sources are discrete conveyances such as pipes or human-made 
ditches.  Individual homes that are connected to a municipal system, use a 
septic system, or do not have surface discharge are not affected by this pro-
gram, but industrial, municipal and other facilities are affected by this pro-
gram if their discharges go directly into surface waters. Under this program 
it is illegal to discharge pollutants from a point source to waters of the United 
States, except in compliance with an NPDES permit. The US EPA and states 
with EPA-approved programs are authorised to issue permits.

4.2.2.1.7  Title 30 of the Code of Federal Regulations Part 876

This regulation is extracted from the chapter by Jacobs and Testa (2014) and 
states as follows: Regulations pertaining to AMD treatment and abatement 
are found under Title 30 of the Code of Federal Regulations Part 876 (30 CFR Part 
876), Section 876, Acid Mine Drainage Treatment and Abatement Program. 
This set of federal regulations provides scope, information collection, eligi-
bility, treatment and abatement plan content, and plan approval.

The Acid Mine Drainage Treatment and Abatement Program provides for the 
comprehensive abatement of the causes and treatment of the effects of AMD 
within qualified hydrologic units affected by coal-mining practices. AMD 
plans must adhere to 30 Code of Federal Regulations Part 876.13 and include:

•	 Identification of the qualified hydrological unit
•	 Extent of the sources of AMD within the hydrological unit
•	 Identification of individual projects and the measures proposed to 

be undertaken to abate and treat the causes or effects of AMD within 
the hydrological unit

•	 Cost of undertaking the proposed sources of funding for such 
measures

•	 Analysis of the cost-effectiveness and environmental benefits of 
abatement and treatment measures
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4.2.2.2  Summary

The importance of the environment, in general, and water, in particular, 
to the United States is seen in the vast number of regulations. These regu-
lations were set up as guidelines on environmental and water issues and 
most importantly to provide mine operators, communities and regulators 
with essential information. In other words, they contain information and 
knowledge earmarked to assist all sectors of the mining industry, within and 
beyond about the requirements set by legislation. In addition, some of the 
regulations raise funds via a levy on active mines that is administered by the 
US Treasury to pay for the reclamation of abandoned mines, and some oper-
ations which pay taxes provide broad federal authority to respond directly 
to releases or threatened releases of hazardous substances that may pose 
eminent danger to the public as a whole.

4.2.3 � Analysis of Legislation and Policies of the European Union on Acid 
Mine Drainage

Europe has a long tradition of mining activities, dating back as far as 
records of human settlement in Europe with the development of flint mines 
in France over 10,000 years ago (Wolkersdorfer and Bowell, 2004). In other 
words, mining activities have been of interest in the history of the European 
community from the very beginning (Hámor, 2004). Though Europe has 
a long and rich history of mining, there are now significantly more aban-
doned mines than operational mines across the continent (Jarvis et  al., 
2012). Consequently, considerable attention is focused on addressing the 
environmental legacy problems associated with these orphan sites (Jarvis 
et  al., 2012). This implies that though the European mining policies have 
been shaped by the historical importance of mining for industrial develop-
ment, the relatively recent introduction of environmental concerns in public 
policy has also changed the discourse (Amezaga and Kroll, 2005). Therefore, 
in addition to general industrial regulations, the European Union (EU) has 
adopted some legislations specific to mining (Szczepanski, 2012). In other 
words, the EU has developed a set of environmental directives that have had 
a significant effect on the mining industries of member nations (McKinley, 
2004); and these rules concern the environmental impact of mining (espe-
cially waste and groundwater), as well as occupational health and safety 
(Szczepanski, 2012).

4.2.3.1 � Analysis of Legislative Instruments and Policies of the European Union

This section deals with a selected number of existing EU legislative instru-
ments pertaining to mining, environment and water management. However, 
according to Jarvis et al. (2012), two key legislative instruments which are 
influential in driving environmental improvements are the EU Water 



84 Acid Mine Drainage

Framework Directive (2000/60/EC) and EU Directive on the Management of 
Waste from the Extractive Industries (2006/21/EC). These two major pieces 
of legislation are subject to transposition (or transferring) into national regu-
lations across individual states of the EU and are, therefore, subject to slight 
differences in application between nations. Nevertheless, the underlying 
principles apply across all EU member states.

4.2.3.1.1  Water Framework Directive

The Water Framework Directive (WFD) addresses concerns similar to those 
of the Clean Water Act (Ndlovu et al., 2017) of the United States. The EU WFD, 
adopted in 2000, takes a pioneering approach to protecting water based on 
natural geographical formations: river basins (EU Directive, 2000). The WFD 
obliges member states to draw up river basin management plans (RBMPs) 
to safeguard each of the 110 river basin districts. Under the WFD, member 
states have to hold extensive consultations with the public and interested 
parties to identify the problems, the solutions and their costs, to be included 
in river basin management plans. Public support and involvement is a pre-
condition for the protection of waters. Without popular backing, regulatory 
measures will not succeed. European citizens have a key role to play in the 
implementation of the WFD and in helping governments to balance the 
social, environmental and economic questions to be taken into account.

Kroll et al. (2002) argue that the effects of mining on water are not addressed 
categorically in the WFD. The only specific reference to mine water in WFD 
is found in Article 11 (j), which allows reinjection of mine-derived water into 
the same aquifer (Kroll et al., 2002). Thus, despite being theoretically appli-
cable to mine water management, emergent practices relative to implementa-
tion of the WFD require clarification.

4.2.3.1.2  Waste Framework Directive

Directive 2008/98/EC on waste (Waste Framework Directive) sets the basic 
concepts and definitions related to waste management, such as definitions of 
waste, by-products, recycling and recovery (EU Directive, 2008). It explains 
when waste ceases to be waste and becomes a secondary raw material 
(so-called end-of waste criteria). The Directive also lays down some basic 
waste management principles (polluter pays principle, extended producer 
responsibility).

4.2.3.1.3  Extractive Waste Directive

According to EU Directive (2006), in the EU, wastes derived from the extrac-
tion and refining industries are regulated under the Extractive Waste 
Directive 2006/21/EC (“the Directive” or “EWD”). In the Directive, extrac-
tive waste is defined as

waste resulting from the prospecting, extraction, treatment and storage 
of mineral resources and the working of quarries.
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In terms of what is “waste”, the EWD makes reference to the definition as 
provided by the Waste Framework Directive 2008/98/EC as

any substance or object which the holder discards or intends or is 
required to discard.

The Directive provides for measures, procedures and guidance to prevent or 
reduce as far as possible any adverse effects on the environment, in particu-
lar, water, air, soil, fauna and flora and landscape, and any resultant risks to 
human health, brought about as a result of the management of waste from 
the extractive industries (EU Directive, 2006).

The scope of the Directive covers extractive waste as already defined, 
including waste rock (unused extraction product), and mine tailings which 
are defined in the Extractive Waste Directive as:

waste solids or slurries that remain after the treatment of minerals by 
separation processes (e.g. crushing, grinding, size-sorting, flotation and 
other physico-chemical techniques) to remove the valuable minerals 
from the less valuable rock.

4.2.3.1.4  Other Directives

Amongst other key directives are the Environmental Impact Assessment 
Directive (similar to the EIS requirements of the United States), and Haz
ardous Waste, and Landfill Directives (all including the Waste Framework 
address concerns similar to those of the US RCRA).

4.2.3.2  Summary

Mining operations and the disposal of mining wastes have sometimes caused 
significant environmental and social damage. Some communities and indig-
enous groups living near mines in the EU have alleged human rights abuses 
due to pollution from mining activities (Scannell, 2012). Therefore, appropri-
ate EU legislation and policies should strongly influence approaches to mine 
waste/water management in Europe. However, because European-wide 
legislation is subject to national-level transposition and implementation, 
the overall picture of mine waste/water management in Europe is complex 
(Jarvis et  al., 2012). There are, nevertheless, some research and develop-
ment themes that are common across Europe and are wide ranging (Jarvis 
et al., 2012). For example, the partnership for acid drainage remediation in 
Europe (PADRE) is one of the research strategies whose main aim is to act as 
a repository for capturing the wide variety of R&D activities. It also ensures 
that researchers, consultants and mining industry personnel are not only 
aware of both the historic and current outputs of the R&D, but also avoid 
replication of effort. The specific objectives of PADRE as stated in its statutes 
include (1) to provide a network and collaborative platform for European and 
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international research and development into techniques for the prediction, 
prevention and remediation of acidic drainage in Europe, (2) to promote dis-
semination of knowledge of current best-practice and innovations relating 
to acidic drainage prediction, prevention and remediation, with particular 
reference to European conditions, including the evolving framework of rel-
evant EU legislation, (3) to advance the training of present and future gen-
erations of European professionals who will engage in the art and science of 
acidic drainage prediction, prevention and remediation and (4) to actively 
collaborate with a Global Alliance of organisations based in other continents 
which share similar objectives (Jarvis et al., 2012).

As can be seen from the EU directives and PADRE, the efforts of the EU on 
issues of mining, environment and water management legislations seem to 
be well coordinated. In fact, each country’s environmental laws are derived 
from the EU directives; and PADRE is endeavouring to ensure that profes-
sionals developing solutions to mining pollution are aware of the compli-
mentary work of others across Europe, and that internationally significant 
work conducted in Europe is effectively rolled out to a global audience. This 
clearly shows that the EU has adopted advanced regulations to improve 
environmental standards in mining. For example, the EU documents on best 
available techniques that are designed to significantly reduce environmental 
impacts are readily available.

4.2.4 � Analysis of Legislation and Policies of Australia on Acid  
Mine Drainage

For a better understanding, any analysis of Australia’s mining laws should 
also give a brief overview of the nation’s system of government (Chambers, 
2020). In this regard, Australia’s constitution provides for a federal system of 
government. This results in a division of jurisdiction over mineral resources 
between two levels: Federal (or Commonwealth) and the State (there are 
seven states and two territories).

According to Cunsolo and McKenzie (2019), the regulatory framework for 
the mineral extraction process is divided mainly into the two levels of gov-
ernment, but the local government, which has literally no jurisdiction over 
mineral resources at all except a few responsibilities, may also be included:

1.	Australian Federal Government – Federal involvement in mining regu-
lation is not extensive. It involves indirect policy formulations, such 
as: taxation, foreign investment law, competition policy, trade and 
customs, corporation law, international agreements, native title, and 
national environmental laws. Ideally, the only key interaction with 
the Australian federal government is in relation to foreign invest-
ment approval (through the Foreign Investment Review Board)

2.	State and Territories –  State/Territory governments are constitution-
ally vested with the primary responsibility for: land administration, 
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granting mineral exploration and mining titles, regulating mine 
operations (including environmental and occupational health and 
safety) and collecting royalties on minerals produced.

3.	Local Governments – Operating at city, town or shire/district level, the 
local governments are responsible for handling community needs. 
Interaction with local governments is usually in relation to the 
upkeep of roads and town services for mine staff and their families.

4.2.4.1 � Regulatory Frameworks for Assessing and Managing Acid Mine 
Drainage in Australia

According to the Commonwealth of Australia (2007) and Commonwealth of 
Australia (2016), the federal (or commonwealth), state and local governments 
have legislation and guidelines in place that are relevant to mine site AMD 
management. The aim is to protect environmental aspects such as biodiver-
sity, water resources (quantity and quality), landforms, existing and poten-
tial future land uses, and cultural and environmental heritage.

The state and territory governments have primary responsibility for 
oversight and regulation of mining operations. This is often administered 
through a mining resources agency, a natural resource management agency 
and/or a statutory environment authority. The Commonwealth is primar-
ily involved where issues of national environmental significance have been 
established or where there are agreed national frameworks for managing 
certain environmental aspects.

The following are key Commonwealth regulations that are relevant to 
AMD:  (1) Environment Protection and Biodiversity Conservation Act, 
(2) National Environment Protection Measures (NEPM), (3) Australian and 
New Zealand Mineral and Energy Council (ANZMEC), and (4) ANZECC/
ARMCANZ Water Quality Guidelines. Basically, the ANZECC/ARMCANZ 
Water Quality Guidelines provide a risk-based approach to the development 
of site discharge standards.

4.2.4.1.1  Environment Protection and Biodiversity Conservation Act

The Environment Protection and Biodiversity Conservation Act 1999 (EPBC 
Act) is the Australian government’s key piece of environmental legislation 
which commenced on 16 July 2000 (EPBC, 2000). The EPBC Act enables the 
Australian government to create ties with the states and territories in pro-
viding a truly national scheme of environment and heritage protection and 
biodiversity conservation. In addition, the EPBC Act focuses the interests of 
the Australian government on the protection of matters of national environ-
mental significance, with the states and territories having responsibility for 
matters of state and local significance.

Amendments to the EPBC Act became law on 22 June 2013, making water 
resources a matter of national environmental significance, in relation to coal 
seam gas and large coal mining development (EPBC, 2013).
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4.2.4.1.2  National Environment Protection Council

The National Environment Protection Council is a statutory body with law-
making powers established under the National Environment Protection 
Council Act 1994 (Commonwealth) and corresponding legislation in other 
Australian jurisdictions (NEPC, 2015). The National Environment Protection 
Council Act 1994 (NEPC Act) recognises the importance of communities 
and businesses in protecting Australia’s environment, and that national out-
comes are best achieved through regionally tailored approaches.

The NEPC has two primary functions (NEPC, 2015):

•	 to make National Environment Protection Measures (NEPMs)
•	 to assess and report on the implementation and effectiveness of 

NEPMs in participating jurisdictions

National Environment Protection Measures (NEPMs), created under the 
NEPC Act, can be used to establish nationally consistent environmental stan-
dards, goals, guidelines or protocols in relation to air, water, noise, site con-
tamination, hazardous waste and recycling. A NEPM is a Commonwealth 
legislative instrument. Once a NEPM is made or varied, its implementation 
is the prerogative of each jurisdiction. The regulation is just one of a suite of 
implementation tools a jurisdiction may use.

The NEPMs provide a single national framework that addresses one or 
more environmental issues, with the flexibility for local implementation to 
take into account variability between jurisdictions. This provides certainty 
and consistency for business and the community in the management of these 
environmental issues, while reducing the need for regulation.

Currently, there are seven NEPMs as follows (NEPC, 2015):

1.	Air Toxics – Sets out a nationally consistent approach to collection 
of data on toxic air pollutants (such as benzene) in order to deliver 
a comprehensive information base from which standards can be 
developed to manage the air pollutants in order to protect human 
health.

2.	Ambient Air Quality – Establishes a nationally consistent framework 
for monitoring and reporting on air quality, including the pres-
ence of pollutants such as carbon monoxide, lead and particulates. 
Work commenced in 2013–2014, towards making a variation to this 
NEPM, which included a public consultation. The final variation of 
the framework was completed in 2015–2016, with the compilation 
prepared on 25 February 2016 (NEPM, 2016).

3.	Assessment of Site Contamination – Provides a nationally consistent 
approach to the assessment of site contamination so as to ensure 
sound environmental management practices by regulators, site 
assessors, environmental auditors, landowners, developers and 
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industry. It has been highly effective in providing authoritative 
guidance to practitioners in this field.

4.	Diesel Vehicle Emissions – Supports reducing pollution from diesel 
vehicles. Several jurisdictions operate a suite of programs to reduce 
exhaust emissions from diesel vehicles.

5.	Movement of Controlled Waste – Operates to minimise potential envi-
ronmental and human health impacts related to the movement of 
certain waste materials, by ensuring that waste that is being moved 
between states and territories is properly identified, transported and 
handled in ways consistent with environmentally sound manage-
ment practices.

6.	National Pollutant Inventory – Provides a framework for collection 
and dissemination of information to improve ambient air and water 
quality, minimise environmental impacts associated with hazard-
ous wastes and improve the sustainable use of resources.

7.	Used Packaging Materials – Operates to minimise environmental 
impacts of packaging materials, through design (optimizing packag-
ing to use resources more efficiently), recycling (efficiently collecting 
and recycling packaging) and product stewardship (demonstrating 
commitment by stakeholders).

4.2.4.1.3  Australian and New Zealand Mineral and Energy Council

In 1995, the Australian and New Zealand Mineral and Energy Council 
(ANZMEC) published a baseline environmental guideline for operating 
mines in Australia, which required the need for acid generation to be pre-
dicted and incorporated in the mine closure plan (ANZMEC, 1995, 2000). To 
better understand the impact of AMD in Australia and to provide the basis 
for assessing long-term management options, the Office of the Supervising 
Scientist and the Australian Centre for Minesite Rehabilitation Research ini-
tiated the preparation of a status report on AMD. Results from the survey 
(Harries, 1997) suggested that about 54 sites in Australia were managing 
significant amounts of potentially acid-generating wastes, where “signifi-
cant amounts” means that more than 10% of the waste is potentially acid 
generating or there is more than 10 million metric ton (mt) of potentially 
acid-generating wastes. About 62 additional sites were managing some 
potentially acid-generating wastes, but less than 10% of the total wastes and 
less than 10 mt.

4.2.4.1.4  Water Quality Guidelines

The new ANZECC/ARMCANZ Water Quality Guidelines were introduced 
in 2000, and represent a major shift in the way surface water quality is man-
aged in Australia (Batley et al., 2003). The guideline package consists of sev-
eral large volumes of information and provides a complete outline of how 
the guidelines should be applied, together with a lengthy discussion of the 
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underpinning science. The new guidelines represent world’s best practice 
in water quality management, and adherence to their principles and phi-
losophy is clearly desirable. It is important to note that, whereas the role of 
regulatory agencies is to protect or improve ambient water quality through 
managing effluents, they also need to consider cumulative impacts, total 
loads and contaminant cycling through sediments, biota and water, as well 
as temporary or permanent storages of contaminants and their ultimate fate 
and impacts. This means that both a spatial and temporal view is required 
along with recognition that pollutants can and will move downstream and 
downwind and change over time. This means that regulatory issues have a 
broader, whole of catchment focus, rather than the more localised concerns 
that industries might have.

The new guidelines provide guidelines for water quality in relation to 
a number of environmental values (previously termed “beneficial uses”). 
These are somewhat altered from those in the 1992 guidelines and now com-
prise the following (Batley et al., 2003):

•	 Aquatic Ecosystems – This is the primary focus of the new guidelines.
•	 Primary Industries – The new guidelines have amalgamated agricul-

ture, aquaculture and human consumption of aquatic foods into one 
environmental value.

•	 Recreation and Aesthetics – New guidelines are still under review. 
Until these are revised and released, the ANZECC 1992 Guidelines 
still apply.

•	 Drinking Water – The Australian NHMRC and ARMCANZ Drinking 
Water Guidelines (NHMRC/ARMCANZ 1996) apply.

•	 Industrial Water – No specific guidance is given because the require-
ments for industrial waters are so varied.

•	 Cultural and Spiritual Values – No specific guidance is given in the 
new guidelines, but it is recommended that they should be consid-
ered during the planning phase of water resource management.

Note: According to Batley et al. (2003), guidelines for aquatic ecosystem pro-
tection are usually the most stringent. For the most part, these are the major 
focus of management actions, the greatest source of contention amongst the 
stakeholders and, therefore, the values that determine the acceptability of 
water quality. As a consequence, the guideline volumes devote the greatest 
effort dealing with aquatic ecosystem protection.

4.2.4.2  Summary

In Australia, the state and territory have primary responsibilities for oversight 
and regulation of mining operations (Commonwealth of Australia, 2007),  
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with an overlay of Commonwealth (federal) regulation (Herbert Smith 
Freehills, 2012). In other words, mining activities in each of the states are gov-
erned by their respective Mining Acts and Mining Regulations. The primary 
means by which state and territory governments regulate AMD is through 
the standard authorisations required for a mining project, including min-
ing leases, EIAs and water resources (Commonwealth of Australia, 2007). 
Although the exact structure, legislation and regulatory regime applicable 
to AMD vary somewhat between jurisdictions, in general, they all seek to 
minimise environmental impacts during operations and achieve sustainable 
landforms following rehabilitation through the minimisation of pollutant 
release.

According to Commonwealth of Australia (2007), the key considerations 
under state and territory legislation include: (1) identification and assessment 
of AMD risks in the environment and social impact assessment, (2) determi-
nation of financial bonds based on adequate management of AMD issues 
post closure, (3) management of compliance with national water quality 
guidelines and (4) availability, quality and use of local and regional water 
resources.

4.3  Concluding Remarks

Society’s need for metals is undisputed. For example, the demand for metal 
usage has risen due to a continuously growing population, an increase in 
standard of living in emerging economies, and on going consumption in 
industrialised countries. Technological innovations, such as newer digi-
tal technologies, also require an increase in the variety of metals as well. 
However, despite the importance of the mining industry in fulfilling the 
need for minerals and its contributions to economic and social development 
globally, concerns about aspects of its relationship to the degradation of the 
environment have been lingering. There is no doubt mining is also increas-
ingly influenced by other competing land uses, such as urban development, 
agriculture and nature conservation. However, it is inevitable that a balanced 
consideration of economic, environmental and social aspects with a view 
of ensuring sustainable development of the mining industry is included in 
the frameworks underlying the development of coherent legislations and 
policies. What is clear from this chapter is that though different countries 
have different regulations and policies from one another, they all agree in 
many aspects about the importance of protecting the environment and water 
resources. It must also be noted that a better understanding of the activities 
leading to AMD generation could enable countries to develop legislation and 
policies that are likely to achieve the desired results of combating pollution 
of the environment and water resources at an early stage. Indeed, there are  
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many examples and case studies globally that provide evidence that sound 
planning and management can significantly reduce environmental risks of 
AMD. For example, the EU and other industrialised and developed nations 
have also continued to fund various research projects on environmental 
technologies and policy strategies towards responsible mining.
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5.1  Introduction

As discussed in Chapter 3, acid mine drainage (AMD) which, without doubt, 
is one of the serious pollutants in the world, is extremely acidic (pH as low as 2)  
and is enriched with iron, aluminium, sulphate and many other heavy metals 
(Evangelou, 2001). More specifically, AMD is most often characterised by one 
or more of the four major components: (1) low pH (high acidity), (2) high metal 
concentrations (with iron being the most common), (3) elevated sulphate lev-
els and (4) excessive suspended solids and/or siltation (AMRC, 2020).

It is obvious that the seriousness of AMD, as a pollutant, arises from its 
nature, extent and difficulty of resolution, as well as the economic costs of its 
prevention and remediation. Research has shown that AMD has the potential 
to affect the ecosystem and the environment negatively through the release 
of acidic water that contains high concentrations of metals and metalloids 
(CSIR 2013; Simate and Ndlovu, 2014). It is very clear from such studies that 
AMD effluents are associated with numerous environmental impacts such 
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as the increase in the acidity of soils and water sources, in addition to the 
content of dissolved salts (Foureaux et al., 2020). AMD is also responsible for 
various human and animal health problems if it is disposed without proper 
treatment in water bodies intended for consumption (Foureaux et al., 2020). 
The most unfortunate fact is that AMD which is one of the most prominent 
environmental issues currently facing the mining industry is regarded as 
second only to global warming and stratospheric ozone depletion in terms 
of global ecological risk (Crane and Sapsford, 2018). This chapter discusses 
the pertinent findings of the impacts of AMD on the ecosystem, in particu-
lar, humans, plants and aquatic species based on the available documented 
literature. The chapter will specifically focus on the effects of acidity and 
heavy metals on plants, aquatic species and human health.

5.2  Effect of High Acidity

Several studies have characterised AMD, but for the purpose of this chapter 
AMD is basically highly acidic water having pH of less than 5 (or even as 
low as 2) and also contains several contaminants including heavy metals 
(Evangelou, 2001; RoyChowdhury et al., 2015; John et al., 2017). The acidity of 
water is a function of the concentration or, more correctly, the activity of free 
hydrogen ions (H+). Since the molar concentration of these ions is normally 
very small, it is usually expressed as pH, the negative base-10 logarithm of 
the hydrogen ion concentration in mol L−1 as shown in Equation 5.1:

	
= −  

+pH    log H  10 	 (5.1)

The pH ranges from 1 (highly acidic) through 7 (neutral) to 14 (highly  
basic). An understanding of the acidity in AMD is significant. Acidity, for 
example, has the ability to solubilise metals and increase their toxicity 
because metals in a dissolved state tend to be more harmful to aquatic spe-
cies, humans and plants (Hunter 1980; Spyra, 2017).

5.2.1  Effect of High Acidity on Plants

Since the eighteenth century botanists have been aware that the chemical 
nature of soil affects plant growth and distribution (Rorison, 1973). For example, 
factors associated with soil acidity have been found to be limiting the growth 
of plants in many parts of the world (Kidd and Proctor, 2001). In fact, research 
on the effects of acidic soils on plant growth has been performed in the world; 
however, it is still a serious problem, especially in mine site where revegetation 
is necessary for environmental reclamation (Matsumoto et al., 2017).
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In the natural environment, soil pH influences myriads of soil biological, 
chemical and physical properties and processes that affect plant growth 
and biomass yield (Neina, 2019). For example, the soil pH affects the abun-
dance and activity of soil organisms (from microorganisms to arthropods) 
responsible for transformations of nutrients (De Boer and Kowalchuk, 2001; 
Nicol et al., 2008; Soti et al., 2015). However, the diversity of plant species has 
been found to be low in most acidic soils (Dupré et al., 2002; Soti et al., 2015) 
as essential nutrients (such as Ca, Mg, K, PO4 and Mo) exist in unavailable 
forms to plants thus causing nutrient deficiency (Larcher, 2003; Soti et al., 
2015). Additionally, acidic soils have high cation exchange capacity and pro-
mote leaching of nutrients which results in soil being unfavourable for plant 
growth (Johnson, 2002; Soti et al., 2015).

There is no doubt that plants need a proper balance of macro and micro-
nutrients in the soil and thus the soil pH, as stated already, has a signifi-
cant role that it plays on the availability of nutrients in the soil (Halcomb 
and Fare, 2002; Larcher, 2003; Soti et al., 2015) and on the growth of dif-
ferent kinds of plants (Halcomb and Fare, 2002; Simate and Ndlovu, 
2014). For example, when the soil pH is low, phosphorus, potassium and 
nitrogen are tied up in the soil and not available to plants (Halcomb and 
Fare, 2002). Calcium and magnesium, which are essential plant nutrients, 
may also be absent or deficient in low pH soils (Halcomb and Fare, 2002; 
Simate and Ndlovu, 2014). At low pH, toxic elements such as aluminium, 
iron and manganese are also released from soil particles, thus increasing 
their toxicity (Schrock et al., 2001; Halcomb and Fare, 2002). Furthermore, 
if soil pH is low, the activity of soil organisms that break down organic 
matter is reduced (Halcomb and Fare, 2002). Proper soil pH increases 
microorganism activity which produces improved soil tilth, aeration and 
drainage. This is turn allows for better use of nutrients, increased root 
development and drought tolerance (Halcomb and Fare, 2002; Simate and 
Ndlovu, 2014).

Other effects of soil acidity include the fact that important productive 
plants such as lucerne, phalaris, canola and barley are difficult to establish 
and grow in acidic soils (Teshome, 2017). Soil acidity is also able to alter root 
length and architecture, root hair development, and deforms the root tip 
in some plant species (Haling et al., 2011). Basically, soil acidity affects root 
development, leading to reduced nutrient and water uptake and deficiency 
in essential plant nutrients, such as K, Ca and Mg (Abdenna et al., 2007).

The two most important toxicities in acidic soils are those of aluminium 
and manganese (Slattery et al., 1999; Osman, 2014). For example, in strongly 
acidic soils (pH < 4.3) aluminium and manganese become more available in the 
soil solution and are harmful to plant roots (Osman, 2014). In other words, 
at low pH, toxic elements such as aluminium, iron and manganese are also 
released from soil particles, thus increasing their toxicity (Halcomb and 
Fare, 2002; Schrock et  al., 2001). Aluminium toxicity is the most common 
plant symptom in acidic soils and causes root stunting (Slattery et al. 2000; 
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Osman, 2014). Reduced root growth impedes nutrient and water uptake and 
results in decreased production (Osman, 2014).

5.2.2  Effect of High Acidity on Aquatic Species

The pH of waters is important to aquatic life because pH affects the ability 
of aquatic organisms to regulate basic life-sustaining processes, particularly 
the exchanges of respiratory gasses and salts with the water in which they 
live (Rober-Bryan, Inc., 2004). In other words, pH (or more appropriately H+ 
activity) has a large influence on many important chemical reactions such 
as dissociation of organic acids and concentration and speciation of poten-
tially toxic aluminium (Sullivan, 2000). More specifically, the pH of the water 
is a major physical factor that determines the distributions of organisms in 
aquatic habitats (Clark et al., 2004). It is noted that in many instances impor-
tant physiological processes operate normally in most aquatic biota under 
a relatively wide pH range (e.g., 6–9 pH) (Rober-Bryan, Inc., 2004). In fact, 
most of the freshwater lakes, streams and ponds have a natural pH in the 
range of 6 to 8 (Lenntech, 2014). It must be noted, however, that the acceptable 
range of pH to aquatic life, particularly fish, depends on numerous other fac-
tors, including prior pH acclimatisation, water temperature, dissolved oxy-
gen concentration and the concentrations and ratios of various cations and 
anions (Rober-Bryan, Inc., 2004).

Unfortunately, human activities present aquatic species with numerous 
environmental challenges including altered pH regimes (freshwater acidi-
fication) (Isaza et al., 2020). It must also be noted that the increased acidity 
caused by AMD has a range of negative effects on aquatic species depend-
ing on the severity of the pH change (Coil et al., 2013). Nevertheless, aquatic 
organisms are affected by acidic water at all trophic levels, resulting in 
changes in productivity and biomass accumulation, and the extermination 
of sensitive species (Lacoul et al., 2011). Low pH often stunts the growth of 
frogs, toads and salamanders (Thoreau, 2002). Table 5.1 is a summary of the 
effects of a wide range of pH (3–11.5) on aquatic life (Thoreau, 2002; Simate 
and Ndlovu, 2014). Table 5.1 clearly demonstrates that there is no definitive 
pH range within which all freshwater aquatic life are unharmed (Rober-
Bryan, Inc., 2004).

To sum up, research has shown that the acid streams resulting from min-
ing activities from certain types of mineral deposits are highly toxic to the 
aquatic environment (Cotter and Brigden, 2006). In extreme cases, many 
river systems and former mine sites are totally inhospitable to aquatic life, 
with the exception of “extremophile” bacteria (Coil et al., 2013). The extreme 
acidity is toxic to most aquatic life and even after neutralisation, the pre-
cipitate formed continues to affect aquatic organisms (Cotter and Brigden, 
2006). Toxic elements, such as copper, cadmium and zinc that are often asso-
ciated with AMD also substantially contribute to the devastating ecological 
effects of AMD (Cotter and Brigden, 2006). Additionally, heightened acidity 
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reduces the ability of streams to buffer against further chemical changes 
(Coil et al., 2013).

5.2.3  Effect of High Acidity on Human Health

The polluted AMD water has serious impact on both the ecosystem and 
on any humans who may come into contact with it (Garland, 2011). Whilst 
there is research documenting the effects of AMD on the ecosystem, less 
is known about the potential effects of AMD on human health (Garland, 
2011). However, the acidity of AMD indirectly affects human health mainly 
due to the mobilisation, transport and even chemical transformation of toxic 
metals (Goyer et  al., 1985). Through the food chain, the intake of toxic as 
well as essential elements may be altered in man (Oskarsson et  al., 1996). 
For example, acidification increases bioconversion of mercury to methylmer-
cury, which accumulates in fish, thus increasing the risk of toxicity to people 
who eat fish (Goyer et al., 1985).

Another indirect, but devastating effect of high acidity in AMD concerns 
the vivid orange colour which forms when AMD is neutralised because of 

TABLE 5.1

Effects of pH on Aquatic Life

pH Effect

3.5–3.0 Toxic to most fish; some plants and invertebrates can survive such as the 
waterbug, water boatmen and white mosses

4.0–3.5 Lethal to salmonids
4.5–4.0 Harmful to salmonids, tench, bream, roach, goldfish and the common carp; all 

stock of fish disappear because embryos fail to mature at this level
5.0–4.5 Harmful to salmonid eggs, fry and the common carp; the lake is usually 

considered dead and a “wet desert”; it is unable to support a variety of life
6.0–5.0 Critical pH level, when the ecology of the lake changes greatly; the number 

and variety of species begin to change; salmon, roach and minnow begin to 
become less diverse; less diversity in algae, zooplankton, aquatic insects, 
insect larvae; rainbow trout do not occur and molluscs become rare; there is a 
great decline in salmonid fishing; the fungi and bacteria that are important in 
organic matter decomposition are not tolerant so the organic matter degrades 
more slowly and valuable nutrients are trapped at the bed and are not 
released back into the ecosystem; most of the green algae and diatoms 
(siliceous phytoplankton) that are normally present disappear. The reduction 
in green plants allows light to penetrate further so acid lakes seem crystal 
clear and blue; snails and phytoplankton disappear

9.0–6.5 Harmless to most fish
9.5–-9.0 Harmful to salmonids, harmful to perch if persistent
10.0–9.5 Slowly lethal to salmonids
11.0–10.5 Lethal to salmonids, carp, tench, goldfish and pike
11.5–11.0 Lethal to all fish

Sources:	 Thoreau, 2002; Simate and Ndlovu, 2014.
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the precipitation of iron oxides and hydroxides (Cotter and Brigden, 2006). 
This precipitate, often called ochre, is very fine and can deposit and imbed 
on the river, stream or ocean bed thus cementing substrates for small ani-
mals (Cotter and Brigden, 2006). As a result, the small animals that used to 
feed on the bottom of the river or stream or ocean (benthic organisms) can 
no longer feed and die due to starvation and thus get depleted (Cotter and 
Brigden, 2006). In view of the fact that such small aquatic animals are at the 
bottom of the aquatic food chain, their depletion has an impact higher up 
the food chain all the way to the fish that feed on them (Cotter and Brigden, 
2006). Therefore, even if the acidity and heavy metals are neutralised, AMD 
still affects humans and wildlife a long way down stream because of the 
indirect effects (Cotter and Brigden, 2006).

5.3  Effect of Heavy Metals

AMD contains a variety of dissolved heavy metals from abandoned and 
active mining areas (Gaikwad and Gupta, 2008). Appenroth (2010) argues 
that the definition of heavy metals should be more unequivocal and that it 
should be based on the periodic system of elements than how it is commonly 
defined. In this context, Appenroth (2010) defines heavy metals by the fol-
lowing groups of the periodic table of elements: (1) all transition elements, 
except La and Ac (=Transition metals), (2) rare earth elements, subdivided 
in the series of lanthanides and the series of actinides including La and Ac 
themselves (=Rare earth metals), and (3) a heterogenous group of elements 
including the metal Bi, the amphoterous oxides forming elements Al, Ga, In, 
Tl, Sn, Pb, Sb and Po, and the metalloids Ge, As and Te (= Lead-group ele-
ments as termed by Appenroth, 2010).

It is noted also that many other scholars define heavy metals as elements 
with atomic density greater than 6 g/cm3 (Gardea-Torresdey et  al., 2005; 
Akpor and Muchie, 2010), i.e., density of five times or more greater than that 
of water (Asati et al., 2016) or are conventionally defined as elements with 
metallic properties and an atomic number greater than 20 (Tangahu et al., 
2011) and have serious implications on human life due to their acute and 
long-term toxicity (Ndlovu et al., 2013). In fact any toxic metal may be called 
a heavy metal, irrespective of its atomic mass or density (Singh et al., 2011). 
However, Appenroth (2010) also argues that heavy metals are not toxic per 
se, but only when a certain threshold of internal concentrations is exceeded. 
In fact, heavy metals are intrinsic components of the environment which are 
either essential or non-essential (Asati et al., 2016). The eight most common 
heavy metal pollutants listed by the Environment Protection Agency (EPA) 
are: As, Cd, Cr, Cu, Hg, Ni, Pb and Zn (Athar and Vohora, 2001; Khayatzadeh 
and Abbasi, 2010).
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5.3.1  Effect of Heavy Metals on Plants

The influence of heavy metals on plants and their metabolic activities has 
been studied extensively (Cheng, 2003; Jiwan and Ajay, 2011; Asati et  al., 
2016). The toxicity of heavy metals to plants varies with plant species, spe-
cific metal, concentration of the metal, chemical form of the metal, soil 
composition and prevailing pH (Asati et al., 2016). In other words, high con-
centrations and/or certain mixtures of heavy metals in plant tissues can 
affect plant growth in different manners (Gardea-Torresdey et  al., 2005). 
However, many heavy metals are considered to be essential for plant growth 
(Asati et al., 2016). For example, Cu and Zn can either serve as cofactor and 
activators of enzyme reactions (Mildvan, 1970; Asati et  al., 2016). Some of 
the heavy metals such as As, Cd, Hg, Pb or Se are not essential for plant 
growth, since they do not perform any known physiological function in 
plants (Jiwan and Ajay, 2011). Other heavy metals such as Co, Fe, Mn, Mo, 
Ni and V are essential in minute quantities, but become harmful in exces-
sive amounts (Asati et al., 2016). Specifically, if plentiful amounts of heavy  
metals are accumulated in plants, they adversely affect the absorption and 
transport of essential elements, disturb the metabolism and have an impact 
on growth and reproduction (Xu and Shi 2000; Cheng, 2003). In general, 
plants experience oxidative stress upon exposure to heavy metals that leads 
to cellular damage and disturbance of cellular ionic homeostasis (Yadav, 
2010; Singh et al., 2011), thus disrupting the physiology and morphology of 
plants (Gardea-Torresdey et al., 2005). Table 5.2 is a summary of the main 
undesirable effects of some of the heavy metals on plants (Loneragan, 1988; 
Elamin and Wilcox, 1986; Marin et al., 1993; Wu, 1994; Barrachina et al., 1995; 
Cox et al., 1996; Sinha et al., 1997; Abedin et al., 2002; Gardea-Torresdey et al., 
2005; Jayakumar et al., 2007; Solomon, 2008; Li et al., 2009; Akpor and Muchie, 
2010; Yadav, 2010; Asati et al., 2016).

5.3.2  Effect of Heavy Metals on Aquatic Species

The contamination of aquatic ecosystems with heavy metal has long been 
recognised as a serious pollution problem (Ayandiran et al., 2009). This is 
because heavy metals are highly persistent, and research has shown that 
they are toxic even in trace amounts such that they can potentially induce 
severe oxidative stress in aquatic organisms (Jiwan and Ajay, 2011).

Aquatic organisms, such as fish, accumulate heavy metals directly from 
contaminated water and indirectly via the food chain (Khayatzadeh and 
Abbasi, 2010). In addition, Jennings et al. (2008) also state that fish are exposed 
indirectly to metals through ingestion of contaminated sediments and food 
items. Ayandiran et  al. (2009) contend that there are in fact five potential 
routes for a water pollutant to enter a fish, namely, through the food, non-
food particles, gills, oral consumption of water and the skin. However, the 
presence of metals and their subsequent toxicity vary between fish species 
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and also depend on age, developmental stage and other physiological factors 
(Khayatzadeh and Abbasi, 2010). There is no doubt also that the toxicity of 
heavy metals to aquatic species differs depending on a specific metal, con-
centration of the metal and chemical form of the metal. Heavy metals such 
as cadmium, copper, lead and zinc are of particular concern because of their 
severe toxicity to aquatic life (Lewis and Clark, 1997). In fact, acute exposure 
(short-term, high concentration) of these metals can kill organisms directly, 

TABLE 5.2

Main Undesirable Effects of Heavy Metals on Plants

Heavy Metal Effects

Manganese Not readily remobilised through phloem to other organs after reaching the 
leave; necrotic brown spotting on leaves, petioles and stems is a common 
symptom of Mn toxicity; crinkle leaf leading to chlorosis and browning of 
leaf, stem and petiole

Cadmium Decreases seed germination, lipid content and plant growth; induces 
phytochelatins production; impaired aquatic plant growth

Iron Iron toxicity leads to reduction of plant photosynthesis and yield an increase 
in oxidative stress and ascorbate peroxidise activity in tobacco, canola, 
soybean and hydrilla verticillata; secretion of acids from the roots which 
lowers soil pH

Lead Reduces chlorophyll production and plant growth; increases superoxide 
dismutase

Nickel Reduces seed germination, dry mass accumulation, protein production, 
chlorophylls and enzymes; increases free amino acids

Mercury Decreases photosynthetic activity, water uptake and antioxidant enzymes; 
accumulates phenol and proline

Zinc Reduces Ni toxicity and seed germination; increases plant growth and ATP/
chlorophyll ratio

Chromuim Decreases enzyme activity and plant growth; produces membrane damage, 
chlorosis and root damage

Copper Inhibits photosynthesis, plant growth and reproductive process; decreases 
thylakoid surface area

Cobalt Phytotoxicity study has shown the adverse effect on shoot growth and 
biomass; excess of Co restricts the concentration of Fe, chlorophyll, protein 
and catalase activity in leaves of cauliflower; other effects include reduction 
in shoot length, root length and total leaf area; decrease in chlorophyll 
content; reduction in plant nutrient content and antioxidant enzyme 
activity; decrease in plant sugar, amino acid, and protein content has been 
noticed

Arsenic Reduces fruit yield, decreases the leaf fresh weight in tomatoes; stunted 
growth, chlorosis and wilting in canola; reduces seed germination, decrease 
in seedling height, reduces leaf area and dry matter production in rice

Sources:	 Loneragan, 1988; Elamin and Wilcox, 1986; Marin et  al., 1993; Wu, 1994; Barrachina 
et al., 1995; Cox et al., 1996; Sinha et al., 1997; Abedin et al., 2002; Gardea-Torresdey 
et al., 2005; Jayakumar et al., 2007; Solomon, 2008; Li et al., 2009; Akpor and Muchie, 
2010; Yadav, 2010; Asati et al., 2016.



105Environmental and Health Effects of Acid Mine Drainage

whereas chronic exposure (long-term, low concentration) can result in either 
mortality or nonlethal effects such as stunted growth, reduced reproduc-
tion, deformities or lesions (Lewis and Clark, 1997). With respect to AMD, 
Jennings et al. (2008) argue that when fish are exposed directly to metals and 
H+ ions in water through their gills, impaired respiration may result from 
chronic and acute toxicity.

A major concern is that once heavy metals are accumulated by aquatic 
organisms, they can be transferred through the upper classes of the food 
chain (Ayandiran et al., 2009). Carnivores, which are at the top of the food 
chain including humans, obtain most of their heavy metal load from the 
aquatic ecosystem through their food, especially where fish are present 
and so there exists the potential for considerable biomagnification (Cumbie, 
1975; Mance, 1987; Ayandiran et al., 2009). However, some studies have indi-
cated that not all the metals taken up by fish are accumulated because fish 
have the ability, to a certain extent, of regulating the concentration of metals 
in their bodies (Romanenko et al., 1986; Ayandiran et al., 2009). The regula-
tion of the concentrations of metals in fish may occur through the gills, bile, 
via feces, kidney and the skin (Heath, 1995; Ayandiran et al., 2009). Table 5.3 
shows the levels of metals recommended for the protection of aquatic life 
(Solomon, 2008).

5.3.3  Effect of Heavy Metals on Human Health

A plethora of statements concerning the hazards of heavy metals in AMD 
on human health have been made by natural scientists, social scientists and 
activists over decades. However, Garland (2011) argues that whilst there 

TABLE 5.3

Aquatic Life Protection Standards

Heavy Metal Permissible Level (ppb)

Aluminium 5 if pH < 6.5, 100 if pH > 6.5
Arsenic 5 (FW), 12.5 (SW)
Cadmium 0.017 (FW), 0.12 (SW)
Lead 1–7 depending on water hardness
Nickel 25–150 depending on water hardness
Manganese None
Mercury 0.1
Zinc 30 FW
Chromium Cr6+: 1 (FW), 1.5 (SW); Cr3+: 8.9 (FW), 56 (SW)
Copper 2–4 depending on water hardness
Selenium 1

Source:	 Solomon, 2008.
FW = freshwater; SW = saltwater.
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is evidence that shows the effects of AMD on the ecosystem,  very little is 
known about the potential effects of AMD on human health. On the other 
hand, what is known is that many of the components and pollutants in AMD 
are dangerous to humans (Garland, 2011). For example, Pb, Cd, Hg and As 
are widely dispersed in AMD (Peng et al., 2009; Simate and Ndlovu, 2014), 
and these elements have no beneficial effects in humans, and there is no 
known homeostasis mechanism for them (Vieira et al., 2011; Morais et al., 
2012). However, the metals are considered to be the most toxic to humans 
and animals; the adverse human health effects associated with exposure 
to them, even at low concentrations, are diverse and include, but not lim-
ited to, neurotoxic and carcinogenic actions (Castro-González and Méndez-
Armenta, 2008; Jomova and Valko, 2011; Morais et  al., 2012). In addition, 
many other studies have also indicated that any exposure to heavy metals is 
capable of causing a myriad of human health effects, ranging from cardio-
vascular and pulmonary inflammation to cancer and damage of vital organs 
(Geiger and Cooper, 2010; Alissa and Ferns, 2011; Jaishankar et al., 2014); and 
many major human physiological systems including the skeletal, nervous, 
respiratory, excretory and digestive systems may be affected (Ngole-Jeme 
and Fantke, 2017).

According to Garland (2011), in order for humans to be affected by the 
pollutants in AMD, they need to be exposed to the pollutants. Besides, there 
are a number of ways that people can potentially be exposed to the AMD 
pollutants (Garland, 2011; Ngole-Jeme and Fantke, 2017). The AMD enters the 
environment as polluted water, either through surface waters such as rivers 
or through groundwater. As the water moves through the ecosystem, the 
pollutants in AMD can then enter other parts of the ecosystem. For example, 
AMD pollutants in a river could be deposited and end up in the river beds 
where some aquatic species get their food. As discussed already in Section 
5.3.2, what is of a major concern is that once heavy metals are accumulated by 
aquatic organisms, they can be transferred through the upper classes of the 
food chain (Ayandiran et al., 2009). Carnivores at the top of the food chain 
including humans obtain most of their heavy metal load from the aquatic 
ecosystem through their food, especially where fish are present and so there 
exists the potential for considerable biomagnification (Cumbie, 1975; Mance, 
1987; Ayandiran et al., 2009). The depletion of aquatic organisms affected by 
AMD either through heavy metals or acidity was emphasised by Cotter and 
Brigden (2006) as it leads to the domino effects up the ecosystem by reducing 
the food sources available for animals at the top of the marine and human 
food chain.

Another AMD exposure pathway to humans occurs if AMD-contaminated 
water is used for irrigating crops, then there is a risk that the soils and plants 
can become polluted. In addition, if an animal drinks the polluted water or 
eats the polluted plants, then there is a risk that the animal can take up the 
pollution as well. Other exposure pathways have been described by Ngole-
Jeme and Fantke (2017) and Jaishankar et al. (2014).
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Akpor and Muchie (2010) contend that the danger of heavy metal pollut-
ants in water lies in two aspects of their impact. First, heavy metals have the 
ability to persist in natural ecosystems for an extended period. Second, they 
have the ability to accumulate in successive levels of the biological chain, 
thereby causing acute and chronic diseases. In general, the toxicity or poi-
soning of heavy metals results from the disruption of metabolic functions. 
According to Singh et al. (2011), heavy metals disrupt the metabolic functions 
in two ways: (1) they accumulate in vital organs and glands such as the heart, 
brain, kidneys, bone and liver where they disrupt their important functions 
and (2) they inhibit the absorption, interfere with or displace the vital nutri-
tional minerals from their original places, thereby, hindering their biologi-
cal functions. Ideally, heavy metals are toxic because they have cumulative 
deleterious effects that can cause chronic degenerative changes (Ibrahim 
et al., 2006; Alissa and Ferns, 2011), especially to the nervous system, liver 
and kidneys, and, in some cases, they also have teratogenic and carcinogenic 
effects (International Agency for Research on Cancer, 1987; Alissa and Ferns, 
2011). A summary of some of the heavy metals and their effects on human 
health together with permissible limits is presented in Table 5.4 (Solomon, 
2008; Singh et al., 2011; Monachese et al., 2012).

TABLE 5.4

Heavy Metals and Their Effects on Human Health Together with Permissible 
Limits

Heavy Metal Effect
Permissible 
Level (mg/L)

Arsenic Bronchitis, dermatitis, poisoning 0.02
Cadmium Renal dysfunction, lung disease, lung cancer, bone defects, 

increased blood pressure, kidney damage, bronchitis, 
bone marrow cancer, gastrointestinal disorder

0.06

Lead Mental retardation in children, developmental delay, fatal 
infant encephalopathy, congenital paralysis, sensor 
neural deafness, liver, kidney, and gastrointestinal 
damage, acute or chronic damage to the nervous system, 
epilepticus

0.10

Manganese Inhalation or contact causes damage to nervous central 
system

0.26

Mercury Damage to the nervous system, protoplasm poisoning, 
spontaneous abortion, minor physiological changes, 
tremors, gingivitis, acrodynia characterised by pink 
hands and feet

0.01

Zinc Damage to nervous membrane 15.0
Chromuim Damage to the nervous system, fatigue, irritability 0.05
Copper Anemia, liver and kidney damage, stomach and intestinal 

irritation
0.10

Sources:	 Solomon, 2008; Singh et al., 2011; Monachese et al., 2012; Simate and Ndlovu, 2014.
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5.4  Concluding Remarks

It is very clear from this chapter that AMD effluents deserve special attention 
given that AMD is associated with numerous undesirable components such 
as low pH (high acidity), (2) high metal concentration, (3) elevated sulphate 
levels and (4) excessive suspended solids and/or siltation (AMRC, 2020). 
This chapter focused particularly on the effects of heavy metals and acidity 
on plants, aquatic species and human health. A collection of documented 
studies in the chapter has shown that heavy metals are toxic to soil, plants, 
aquatic life and human health if their concentrations are high. Heavy metals 
exhibit toxic effects towards soil biota, for example, by affecting key micro-
bial processes and decrease the number and activity of soil microorganisms. 
Several reports have indicated that even low concentrations of heavy metals 
may inhibit the physiological metabolism of plants. Furthermore, the uptake 
of heavy metals by plants and aquatic species such as fish and the subse-
quent accumulation along the food chain is a potential threat to animals 
and humans. More specifically, contaminations of the aquatic systems by 
heavy metals can stimulate the production of reactive oxygen species (ROS) 
that can damage fishes and other aquatic organisms. Heavy metals toxic-
ity to humans has proven to be a major threat and there are several health 
risks associated with them including interference with metabolic processes 
(Jaishankar et al., 2014).

The need for proper balance of the soil pH was also emphasised in the 
chapter since pH is influential on the availability of nutrients and on the 
growth of different kinds of plants. The knowledge of pH associated changes 
in aquatic ecosystems is also important. For example, acidity affects the 
structure and functioning of ecosystems, causes damages to forests and 
causes the extinction of aquatic organisms (Spyra, 2017). Much of the effect 
of AMD acidity on humans is indirect. For example, the depletion of aquatic 
organisms affected by AMD acidity has domino effects up the ecosystem by 
reducing the food sources available for animals at the top of the marine and 
human food chain (Cotter and Brigden, 2006).
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Part II

Prevention and 
Remediation Processes 
of Acid Mine Drainage

It is unanimously agreed that ‘prevention is better than cure’, hence it is bet-
ter to prevent the occurrence of AMD in the first place. In contrast to preven-
tive techniques, the remediation and/or corrective methods are those that 
treat AMD in such a way that it ceases to be a threat to the environment and/
or the threat to the environment is minimized. The chapters in this part of 
the book discuss techniques and processes that are aimed at preventing the 
formation of AMD, including the number of remediation methods, which 
are generally categorized as conventional and non-conventional methods, 
are also critically analysed and discussed. Life-cycle assessment of AMD 
treatment processes is also covered.
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6.1  Introduction

As discussed in Chapter 5, acid mine drainage (AMD) poses serious dan-
gers on the environment and human health. Doubtlessly, prevention of AMD 
generation is an important task in order to protect the environmental and 
health risks associated with it (Kefeni et al., 2017). Therefore, over the years 
considerable focus has been directed towards the development of technolo-
gies for the prevention of AMD. Currently, there are a number of approaches 
to preventing and/or minimizing the generation of AMD. Actually, preven-
tion of acid production is preferred over treatment of AMD (Brown, 1996). 
Park et al. (2019) also argue that since prevention techniques do not require 
continuous maintenance, they are more sustainable than traditional reme-
diation or treatment techniques. Moreover, AMD treatment costs can nega-
tively influence the economic performance or even compromise the viability 
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of a project; thus, AMD formation should be prevented (Pozo-Antonio et al., 
2014). Therefore, only the most serious and unforeseen cases of AMD pollu-
tion should employ treatment techniques (Pozo-Antonio et al., 2014).

Taking into account that the oxidation of sulphide-bearing minerals and the 
subsequent AMD generation occurs in the presence of water and oxygen,  
and is highly accelerated by microorganisms, the general approach for AMD 
prevention techniques has been to eliminate or reduce one or more of these 
essential factors (Kuyucak, 2002; Pozo-Antonio et al., 2014; Park et al., 2019). 
This chapter focuses on a number of such techniques. In particular, the chap-
ter discusses the following techniques that have been explored to prevent or 
minimise the generation of AMD: (1) control of water movement, (2) selective 
separation and blending of sulphide-rich materials, (3) physical separation 
barriers for water and oxygen, (4) inhibition of iron and sulphur-oxidizing 
microorganisms and (5) other methods, namely, sulphide passivation or micro-
encapsulation, desulphurisation and electrochemical protection systems.

6.2  Preventive Techniques for Acid Mine Drainage

This section of the chapter discusses and evaluates, in detail, the preventive 
techniques for AMD formation. Typically, these techniques are designed to 
exclude any of the three components that are essential in the formation of AMD: 
oxygen, water and microorganisms (Kuyucak, 2002; Pozo-Antonio et al., 2014; 
Park et al., 2019). In other words, prevention of AMD generation mainly requires 
protection of sulphide-bearing minerals from air, water and microorganisms 
(Kefeni et al., 2017). It must be noted, however, that the nature of the sulphide-
waste materials and the conditions of the mining site dictate the choice and 
implementation strategy of the preventive techniques (Kuyucak, 2002).

6.2.1  Control of Water Movement

Water is the most important media responsible for the transportation of 
contaminants and thus all measures aimed at curtailing AMD generation 
should be concerned with the control of the flow of water (Akcil and Koldas, 
2006). The techniques of controlling the flow of water restrict the move-
ment of water through potential acid-producing sulphide materials. In other 
words, the control technologies rely on the prevention of the entry of water 
into the AMD source (Barton-Bridges and Robertson, 1989). In this regard, 
a number of measures can be employed to control the movement of water. 
Firstly, surface water can be diverted from flowing through potential acid-
producing sulphide materials. This can be achieved through the use of well-
designed and waterproofed pipes, ditches and/or channels (Kuyucak, 2002; 
Pozo-Antonio et al., 2014). In addition, surface water diversion may involve 
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the construction of drainage ditches or impervious channels that are able 
to move surface water quickly across acid-producing sulphide materials 
(Skousen et  al., 2019). Secondly, groundwater can be prevented from infil-
trating into sites that contain acid-generating materials using intercepting 
structures such as grout barriers (or curtains) and reinforced concreate walls 
(i.e., slurry walls) or even diversion ditches (Skousen et al., 2000; Kuyucak, 
2002; Akcil and Koldas, 2006; RoyChowdhury et al., 2015). The use of grouts 
to separate acid-producing rocks and groundwater has also been recom-
mended by Skousen et  al. (2019) who states that “injection of grout barri-
ers or curtains may significantly reduce the volume of groundwater moving 
through backfills”. Thirdly, using underdrains and sealing layers, hydrologi-
cal water seepage into acid-generating waste can be prevented (Akcil and 
Koldas, 2006). Fourthly, for open pit mines, it is appropriate to flush or drain 
water rapidly from spoil heaps before it accumulates to high levels (Akcil 
and Koldas, 2006). Finally, it is also important to use properly designed 
slopes and steps in order to minimise the infiltration of water into the min-
ing waste (Kuyucak, 2002; Pozo-Antonio et al., 2014). Despite all the measures 
to control the flow of water, Sahoo et al. (2013) state that “surface barriers can 
achieve substantial reductions in water flow through piles, but generally do 
not control AMD completely”.

6.2.2  Selective Separation and Blending of Sulphide-Rich Materials

In this technique, sulphide-rich waste materials are separated from the rest 
of other materials and disposed into specifically designed and prepared stor-
age areas (Kuyucak, 2002). The primary strategy is to segregate and place 
the material in the storage areas in order to limit its exposure to water and 
air (Skousen et al., 1987; Skousen et al., 1998). It is also helpful to compact the 
material once placed in the storage areas (Skousen et al., 1998) and depend-
ing on the neutralisation potential, the wastes are mixed with alkaline 
amendments such as limestone in order to minimise acidity of the overall 
system (Skousen et  al., 1998; Chowdhury et  al., 2015). Indeed, co-disposal 
and/or mixing of sulphide materials along with some materials (waste rock, 
limestone) which are either potentially acid consuming or alkaline produc-
ing is the most common practice to reduce AMD production from mine 
waste (Skousen et  al., 2000; Kuyucak, 2002; Johnson and Hallberg, 2005; 
RoyChowdhury et  al., 2015; Park et  al., 2019). In fact, research has shown 
that complete mixing of the benign and acid-producing mine wastes is more 
effective than placing the two materials separately in layers (Kuyucak, 2002). 
Ideally, this technique is meant to ensure that AMD-generating potential of a 
reactive mine waste is minimised by either reducing the net acid-producing 
potential of the reactive waste or by increasing the net alkaline neutralizing 
potential of the benign waste (Kuyucak, 2002).

As noted already, a number of materials are used for co-disposal or blend-
ing of reactive mine wastes. The most frequently used materials include lime, 
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limestone and phosphate minerals (Renton et al., 1988; Mylona et al., 2000; 
Hakkou et al., 2009; Kastyuchik et al., 2016; Li et al., 2018). Other materials 
that include industrial by-products and residues have also become popular 
blending materials for preventing the generation of AMD due to their high 
neutralisation capabilities (Xenidis et  al., 2002; Doye and Duchesne, 2003; 
Yeheyis et al., 2009; Alakangas et al., 2013;Park et al., 2019). These materials 
and many others, for example, are known to consume H+ ions generated by 
sulphidic waste materials, a property that does not only contribute to the 
formation of near-neutral AMD (reactions 6.1 and 6.2), but also immobilises 
soluble metals and metalloids via precipitation (Mylona et al., 2000; Hakkou 
et al., 2009; Lottermoser, 2003; Park et al., 2019).

	 + → ++ + −CaCO    H     Ca    HCO3
2

3 	 (6.1)

	 + → + ++ + − −Ca (PO ) F   3H     5Ca    3HPO F5 4 3
2

4
2

	 (6.2)

It is also important to analyse the chemistry of how some of the blending 
materials such as limestone, in particular, and the rest, in general, control the 
oxidation of sulphide waste materials. A number of studies have shown that 
blending (e.g., by limestone) control the acid production of sulphide minerals 
through four mechanisms. The first mechanism involves precipitation of fer-
ric iron into the hydroxide form, thus its further participation as an oxidizing 
agent in the oxidation of sulphide wastes is inhibited (Kelley and Tuovinen, 
1988; Mylona et al., 2000; Park et al., 2019). The second mechanism involves 
the raising of the pH (pH 6.1–8.4) that significantly weakens the activities of 
the sulphide-oxidizing microorganisms (Nicholson et al., 1988; Mylona et al., 
2000; Park et  al., 2019). The third mechanism involves the precipitation of 
oxidised compounds and the formation of a protective layer such as ferric-
oxy-hydroxide on the surface of sulphide minerals that reduce their reactive 
surface areas thus impairing their dissolution further (Nicholson et al., 1990; 
Mylona et al., 2000; Park et al., 2019). The fourth mechanism also involves the 
formation of a cemented layer (hardpan) consisting of ferric-oxy-hydroxide 
and gypsum which has very low permeability that limits the diffusion of O2 
and infiltration of water into sulphide materials (Blowes et al., 1991; Lin, 1997; 
Mylona et al., 2000; Park et al., 2019). Hallberg et al. (2005) also argue that the 
formation of hardpans reduces permeability and oxygen diffusion and thus 
lowers the oxidation rate of sulphide waste materials. Besides, acting as a 
barrier, the cement-like hard substance also behaves as a stabilizing material 
(Stehouwer et al., 1995; Skousen et al., 2000; RoyChowdhury et al., 2015).

Other studies have also found that large acid-producing waste rocks can 
be mixed with fine materials that contain high moisture content such as tail-
ings and disposed together (Kuyucak, 2002; RoyChowdhury et  al., 2015). 
This process results in the filling of large pores of waste rock and can help in 
minimizing oxygen penetration into the acid-producing mine wastes thereby 
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preventing the oxidation process (Kuyucak, 2002; RoyChowdhury et al., 2015). 
The effectiveness of tailings as oxygen barriers is influenced by the moisture 
content maintained in the tailings (Barton-Bridges and Robertson, 1989).

6.2.3  Physical Separation Barriers for Water and Oxygen

The most prevalent and conventional approach to limiting the entry of either 
oxygen or water, or both to sulphide-bearing waste, is to use physical barriers 
that consist of wet or dry covers (Kuyucak, 2002; Sahoo et al., 2013; Skousen 
et al., 2019). Argunhan-Atalay and Yazicigil (2018) also emphasise that barri-
ers, particularly, dry cover barriers, retard the movement of water or oxygen 
into areas containing acid-producing rocks. It is noted, however, that though 
the exclusion of oxygen from waste materials is a very effective means of 
preventing sulphide oxidation, it is equally difficult to achieve than exclud-
ing water (Kuyucak, 2002). The sections that follow these opening remarks 
discuss in detail the dry and water covers.

6.2.3.1  Dry Covers

Pozo-Antonio et  al. (2014) argue that dry covers have a number of roles: 
(1) stabilisation of mining waste so as to prevent erosion by wind and water, 
(2) improvement of aesthetic appearance and (3) prevention and/or inhibi-
tion of the release of AMD pollutants. The prevention and/or inhibition of 
the release of AMD pollutants is the focus of this section. The dry covers 
designed to inhibit AMD generation primarily comprise of a sealing layer 
with low hydraulic conductivity (Figure 6.1) which restricts the supply of 

FIGURE 6.1
Diagram of a typical dry cover designed to minimise the production of acidic effluents from 
sulphide-bearing wastes. (From Sahoo et al., 2013.)
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oxygen and limits the percolation of water into the sulphide waste materials, 
thereby reducing the rate of sulphide oxidation (Kleinmann, 1990; Hallberg 
et al., 2005; Sahoo et al., 2013; Pozo-Antonio et al., 2014; Skousen et al., 2019). 
Indeed, the dry covers also referred to as oxygen barriers slow down the 
movement of water or oxygen into areas containing acid-producing rocks 
(Argunhan-Atalay and Yazicigil, 2018; Skousen et al. 2019). Furthermore, Vila 
et al. (2008) acknowledge that the properties of dry covers, which include low 
permeability and increased moisture content, enable the covers to be used as 
a barrier to oxygen diffusion.

There is a large number of dry cover designs, but most importantly, the 
cover should be stable and provide long-term protection (Pozo-Antonio et al., 
2014). Fine-grained soil is one of the materials that has been used as effective 
dry covers (Sahoo et al., 2013). However, according to Vila et al. (2008), the dry 
covers are usually made out of clay materials. It is also noted that soil covers 
vary depending on climate, types and volume of waste material, size and 
geometry of the waste storage facility, available cover materials in the field, 
etc, (Argunhan-Atalay and Yazicigil, 2018), and thus the choice of appropri-
ate soil covers is important. For several years, some studies indicated that 
soil covers decreased the generation of acid remarkably compared to uncov-
ered waste materials (Payant et al., 1995). Other studies that used soil cover 
on the surface of waste rock found that, over time, the effectiveness of the 
soil cover reduced (Harries and Ritchie, 1985; Yanful and Orlandea, 2000; 
Wang et al., 2006). Some of the shortcomings of soil covers that lead to their 
ineffectiveness include sidewall passage of oxygen and water (Yanful and 
Orlandea, 2000), precipitate infiltration (Wang et al., 2006) and high main-
tenance cost (Yanful, 1993; Yanful et al., 1999). Most importantly, Swanson 
and O’Kane (1999) state that “soil cover design is climate specific and a com-
mon misconception in soil cover design is the use of compacted clay covers”. 
According to Swanson et al. (1997), low-permeability barriers such as clay  
are not necessarily the most effective covers in dry climates. This is due to 
the high potential for drying and cracking, which results in water bypassing 
the soil matrix (Morris et al., 1992; Daniel and Wu, 1993). Therefore, the ulti-
mate result is a failed cover system (Swanson and O’Kane, 1999).

For decades, researchers have embarked on finding other solutions to 
minimizing and/or eliminating the generation of AMD. For example, syn-
thetic materials such as plastic liners and polyethylene have been studied 
and subsequently used to control AMD generation (Sahoo et al., 2013). In a 
study by Caruccio and Geidel (1983), polyvinyl chloride (PVC) covers were 
used to completely cover a waste site and the study found that there was a 
substantial decrease in total acid loads. However, the use of synthetic plastic 
or polymer liners has a number of limitations such as (1) being too expensive 
for covering a large volume, (2) being susceptible to cracking and (3) repair 
costs being exorbitant (Sahoo et al., 2013).

On the other hand, organic materials have been found to be a good replace-
ment for clay as long as the layer is thick enough (Pozo-Antonio et al., 2014). 
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Several studies have actually indicated that organic carbon-rich materials 
are able to remove oxygen from sulphide waste materials and thus limit 
AMD generation (Tremblay, 1994; Peppas et al., 2000; Sahoo et al., 2013; Park 
et al., 2019). Ideally, the organic covering has proven effective in preventing 
oxygen from reaching the tailings (Tremblay, 1994). Examples of organic 
carbon-rich waste materials that can be used as dry covers include wood 
waste, wood chips, sawdust, municipal sludge, sewage sludge, composted 
municipal wastes, manure, peat, paper mill sludge and vegetation (Backes 
et al., 1987; Sahoo et al., 2013; Park et al., 2019). As can be seen from reaction 
6.3, the carbon-rich materials consume oxygen that subsequently maintains 
very low dissolved oxygen within the waste material thus suppressing the 
oxidation of sulphide waste materials and limit AMD generation (Sahoo 
et al., 2013; Park et al., 2019).

	 + → +C H O    6O     6CO    6H O6 12 6 2 2 2 	 (6.3)

Sahoo et al. (2013) also argue that organic waste provides a pH buffer that 
neutralises acids. In addition, INAP (2014) states that when organic materi-
als are mixed with sulphide-bearing wastes the organic materials consume 
oxygen and promote metal reduction in an anoxic environment by naturally 
occurring bacteria. Bacteria can reduce available sulphate and create insolu-
ble metal sulphide precipitates in the presence of suitable organic substrates. 
Some studies have indicated that the complexation of free Fe (III) by soluble 
microbial growth products (SMPs) that are produced by the microorganisms 
growing in waste rock in the presence of organic matter can reduce the effec-
tiveness of ferric iron as an oxidant (Pandey et al., 2011; Sahoo et al., 2013).

Although the organic carbon-rich waste materials have a number of advan-
tages in terms of cost and are effective in a short term, they also possess some 
downsides (Sahoo et al., 2013; Park et al., 2019). For example, the materials may 
contain organic acids that may infiltrate the waste areas and leach out toxic 
metals such as arsenic, copper, nickel and zinc (Pond et al., 2005; Sahoo et al., 
2013). Similarly, organic cover may induce the reductive dissolution of second-
ary minerals like Fe (III)-oxyhydroxides, leading to the release of toxic ele-
ments (e.g., arsenic, cadmium, copper, lead and selenium) previously adsorbed 
onto or co-precipitated with these phases (Ribet et al., 1995; Park et al., 2019).

A significant number of materials have also been tested as dry covers and 
were found to reduce the generation of AMD because the materials were able 
to maintain the high degree of water saturation in the overlying/covering 
layers (Ribet et  al., 1995; Bellaloui et  al., 1999; Peppas et  al., 2000; Demers 
et al., 2008; Park et al., 2019). These materials included non-reactive fine mine 
residue and natural till, low-sulphide tailings, desulphurised tailings, silty 
materials, alkaline waste, and industrial or municipal wastes such as fly ash, 
bottom ash, cement kiln dust, red mud bauxite, paper mill waste, pulp/paper 
residue and organic wastes (Ribet et al., 1995; Bellaloui et al., 1999; Peppas 
et al., 2000; Bussière et al., 2004; Demers et al., 2008; Park et al., 2019). Demers 
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et  al. (2017) also evaluated the possibility of using AMD neutralisation 
sludge as an alternative for natural soil used as covering materials. The study 
results, after about almost one and half years, showed that a cover layer com-
posed of sludge-soil mixture (25%–75% by weight) over either waste rock or 
tailings effectively suppressed AMD generation.

Many other dry covers have been tested and applied, and these include 
impervious membranes, dry seals, hydraulic mine seals and grout curtains/
walls. Some of these have already been discussed in Section 6.2.1.

6.2.3.2  Water Covers

Research has shown that the disposal of sulphide-bearing materials under 
a water cover such as lakes, oceans, fjord and ponds (Fraser and Robertson, 
1994; Skousen et al., 2019) is a suitable technique for excluding oxygen from 
sulphides and thus limits the generation of AMD (Kuyucak, 2002; Sahoo 
et al., 2013; Park et al., 2019; Skousen et al., 2019). In fact, water covers are an 
economical alternative to dry covers because oxygen has a very low solubil-
ity in water and its diffusion rate in water is almost four orders of magnitude 
less than in air (Kuyucak, 2002). Park et al. (2019) also argue that water is 
widely used as an oxygen barrier because of oxygen’s slow diffusion in water  
(1.90 × 10−9 m2/s) compared to its diffusion in the air (1.98 × 10−5 m2/s) as illus-
trated in Figure 6.2. Therefore, by having less amount of oxygen under water, 
highly anoxic conditions are created thus inhibiting the oxidation of sulphide-
bearing wastes (Sahoo et al., 2013). In addition, Kleinmann and Crerar (1979)  

FIGURE 6.2
Sub-aqueous disposal. (From Park et al., 2019.)
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state that “microbial catalysis, in association with other mechanisms such as 
metal hydroxide precipitation and development of sediment barriers between 
sulphide-bearing wastes and overlying waters also inhibit oxidation”.

Water covers have been extensively utilised for decades to reduce the rate 
of oxygen contact with the sulphide-bearing wastes since it is comparatively 
less expensive than other options (Sahoo et al., 2013). However, the technique 
has a number of drawbacks. This is in addition to the practice of dispos-
ing the sulphide-bearing wastes into lakes and ocean having been banned 
by most countries (Skousen et al., 2019). For example, the water cover tech-
nique is not applicable in arid and semi-arid regions where annual evapo-
ration exceeds precipitation because the drying out of water cover exposes 
the sulphide-bearing waste to atmospheric conditions, thereby generating 
AMD (Lottermoser, 2003; Park et al., 2019). In other words, the technique is 
limited to sites that can be flooded, or where the water table may be perma-
nently altered to cover sulphide-bearing wastes (Sahoo et al., 2013). Research 
has also found that water cover is not suitable at sites where the influx of 
oxygen-containing water occurs, or where mines are only partially flooded 
(Johnson and Hallberg, 2005). It is also observed that despite water covers 
minimizing acid generation, there could be a slow release of some metals 
thus increasing the metal concentration that may increase the recommended 
water standards (Aube et  al., 1995; Kuyucak, 2002). Most importantly, the 
actual flooding of mine wastes requires a rigorous engineering design and 
proper maintenance in order to eliminate or minimise the risk of any failure 
in the embankment that is definitely costly when it occurs (Sahoo et al., 2013).

6.2.4  Inhibition of Iron and Sulphur-Oxidizing Microorganisms

The solubilisation of metals due to the action of microorganisms has been 
extensively studied (Rawlings, 2005; Simate and Ndlovu, 2008; Simate et al., 
2009; Simate et al., 2010). One shared characteristic amongst the microorgan-
isms particularly the acidophilic microorganisms is their ability to produce 
the ferric iron and sulphuric acid required to degrade the sulphide-bear-
ing minerals and facilitate metal recovery (Rawlings, 2005). Indeed, many 
other researchers also argue that microorganisms like acidophilic iron- 
and sulphur-oxidizing microorganisms (e.g., Thiobacillus ferrooxidans and 
Thiobacillus thiooxidans) are known to accelerate sulphide oxidation (Sasaki 
et al., 1998; Bacelar-Nicolau and Johnson, 1999) once the system is in a highly 
acid state (Kleinmann, 1990). This means that the absence of microorganisms 
in sulphidic mine wastes could slow down and limit the formation of AMD 
(Sahoo et al., 2013; Park et al., 2019). It is on the basis of this notion that bac-
tericides such as anionic surfactants, cleaning detergents, organic acids and 
food preservatives have been used to inhibit the growth of these microor-
ganisms (Kleinmann and Erickson, 1981; Kleinmann, 1982; Kleinmann and 
Erickson, 1983; Backes et al., 1987; Evangelou, 1995; Lottermoser, 2003; Zhang 
and Wang, 2017; Park et al., 2019).
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According to a number of researchers, in general, bactericides change the 
protective and greasy coating that allow the internal enzymes in the micro-
organisms to maintain a circumneutral pH in order to function normally 
in an acid environment, and/or bactericides may also disrupt the contact 
between the microorganism and the sulphide mineral surface (Langworthy 
1978; Ingledew 1982; Kleinmann 1998; Sahoo et al., 2013). More specifically, 
anionic surfactants allow protons to penetrate into the microorganism’s cell 
membranes freely thus causing disruptions to its enzymatic functions at low 
concentrations and eventual death of the cell at high concentrations occurs 
(Evangelou, 1995; Lottermoser, 2003; Zhang and Wang, 2017; Park et al., 2019). 
Similarly, organic acids are harmful to acidophiles because they uncouple 
the respiratory chain of the microorganisms under acidic conditions via the 
penetration of their protonated forms through the cell membrane which then 
deprotonates while inside the cells releasing harmful H+ ions (Baker-Austin 
and Dopson, 2007; Park et al., 2019).

Despite bactericides being cost effective compared to dry or wet cover tech-
niques, they have a number of limitations. Bactericides cannot permanently 
inhibit microbial activity because they are water-soluble and thus are easily 
washed away from the sulphidic wastes-microorganism interface (Park et al., 
2019); and, therefore, repetitive applications of the bactericide are required 
(Kleinmann, 1998) so as to maintain their effectiveness in controlling AMD 
generation (Kuyucak, 2002; Skousen et al., 2000; RoyChowdhury et al., 2015). 
One critical disadvantage of the water-soluble bactericides such as anionic sur-
factants is that once they are carried away from the sulphidic wastes-micro-
organism interface and find themselves into waterbodies, they become toxic 
to aquatic species (Liwarska et al. 2005; Hodges et al. 2006; Sahoo et al., 2013). 
Some studies have also found that anionic surfactants work best on fresh and 
unoxidised sulphides (Johnson and Hallberg, 2005; Sahoo et al., 2013).

6.2.5  Other Methods

6.2.5.1  Sulphide Passivation or Microencapsulation

Sulphide passivation or microencapsulation is amongst the new techniques 
of controlling AMD at source that falls under the category of chemical barri-
ers (Sahoo et al., 2013; Nyström, 2018). Passivation is a phenomenon that refers 
to the treatment of reactive sulphide-bearing waste materials and it results in 
the creation of a chemically inert and protective surface layer that prevents 
the material from oxygen and ferric iron attack (Zhang and Evangelou, 1998; 
Sahoo et  al., 2013; Zhang et  al., 2003; INAP, 2014; Nyström, 2018). In other 
words, passivation or microencapsulation is a technique wherein a sulphide-
bearing material is coated with oxidatively stable materials that prevent the 
reaction of the sulphide mineral with water and oxygen or an attack by fer-
ric iron (Evangelou, 1995; Evangelou, 2001; Park et  al., 2018a). In addition, 
Bessho et al. (2011) also argue that the new technique inhibits the oxidation 
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of sulphide-bearing materials through the formation of a coating on the 
surface of the sulphide, which, ideally, prevents both oxygen and ferric iron 
from oxidizing the sulphide-bearing waste. Research has shown that the 
existence of a chemically inert and protective surface coating resulting from 
the passivation treatment process inhibits the oxidation of sulphide-bearing 
waste materials and subsequent generation of AMD for much longer period 
(Zhang and Evangelou, 1998; Zhang et al., 2003) than other techniques.

Several additives that could enhance the inactivity of sulphide surfaces 
that include organic and inorganic materials have been studied (Sahoo et al., 
2013; Nyström, 2018; Park et al., 2019). These additives inhibit oxygen, water 
and ferric iron to diffuse to the surface of sulphide materials (Satur et al., 
2007) and thus disrupt the oxidation of sulphide-bearing materials and gen-
eration of AMD through various mechanisms (Kleinmann, 1990).

Examples of organic materials that have been used as coatings on the sur-
face of sulphide minerals to suppress oxidation of sulphide minerals include 
sodium oleate fatty acids (Jiang et al., 2000), natural organic matter (NOM) 
like humic acid and lignin (Lalvani et  al., 1990; Khummalai and Boonam
nuayvitaya, 2005; Ačai et al., 2009), lipids and phospholipids (Elsetinow et al., 
2003; Zhang et al., 2003; Hao et al., 2006; Hao et al., 2009), oxalic acids (Sasaki 
et al., 1996) and many others such as diethylenetriamine (DETA), triethylene-
tetramine (TETA), sodium triethylenetetramine-bisdithiocarbamate (DTC-
TETA), methyl ethyl ketone formaldehyde resin modified carbazoles and 
8-hydroxyquinoline as discussed in a review article by Park et al. (2019).

A number of inorganic materials are also available as passivating reagents. 
Readers are referred to Sahoo et  al. (2013) for detailed information on 
research that directly used inorganic coatings for passivating sulphide-bear-
ing waste materials. In summary some of the inorganic materials include 
phosphate (Nyavor and Egiebor, 1995; Evangelou, 2001), silica (Evangelou, 
1996; Evangelou, 2001; Bessho et al., 2011) and permanganate (Ji et al., 2012). 
Alkaline materials such as sodium hydroxide (NaOH), sodium carbonate 
(Na2CO3), sodium bicarbonate (NaHCO3), lime (CaO, Ca(OH)2) and limestone 
(CaCO3) have also been successfully used to prevent AMD (Nicholson et al., 
1988; Nicholson et al., 1990; Evangelou, 1995; Sahoo et al., 2013). More recently, 
fly ash (from coal combustion) has been identified as a suitable alternative 
alkaline material because of its low cost, local availability and self-healing 
capacity (Pérez-López et al., 2007; Sahoo et al., 2013; Park et al., 2019). Ideally, 
fly ash has the potential to encapsulate sulphide-bearing materials with iron 
oxyhydroxide coatings by supplying a sufficient amount of alkalinity (Pérez-
López et al., 2007). Pérez-López et al. (2007) also observed that the potential 
use of fly ash to attenuate the sulphide-bearing oxidation is not limited to its 
capacity to encapsulate the sulphide grains in a short term, but it can also 
promote a hardpan on the interface between the fly ash and the sulphide in 
a medium term that ensures the total neutralisation of the mine residues.

Other studies have shown that under suitable conditions such as near 
neutral pH in the presence of sufficient alkalinity, some sulphide materials 
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such as pyrite can passivate on their own due to the formation of ferric oxy-
hydroxide coatings on the surfaces of such sulphide materials (Park et al., 
2019). Ideally, the ferric oxyhydroxide coatings lower the rate of oxidation of 
sulphide materials (Nicholson et al., 1990). Huminicki and Rimstidt (2009) 
proposed the mechanism of iron oxyhydroxide coating formation on the sul-
phide as follows: (1) colloidal iron oxyhydroxide precipitates are deposited 
on the sulphide surface driven by electrostatic attraction between negatively 
charged sulphide material and positively charged iron oxyhydroxide and 
(2) the densification and inward propagation of the coating, i.e., the coating 
becomes thicker and denser making it impermeable and thus a more effec-
tive barrier to dissolved oxygen transport.

Unfortunately, the passivation or microencapsulation techniques do not 
have the ability to target specific problematic acid-generating sulphide-
bearing minerals in complex systems (Park et al., 2019). As a result, microen-
capsulation techniques have resulted in unnecessary consumption of large 
quantities of expensive reagents. A great improvement to the microencap-
sulation technique proposed by Satur et  al. (2007) that specifically target 
potential acid-generating minerals is termed carrier-microencapsulation 
(CME). Since CME can target pyrite and arsenopyrite, for example, even in 
complex systems containing other minerals like silicates and aluminosili-
cates, unwanted consumption of chemicals during treatment is drastically 
reduced (Park et al., 2018a).

Figure 6.3 is a schematic representation of CME. According to Park 
et  al. (2018b), in CME, redox-sensitive organic compounds (e.g., catechol, 
1,2-dihydroxybenzene) are used to transform relatively insoluble metal(loid) 
ions (e.g., Si4+ or Ti4+) into soluble metal(loid)-organic complexes (e.g., [Si(cat)3]2-  

FIGURE 6.3
Schematic illustration of CME. (From Satur et al., 2007.)
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and [Ti(cat)3]2-), which are stable in solution, but decompose selectively on 
the surfaces of pyrite and arsenopyrite, for example. The decomposition 
of metal(loid)-organic complex frees the insoluble metal(loid) ion, which 
is rapidly precipitated to form stable metal(loid)-oxyhydroxide coatings 
on the sulphide-bearing material. A number of researchers argue that the 
unique targeting ability of CME could be attributed to the decomposition 
of metal(loid)-organic complexes only on surfaces of minerals that dissolve 
electrochemically like pyrite and arsenopyrite, for example (Crundwell, 
1988; Tabelin et al., 2017; Park et al., 2018b).

If successful, passivation is considered as a low-cost prevention technique, 
especially compared to traditional AMD treatments using alkaline additives 
(Sahoo et al., 2013; Nyström, 2018). However, most of the materials used for 
passivation are either too expensive or potentially harmful to the environment 
(Sahoo et al., 2013; Nyström, 2018). Thus, there is a need to find cost-effective 
materials able to passivate sulphide surfaces in a long-term perspective.

6.2.5.2  Desulphurisation

Environmental desulphurisation is one technology that has gained popu-
larity in the last couple of decades for the management of acid-generating  
sulphide materials (Bois et al., 2004; Sahoo et al., 2013; Nadeif et al., 2019). This 
technique consists of separating sulphide components from non-sulphide 
mine tailings using the principle of froth flotation (Nadeif et al., 2019). The 
success of the method relies on how well the sulphide minerals are isolated 
from the non-sulphide ones (Nyström, 2018). Ideally, two different fractions 
are generated, the desulphurised tailings that do not generate AMD and a 
quantity of sulphide-enriched tailings which is acid generating (Bois et al., 
2004). In principle, the low-sulphur tailings can be used as dry covers for 
existing high-sulphur materials (Bussière et al., 2004; Demers et al., 2008; Fyfe 
and Martin, 2011; Sahoo et al., 2013); however, the low sulphur-bearing tail-
ings should be evaluated to ensure that the cover material is not of an acid-
generating type (Sahoo et al., 2013). Alternatively, the resulting desulphurised 
fraction can be managed separately (Leppinen et al., 1997; Benzaazoua et al., 
2000), for example, by backfilling it in underground mines (Benzaazoua and 
Kongolo, 2003). In view of the aforementioned examples, desulphurisation 
has demonstrated to be an economically and environmentally effective tech-
nique for decreasing the acid-generation potential of the sulphide-bearing 
materials (Bois et al., 2004; Demers et al., 2008; Nadeif et al., 2019). Furthermore, 
another advantage of desulphurisation is that, if successful, it can limit the 
amount of mine waste that needs treatment (Nyström, 2018).

6.2.5.3  Electrochemical Protection Systems

It is established that sulphide minerals exhibit semi-conductor properties 
(Koch, 1975) and consequently are amenable to electrochemical manipula-
tion (Lin et al., 2001). Therefore, the electrochemical protection systems are 
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premised on the fact that electronegative polarisation can be used to prevent 
the oxidation of sulphide-rich materials in a manner similar to that used 
in cathodic protection of steel structures (Lin et al., 2001). In this method, 
the cathode of the electrochemical cell is the tailings pile (or an exposed 
seam of sulphide-bearing rock), which must be partially submerged. A steel 
rod forms the electrical contact to the sulphide-bearing rock in the case of 
a seam, or a grid of metal mesh or graphite in the case of a pile of tailings. 
An external circuit connects the cathode to the anode (scrap iron), which is 
submerged in the water body to be protected, and the water also acts as its 
own supporting electrolyte (Bejan and Bunce, 2015).

Figure 6.4 is a schematic representation of the electrochemical protection 
system utilizing tailings as the cathode (Lin et al., 2001). The key to this tech-
nique involves negatively polarizing the tailing-electrolyte interface so that 
dissolved oxygen is reduced at the surface of the tailings (Sahoo et al., 2013). In 
this regard, electrons are transferred to the tailings through the electrical cir-
cuit, thus negatively polarizing the tailings/electrolyte interface. As a result, 
oxygen is reduced, in situ, at the tailings/electrolyte interface through the elec-
trochemical reduction of oxygen as described by reaction 6.4 (Lin et al., 2001).

	 + + →− −2H O   4e    O   4OH2 2 	 (6.4)

Lin et  al. (2001) state that the rate at which the electrochemical reduction 
reaction proceeds is controlled predominantly by the applied current den-
sity that is related to the rate at which oxygen diffuses through the overbur-
den (or soil cover) to the tailings. In addition to removing dissolved oxygen, 
hydroxyl ions are generated at the tailings, thereby inhibiting the oxidation 
of sulphide minerals and the associated release of metal ions (Lin et al., 
2001). According to Lin et al. (2001), the negative polarisation of tailings also 

FIGURE 6.4.
Schematic illustration of an electrochemical protection system. (From Lin et al., 2001.)
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changes the thermodynamic properties of the iron sulphide minerals in the 
tailings to more stable conditions.

6.3  Concluding Remarks

The ability to reduce oxidation of sulphide-bearing waste materials after 
mine closure or in existing mines is a widely researched area. Unfortunately, 
the concept of AMD prevention is a difficult one because it is dependent 
on several interrelated parameters. However, despite existing difficulties, a 
number of AMD prevention technologies are in operation globally. Actually, 
these techniques have shown great promise in delaying and/or the preven-
tion of AMD formation by limiting oxygen availability, microbial activi-
ties or reactions between acid-producing minerals and oxygenated water. 
Unfortunately, the major disadvantage of the preventive technologies is their 
ineffectiveness in the long term. Moreover, most of these techniques have 
failed to protect the environment against long and persistent AMD pollution.

References

Ačai, P., Sorrenti, E., Gorner, T., Polakovič, M., Kongolo, M. and de Donato, P. (2009). 
Pyrite passivation by humic acid investigated by inverse liquid chromatogra-
phy. Colloids and Surfaces A: Physicochemical and Engineering Aspects 337: 
39–46.

Akcil, A. and Koldas, S. (2006). Acid mine drainage (AMD): causes, treatment and 
case studies. Journal of Cleaner Production 14: 1139–1145.

Alakangas, L., Andersson, E. and Mueller, S. (2013). Neutralization/prevention of 
acid rock drainage using mixtures of alkaline by-products and sulfidic mine 
wastes. Environmental Science and Pollution Research 20: 7907–7916.

Argunhan-Atalay, C. and Yazicigil, H. (2018). Modeling and performance assessment 
of alternative cover systems on a waste rock storage area. Mine Water and the 
Environment 37: 106–118.

Aube, B.C., St-Arnaud, L.C., Payant, S.C. and Yanful, E.K. (1995). Laboratory evalu-
ation of the effectiveness of water covers for preventing acid generation from 
pyritic rock. In: Proceedings of Sudbury 1995: Mining and the Environment, 
May 1995, Sudbury, Ontario, Canada, Vol. 2, pp. 495–504.

Bacelar-Nicolau, P. and Johnson, D.B (1999). Leaching of pyrite by acidophilic het-
erotrophic ironoxidizing bacteria in pure and mixed cultures. Applied and 
Environmental Microbiology 65(2): 585–590.

Backes, C.A., Pulford, I.D. and Duncan, H.J. (1987). Studies on the oxidation of pyrite 
in colliery spoil. II. Inhibition of the oxidation by amendment treatments. 
Reclamation and Revegetation Research 6: 1–11.



132 Acid Mine Drainage

Baker-Austin, C. and Dopson, M. (2007). Life in acid: pH homeostasis in acidophiles. 
Trends in Microbiology 15(4): 165–171.

Barton-Bridges, J.P and Robertson, A.M. (1989). Design and reclamation of mine 
waste facilities to control acid mine drainage. Available at https://www.asmr.
us/Portals/0/Documents/Conference-Proceedings/1989/0717-Barton-Bridges.
pdf [Accessed 22 April 2020].

Bejan, D. and Bunce, N. (2015). Acid mine drainage: electrochemical approaches to 
prevention and remediation of acidity and toxic metals. Journal of Applied 
Electrochemistry 45: 1239–1254.

Bellaloui, A., Chtaini, A., Ballivy, G. and Narasiah, S. (1999). Laboratory investigation 
of the control of acid mine drainage using alkaline paper mill waste. Water, Air, 
& Soil Pollution 111: 57–73.

Benzaazoua, M., Bussière, B., Kongolo, M., McLaughlin, J. and Marion, P. (2000). 
Environmental desulphurization of four Canadian mine tailings using froth 
flotation. International Journal of Mineral Processing 60: 57–74.

Benzaazoua, M. and Kongolo, M. (2003). Physico-chemical properties of tailing slur-
ries during environmental desulphurization by froth flotation. International 
Journal of Mineral Processing 69: 221–234.

Bessho, M., Wajima, T., Ida, T. and Nishiyama, T. (2011). Experimental study on pre-
vention of acid mine drainage by silica coating of pyrite waste rocks with amor-
phous silica solution. Environmental Earth Sciences 64: 311–318.

Blowes, D.W., Reardon E.J., Jambor, J.L. and Cherry, A. (1991). The formation and 
potential importance of cemented layers in inactive sulphide mine railings. 
Geochimica et Cosmochimica Acta 55: 965–978.

Bois, D., Poirier, P., Benzaazoua, M. and Bussière, B. (2004). A feasibility study on 
the use of desulphurized tailings to control acid mine drainage. Available at 
https://www.onemine.org/document/document.cfm?docid=232136&docor
gid=15 [Accessed 30 April 2020].

Brown, T. (1996). Acid mine drainage prevention, control and treatment technology 
development for the Stockett/Sand Coulee area. Available at https://inis.iaea.
org/collection/NCLCollectionStore/_Public/30/022/30022678.pdf [Accessed 
17 April 2020].

Bussière, B., Benzaazoua, M., Aubertic, M. and Mbonimpa, M. (2004). A laboratory 
study of covers made of low-sulfide tailings to prevent acid mine drainage. 
Environmental Geology 45: 609–622.

Caruccio, F.T. and Geidel, G. (1983). The effect of plastic liner on acid loads/DLM 
Site, W.V. Available at https://wvmdtaskforce.files.wordpress.com/2015/12/83-
caruccio2.pdf [Accessed 25 April 2020].

Crundwell, F.K. (1988). The influence of the electronic structure of solids on the 
anodic dissolution and leaching of semiconducting sulphide minerals. 
Hydrometallurgy 21(2): 155–190.

Daniel, D.E. and Wu, Y.K. (1993). Compacted clay liners and covers for arid sites. The 
Journal of Geotechnical Engineering 119(2): 223–237.

Demers, I., Bussière, B., Benzaazoua, M., Mbonimpa, M. and Blier, A. (2008). Column 
test investigation on the performance of monolayer covers made of desulphu-
rized tailings to prevent acid mine drainage. Minerals Engineering 21: 317–329.

Demers, I., Mbonimpa, M., Benzaazoua, M., Bouda, M., Awoh, S., Lortie, S. and 
Gagnon, M. (2017). Use of acid mine drainage treatment sludge by combina-
tion with a natural soil as an oxygen barrier cover for mine waste reclamation: 

https://www.asmr.us
https://www.asmr.us
https://www.asmr.us
https://www.onemine.org
https://www.onemine.org
https://inis.iaea.org
https://inis.iaea.org
https://wvmdtaskforce.files.wordpress.com
https://wvmdtaskforce.files.wordpress.com


133Prevention Processes for Acid Mine Drainage

laboratory column tests and intermediate scale field tests. Minerals Engineering 
107: 43–52.

Doye, I. and Duchesne, J. (2003). Neutralisation of acid mine drainage with alka-
line industrial residues: laboratory investigation using batch-leaching tests. 
Applied Geochemistry18: 1197–1213.

Elsetinow, A.R., Borda, M.J., Schoonen, M.A.A. and Strongin, D.R. (2003). Suppression 
of pyrite oxidation in acidic aqueous environments using lipids having two 
hydrophobic tails. Advances in Environmental Research 7: 969–974.

Evangelou, V.P. (1995). Pyrite Oxidation and Its Control. CRC Press, Boca Raton, FL.
Evangelou, V.P. (1996). Oxidation proof silicate surface coating on iron sulfides. U.S. 

Patent No. 5, 494, 703.
Evangelou, V.P. (2001). Pyrite microencapsulation technologies: principles and poten-

tial field application. Ecological Engineering 17: 165–178.
Fraser, W. and Robertson, J. (1994). Subaqueous disposal of reactive mine waste: an 

overview and update of case studies-MEND/Canada. Available at https://
www.asmr.us/Portals/0/Documents/Conference-Proceedings/1994-Volume-
1/0250-Fraser.pdf [Accessed 26 April 2020].

Fyfe, J. and Martin, J. (2011). Innovative closure concepts for Xstrata nickel onaping 
operations. Available at http://bc-mlard.ca/files/presentations/2007-16-FYFE-
MARTIN-innovative-closure-concepts-xstrata.pdf [Accessed 1 May 2020].

Hakkou, R., Benzaazoua, M. and Bussière, B. (2009). Laboratory evaluation of the 
use of alkaline phosphate wastes for the control of acidic mine drainage. Mine 
Water and the Environment 28: 206–218.

Hallberg, R.O., Granhagen. J.R. and Liljemark. A. (2005). A fly ash/biosludge dry 
cover for the mitigation of AMD at the Falun mine. Chemie der Erde 65: 
43–63.

Hao, J., Cleveland, C., Lim, E., Strongin, D.R. and Schoonen, M.A.A. (2006). The effect 
of adsorbed lipid on pyrite oxidation under biotic conditions. Geochemical 
Transactions 7(8): 1–9.

Hao, J., Murphy, R., Lim, E., Schoonen, M.A.A. and Strongin, D.R. (2009). Effects of 
phospholipid on pyrite oxidation in the presence of autotrophic and heterotro-
phic bacteria. Geochimica et Cosmochimica Acta 73: 4111–4123.

Harries, J. R. and Ritchie, A.I.M. (1985). Pore gas composition in waste-rock dumps 
undergoing pyrite oxidation. Soil Science 140: 143–152.

Hodges, G., Roberts, D.W., Marshall, S.J. and Dearden, J.C. (2006). The aquatic toxicity 
of anionic surfactants to Dophnia magna: a comparative QSAR study of linear 
alkylbenzene sulphonates and ester sulphonates. Chemosphere 63: 1443–1450.

Huminicki, D.M.C. and Rimstidt, J.D. (2009). Iron oxyhydroxide coating of pyrite for 
acid mine drainage control. Applied Geochemistry 24: 1626–1634.

INAP. (2014). Global acid rock drainage (GARD) guide. Available at http://www. 
gardguide.com/images/5/5f/TheGlobalAcidRockDrainageGuide.pdf [Accessed  
28 April 2020].

Ingledew, W.J. (1982). Thiobacillus ferrooxidans the bioenergetics of an acidophilic 
chemolithotroph. Biochimica et Biophysica Acta 683: 89–117.

Ji, M., Gee, E., Yun, H., Lee, W., Park, Y., Khan, M.A. and Choi, J. (2012). Inhibition of 
sulfide mineral oxidation by surface coating agents: batch and field studies. 
Journal of Hazardous Materials 229/230: 298–306.

Jiang, C.L., Wang, X.H. and Parekh, B.K. (2000). Effect of sodium oleate on inhibiting 
pyrite oxidation. International Journal of Mineral Processing 58: 305–318.

https://www.asmr.us
https://www.asmr.us
https://www.asmr.us
http://bc-mlard.ca
http://bc-mlard.ca
http://www.gardguide.com
http://www.gardguide.com


134 Acid Mine Drainage

Johnson, D.B. and Hallberg, K.B. (2005). Acid mine drainage remediation options: a 
review. Science of the Total Environment 338: 3–14.

Kastyuchik, A., Karam, A. and Aïder, M. (2016). Effectiveness of alkaline amend-
ments in acid mine drainage remediation. Environmental Technology and 
Innovation 6: 49–59.

Kefeni, K.K., Msagati, T.A.M. and Mamba, B.B. (2017). Acid mine drainage: preven-
tion, treatment options, and resource recovery: a review. Journal of Cleaner 
Production 151: 475–493.

Kelley, B. C. and Tuovinen, O. H. (1988). Microbiological oxidations of minerals 
in mine tailings. In: Salomons, W. and Forstner, U. (Editors), Chemistry and 
Biology of Solid Waste: Dredged Material and Mine Tailings. Springer-Verlag, 
Berlin, FRG, pp. 33–53.

Khummalai, N. and Boonamnuayvitaya, V. (2005). Suppression of arsenopyrite sur-
face oxidation by solgel coatings. Journal of Bioscience and Bioengineering 99: 
277–284.

Kleinmann, R. (1982). Method of control of acid drainage from exposed pyritic mate-
rials. U.S. Patent No. 4, 314, 966.

Kleinmann, R.L.P. (1990). At-source of acid mine drainage. Mine Water and the 
Environment 9: 85–96.

Kleinmann, R.L.P. (1998). Bactericidal control of acidic drainage. In: Brady, K.C., Smith, 
M.W. and Schueck, J. (Editors), Coal Mine Drainage Prediction and Pollution 
Prevention in Pennsylvania. Pennsylvania Department of Environmental 
Protection (DEP), Harrisburg, PA, Chapter 15, pp. 15-1–15-6.

Kleinmann, R.L.P. and Crerar, D.A. (1979). Thiobacillus ferrooxidans and the for-
mation of acidity in simulated coal mine environments. Geomicrobiology 1: 
373–388

Kleinmann R.L.P. and Erickson, P.M. (1981). Field evaluation of a bactericidal treat-
ment to control acid drainage. In: Graves, D.H. (Editor), Proceedings of the 
Symposium on Surface Mining Hydrology, Sedimentology and Reclamation. 
University of Kentucky, Lexington, KY, pp. 325–329.

Kleinmann, R.L.P. and Erickson, P.M. (1983). Control of Acid Mine Drainage from 
Coal Refuse Using Anionic Surfactants. U.S. Bureau of Mines, Washington, DC, 
p. 8847.

Koch, D.F.A. (1975). Electrochemistry of sulphide minerals. In: Bockris, J.O.M. and 
Conway, B.E. (Editors), Modern Aspects of Electrochemistry, No. 10. Plenum 
Press, New York, pp. 211–237.

Kuyucak, N. (2002). Acid mine drainage prevention and control options. Canadian 
Institute of Mining and Metallurgy Bulletin 95 (1060): 96–102.

Lalvani, S.B., DeNeve, B.A. and Weston, A. (1990). Passivation of pyrite due to surface 
treatment. Fuel 69: 1567–1569.

Langworthy, T.A. (1978). Microbial life in extreme pH values. In: Kuschner, D.J 
(Editor), Microbial Life in Extreme Environments. Academic, New York, pp. 
279–315.

Leppinen, J., Salonsaari, P. and Palosaari, V. (1997). Flotation in acid mine drainage 
control: beneficiation of concentrate. Canadian Metallurgical Quarterly 36: 
225–230.

Li, Y., Li, W., Xiao, Q., Song, S., Liu, Y. and Naidu, R. (2018). Acid mine drainage reme-
diation strategies: a review on migration and source controls. Minerals and 
Metallurgical Processing 35(3): 148–158.



135Prevention Processes for Acid Mine Drainage

Lin, Z. (1997). Mobilization and retention of heavy metals in mill-tailings from 
Garpenberg sulfide mines, Sweden. Science of the Total Environment 198: 
13–31.

Lin, M., Seed, L., Yetman, D., Fyfe, J., Chesworth, W. and Shelp, G. (2001). 
Electrochemical cover technology to prevent the formation of acid mine drain-
age. Available at https://open.library.ubc.ca/cIRcle/collections/59367/items/ 
1.0042382.. [Accessed 1 May 2020].

Liwarska, B.E., Miksch, K., Malachowska, J.A. and Kalka, J. (2005). Acute toxicity and 
genotoxicity of five selected anionic and nonionic surfactants. Chemosphere 
58: 1249–1253.

Lottermoser, B.G. (2003). Mine Wastes: Characterization, Treatment and Environ
mental Impacts. Springer-Verlag, Berlin Heidelberg, Germany.

Morris, P.H., Graham, J. and Williams, D.J. (1992). Cracking in drying soils. Canadian 
Geotechnical Journal 29: 263–277.

Mylona, E., Xenidis, A. and Paspaliaris, I. (2000). Inhibition of acid generation from 
sulphidic wastes by the addition of small amounts of limestone. Minerals 
Engineering 13(10–11): 1161–1175.

Nadeif, A., Taha, Y., Bouzahzah, H., Hakkou, R. and Benzaazoua, M. (2019). 
Desulfurization of the old tailings at the Au-Ag-Cu Tiouit Mine (anti-atlas 
Morocco). Minerals 9(7): 401.

Nicholson, R.V., Gillham, R.W. and Reardon, E.J. (1988). Pyrite oxidation in carbonate-
buffered solutions: 1. Experimental kinetics. Geochimica et Cosmochimica 
Acta 52: 1077–1085.

Nicholson, R.V., Gillham, R.W. and Reardon, E.J. (1990). Pyrite oxidation in  
carbonate-buffered solutions: 2. Rate control by oxide coatings. Geochimica et 
Cosmochimica Acta 54: 395–402.

Nyavor, K. and Egiebor, N.O. (1995). Control of pyrite oxidation by phosphate coat-
ing. Science of the Total Environment 162: 225–237.

Nyström, E. (2018). Suitability of industrial residues for preventing acid rock drain-
age generation from waste rock. PhD Thesis, Luleå University of Technology, 
Sweden.

Pandey, S., Yacob, T.W., Silverstein, J., Rajaram, H., Minchow, K. and Basta, J. (2011). 
Prevention of acid mine drainage through complexation of ferric iron by sol-
uble microbial growth products. Available at https://ui.adsabs.harvard.edu/
abs/2011AGUFM.H43J1370P/abstract [Accessed 25 April 2020].

Park, I., Tabelin, C. B., Jeon, S., Li, X., Seno, K., Ito, M. and Hiroyoshi, N. (2019). A 
review of recent strategies for acid mine drainage prevention and mine tailings 
recycling. Chemosphere 219: 588–606.

Park, I., Tabelin, C.B., Magaribuchi, K., Seno, K., Ito, M. and Hiroyoshi, N. 
(2018a). Suppression of the release of arsenic from arsenopyrite by carrier- 
microencapsulation using Ti-catechol complex. Journal of Hazardous Materials 
344: 322–332.

Park, I., Tabelin, C.B., Seno, K., Jeon, S., Ito, M. and Hiroyoshi, N. (2018b). Simultaneous 
suppression of acid mine drainage formation and arsenic release by carrier-
microencapsulation using aluminum-catecholate complexes. Chemosphere 
205: 414–425.

Payant, S.C., St. Amaud, L.C. and Yanful, E.K. (1995). Evaluation of techniques for 
preventing acidic rock drainage. Available at http://pdf.library.laurentian.ca/ 
medb/conf/Sudbury95/AcidMineDrainage/AMD7.PDF [Accessed 24 April 2020].

https://open.library.ubc.ca
https://open.library.ubc.ca
https://ui.adsabs.harvard.edu
https://ui.adsabs.harvard.edu
http://pdf.library.laurentian.ca
http://pdf.library.laurentian.ca


136 Acid Mine Drainage

Peppas, A., Komnitsas, K. and Halikia, I. (2000). Use of organic covers for acid mine 
drainage control. Minerals Engineering 13(5): 563–574.

Pérez-López, R., Cama, J., Nieto, J.M. and Ayora, C. (2007). The iron-coating role on 
the oxidation kinetics of a pyritic sludge doped with fly ash. Geochimica et 
Cosmochimica Acta 71: 1921–1934.

Pond, A.P., White, S.A., Milczarek, M. and Thompson, T.L. (2005). Accelerated weath-
ering of biosolid-amended copper mine tailings. Journal of Environmental 
Quality 34: 1293–1301.

Pozo-Antonio, S., Puente-Luna, I., Lagüela-López, S. and Veiga-Ríos, M. (2014). 
Techniques to correct and prevent acid mine drainage: a review. Dyna 81(186): 
73–80.

Rawlings, D.E. (2005). Characteristics and adaptability of iron- and sulfur-oxidizing 
microorganisms used for the recovery of metals from minerals and their con-
centrates. Microbial Cell Factories 4(13): 1–15.

Renton, J.J., Stiller, A.H. and Rymer, T.E. (1988). The use of phosphate materials 
as ameliorants for acid mine drainage. Available at https://www.asmr.us/
Portals/0/Documents/Conference-Proceedings/1988-Volume-1/0067-Renton.
pdf [Accessed 22 April 2020].

Ribet, I., Ptacek, C.J., Blowes, D.W. and Jambor, J.L. (1995). The potential for metal 
release by reductive dissolution of weathered mine tailings. Journal of 
Contaminant Hydrology17: 239–273.

RoyChowdhury, A., Sarkar, D. and Datta, R. (2015). Remediation of acid mine drain-
age-impacted water. Current Pollution Reports 1: 131–141.

Sahoo, P.K., Kim, K., Equeenuddin, S. M. and Powell, M.A. (2013). Current approaches 
for mitigating acid mine drainage. In: Whitacre, D.M. (Editor), Reviews of 
Environmental Contamination and Toxicology, Volume 226. Springer Science, 
Berlin, pp. 1–32.

Sasaki, K., Tsunekawa, M., Ohtsuka, T. and Konno, H. (1998). The role of sulfur-
oxidizing bacteria Thiobacillus thiooxidans in pyrite weathering. Colloids and 
Surfaces A: Physicochemical and Engineering Aspects 133: 269–278.

Sasaki, K., Tsunekawa, M., Tanaka, S. and Konno, H. (1996). Supression of microbially 
mediated dissolution of pyrite by originally isolated fulvic acids and related 
compounds. Colloids and Surfaces A: Physicochemical and Engineering 
Aspects 119: 241–253.

Satur, J., Hiroyoshi, N., Tsunekawa, M., Ito, M. and Okamoto, H. (2007). Carrier-
microencapsulation for preventing pyrite oxidation. International Journal of 
Mineral Processing 83: 116–124.

Simate, G.S. and Ndlovu, S. (2008). Bacterial leaching of nickel laterites using chemo-
lithotrophic microorganisms: identifying influential factors using statistical 
design of experiments. International Journal of Mineral Processing 88: 31–36.

Simate, G. S., Ndlovu, S. and Gericke, M. (2009). Bacterial leaching of nickel laterites 
using chemolithotrophic microorganisms: process optimisation using response 
surface methodology and central composite rotatable design. Hydrometallurgy 
98: 241–246.

Simate, G. S., Ndlovu, S. and Walubita, L.F. (2010). The fungal and chemolithotrophic 
leaching of nickel laterites – challenges and opportunities. Hydrometallurgy 
103: 150–157.

Skousen, J., Rose, A., Geidel, G., Foreman, J., Evans, R. and Hellier, W. (1998). 
Handbook of Technologies for Avoidance and Remediation of Acid Mine 

https://www.asmr.us
https://www.asmr.us
https://www.asmr.us


137Prevention Processes for Acid Mine Drainage

Drainage. The National Mine Land Reclamation Centre, West Virginia 
University, Morgantown, WV.

Skousen, J. G., Sencindiver, J. C. and Smith, R. M. (1987). A review of procedures for 
surface mining and reclamation in areas with acid producing materials. Energy 
and Water Research Center 871, West Virginia University, Morgantown, WV.

Skousen, J.G., Sexstone, A. and Ziemkiewicz, P.F. (2000). Acid mine drainage control 
and treatment. Agronomy 41: 31–68.

Skousen, J.G., Ziemkiewicz, P.F. and McDonald, L.M. (2019). Acid mine drainage for-
mation, control and treatment: approaches and strategies. Extractive Industries 
and Society 6(1): 241–249.

Stehouwer, R., Sutton, P., Fowler, R. and Dick, W. (1995). Minespoil amendment with 
dry flue gas desulfurization by-products: element solubility and mobility. 
Journal of Environmental Quality 24: 165–174.

Swanson, D. A. and O’Kane, M. (1999). Application of unsaturated zone hydrology at 
waste rock facilities: Design of soil covers and prediction of seepage. Available  
at https://pdfs.semanticscholar.org/84f1/484ffd6c745b092c22da9df89d659220119b. 
pdf [Accessed 14 October 2020].

Swanson, D.A., Barbour, S.L. and Wilson, G.W. (1997). Dry-site versus wet-site cover 
design. In: Proceedings of the Fourth International Conference on Acid Rock 
Drainage. Mine Environment Neutral Drainage (MEND) Program, Vancouver, 
B.C., May 1997.

Tabelin, C.B., Veerawattananun, S., Ito, M., Hiroyoshi, N. and Igarashi, T. (2017). 
Pyrite oxidation in the presence of hematite and alumina: II. Effects on the 
cathodic and anodic half-cell reactions. Science of the Total Environment 
581/582, 126–135.

Tremblay, R.L. (1994). Controlling acid mine drainage using an organic cover: the 
case of the East Sullivan Mine, Abitibi, Quebec. Available at https://www.
asmr.us/Portals/0/Documents/Conference-Proceedings/1994-Volume-2/0122-
Tremblay.pdf [Accessed 25 April 2020].

Vila, M.C., de Carvalho, S.J., A. da Silva, F. and Fi´uza, A. (2008). Preventing acid 
mine drainage from mine tailings. WIT Transactions on Ecology and the 
Environment 109: 729–738.

Wang, H.L., Shang. J.Q., Kovac, V. and Ho, K.S. (2006). Utilization of Atikokan coal 
fly ash in acid rock drainage from Musselwhite mine tailings. Canadian 
Geotechnical Journal 43: 229–243.

Xenidis, A., Mylona, E. and Paspaliaris, I. (2002). Potential use of lignite fly ash for 
the control of acid generation from sulphidic wastes. Waste Management 22: 
631–641.

Yanful, E.K. (1993). Oxygen diffusion through soil cover on sulphidic mine tailings. 
Journal of Geotechnical Engineering 119: 1207–1228.

Yanful, E. and Orlandea, M. (2000). Controlling acid drainage in a pyritic mine waste 
rock. Part II: geochemistry of drainage. Water, Air, and Soil Pollution 124: 
259–284.

Yanful, E.K., Simms, P.H. and Payant, S.C. (1999). Soil cover for controlling acid gen-
eration in mine tailings: a laboratory evaluation of the physics and the geo-
chemistry. Water, Air, and Soil Pollution 114: 347–375.

Yeheyis, M.B., Shang, J.Q. and Yanful, E.K. (2009). Long-term evaluation of coal fly ash 
and mine tailings co-placement: a site-specific study. Journal of Environmental 
Management 91: 237–244.

https://pdfs.semanticscholar.org
https://pdfs.semanticscholar.org
https://www.asmr.us
https://www.asmr.us
https://www.asmr.us


138 Acid Mine Drainage

Zhang, X., Borda, M.J., Schoonen, M.A.A. and Strongin, D.R. (2003). Adsorption of 
phospholipids on pyrite and their effect on surface oxidation. Langmuir 19: 
8787–8792.

Zhang, Y.L. and Evangelou, V.P. (1998). Formation of ferric hydroxide-silica coatings 
on pyrite and its oxidation behavior. Soil Science 163: 53–62.

Zhang, M. and Wang, H. (2017). Utilization of bactericide technology for pollution 
control of acidic coal mine waste. Advances in Engineering Research 129: 
667–670.



139

7
Remediation Processes 
for Acid Mine Drainage

Sehliselo Ndlovu and Geoffrey S. Simate

CONTENTS

7.1	 Introduction................................................................................................. 139
7.2	 Classification of Acid Mine Drainage Treatment Technologies........... 140

7.2.1	 Classification of Conventional Active Treatment Methods...........141
7.2.1.1	 Aeration............................................................................. 141
7.2.1.2	 Treatment of Acid Mine Drainage Using the 

Neutralisation Process..................................................... 142
7.2.1.3	 Treatment of Acid Mine Drainage Using  

Sulphide Precipitation..................................................... 145
7.2.1.4	 Treatment of Acid Mine Drainage Using  

Reverse Osmosis.............................................................. 151
7.2.1.5	 Treatment of Acid Mine Drainage Using Ion 

Exchange Technology...................................................... 152
7.2.2	 Classification of Innovative Passive Treatment Methods......... 155

7.2.2.1	 Constructed Wetlands..................................................... 158
7.2.2.2	 Anoxic Limestone Drains............................................... 159
7.2.2.3	 Permeable Reactive Barriers........................................... 160

7.3 	 Concluding Remarks.................................................................................. 161
References.............................................................................................................. 161

7.1  Introduction

The prevalence of acid mine drainage (AMD) globally in the mining and 
metal extraction sector has led to the development of a number of treatment 
technologies aimed at minimizing and mitigating its impact on the environ-
ment. The major aim of these treatment technologies is to reduce the acidity 
and sulphate content of the water. Most importantly, the treatment meth-
ods should not give rise to new high volume and unstable waste products 
that could impact further on the environment. This means that each method 
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must be aligned with a near zero waste ethos, generate waste that is safe and 
not a source of environmental pollution or if possible generate products of 
economic value that can be used or sold to offset some of the treatment costs. 
As a result, this would reduce the problems associated with waste disposal. 
The stability of the waste products, as well as the volumes produced should, 
therefore, be a major criterion in the development of a long-term solution 
for the treatment of AMD. The treatment methods should also allow for 
the generation of potable water that can be reused in the mining and metal 
extraction processes or used in the communities where these industries are 
located. This could include activities such as agricultural use and other rec-
reational activities. Thus, the treated AMD should be viewed as a resource 
and, in general, processes with the most likelihood of producing recyclable 
products, and of minimizing the waste products so that safe disposal can be 
sustained, should be the main focus for research and development in AMD 
treatment. This approach which implies the reuse, recycle, and recovery of 
valuable products from AMD is widely discussed in Chapter 9. This par-
ticular chapter (i.e., Chapter 7) will look at some of the technologies that are 
currently used to remediate AMD.

7.2 � Classification of Acid Mine Drainage 
Treatment Technologies

The AMD technologies can be classified according to three levels of develop-
ment, i.e., laboratory scale, pilot scale, and proven technologies (DWA, 2013). 
Laboratory scale technologies include all technologies that have only been 
tested at a theoretical laboratory scale (DWA, 2013). There is still, however, 
insufficient data available to attempt to test or implement the technology at 
full scale. Quite a significant number of recently developed technologies fall 
under this category as the transition to full-scale development is associated 
with very high risk and the current state of the mining industry has made 
most companies very risk averse. Pilot scale technologies are technologies 
that have been simulated in pilot plants to prove the chemical, physical or bio-
logical principles on a larger scale. The risks associated with technology that 
has been implemented on a pilot plant scale may be less than the risks associ-
ated with laboratory scale technology (DWA, 2013). A proven technology is 
one that has been in operation at a scale comparable with the scale required 
for the application under consideration (DWA, 2013). The implementation of 
any novel technologies in a financial tight market requires that any new tech-
nology be completely proven in order to achieve its full market deployment. 
Whilst massive research in the AMD treatment options has resulted in the 
generation of a significant number of laboratory scale technologies, there are 
relatively few that have been proven and implemented on a commercial scale.
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AMD treatment technologies are commonly categorised as either ‘pas-
sive’ or ‘active’, both potentially combining physical, biological and chemical 
approaches. The main purpose of both types is to lower acidity and toxic 
metal concentrations, raise pH and often lower sulphate concentrations and 
salinity (Taylor et al., 2005). The active treatment methods involve regular 
reagent inputs for continued operation, thus are labour intensive. The AMD 
treatment systems can be used for both operational mine sites and occasion-
ally post-closure scenarios (Taylor et al., 2005). Within the two categories of 
AMD treatment technologies, the methods can also be classified as (1) tradi-
tional (or conventional) treatment methods (i.e., methods that follow the pat-
tern of an ordinary wastewater treatment plant) and (2) methods taking a new 
and original approach (innovative treatment methods, e.g., anoxic limestone 
drains [ALDs], constructed wetlands, etc.). However, it is noted that most of 
the traditional methods tend to follow the active treatment route, whereas 
the other category tends to involve a more passive treatment approach.

7.2.1  Classification of Conventional Active Treatment Methods

There are a number of methods that are considered as active treatment pro-
cesses. The most common technique involves oxidation of AMD through 
aeration especially for solutions containing iron, dosing with an alkali to 
raise the pH for neutralisation followed by sedimentation for solid liquid 
separation. This process is similar to that of traditional wastewater treat-
ment plants (Younger et al., 2002). Other traditional or active treatments com-
mon to wastewater treatment plants include sulphurisation, adsorption, ion 
exchange and membrane processes like filtration and reverse osmosis (RO) 
(Younger et al., 2002). Some of these processes will be considered in the sub-
sequent sections.

7.2.1.1  Aeration

Since the principal contaminant is often dissolved ferrous iron, a key aspect 
of treating AMD is aeration. Iron is generally present in mine water as Fe2+ 
although Fe3+ can also be detected. Since ferrous iron (Fe2+) is highly soluble 
over a larger pH range compared to ferric iron (Fe3+), a larger amount of 
neutralizing agent is generally required to reduce the amount of ferrous iron 
in solution through precipitation as a hydroxide as compared to that needed 
to precipitate the iron present in the ferric state. Even at lower Fe2+ con-
centrations, aeration increases the level of dissolved oxygen and promotes 
oxidation of iron and manganese, increases chemical treatment efficiency 
and decreases remediation costs (INAP, 2012). As a result, most processes 
involving neutralisation as a form of mine water treatment generally tend 
to incorporate a pre-treatment step involving ferrous iron oxidation to the 
less soluble ferric form, which can then be precipitated as ferric hydroxide 
at a much lower pH (Dinardo et al., 1991). For mine water solutions with a 
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high prevalence of iron, it is important to either pre-treat the solutions for 
iron removal or to initiate and maintain conditions that facilitate the easy 
removal of iron during the acid mine treatment process. In most cases, how-
ever, aeration is commonly applied simultaneously with addition of lime 
and flocculant to increase pH, oxidise metals species and precipitate metal 
hydroxides that are then treated through settlement, filtering or other pro-
cesses (INAP, 2009). The iron precipitate generated is suitable for disposal or 
for application in a number of other uses. Research into possible uses and/
or means of disposal indicates the potential for the use of by-products as 
coagulants, mine backfill, or in the production of concrete, bricks, pigments 
or magnetite (MEND, 1994) as discussed in Chapter 9.

7.2.1.2 � Treatment of Acid Mine Drainage Using the Neutralisation Process

The use of alkali neutralisation to remove dissolved metals from industrial 
effluent, mine water and groundwater is a well-established technique. In 
the process, sufficient alkalinity is added to raise the pH of AMD so that 
insoluble metal hydroxides precipitate and settle out of the AMD. The con-
ventional approach to the neutralisation process involves three main steps 
such as (1) neutralisation of acidity, (2) aeration which is a key component 
for iron treatment, and (3) a flocculation and clarification stage (Taylor et al., 
2005). The treatment process relies on the application of neutralizing agents 
such as lime, limestone or a combination of both to raise the solution pH, 
lower the solubility of dissolved metal ions and subsequently remove them 
as hydroxides (Skousen, 1988; Coulton et al., 2003). Flocculation agents are 
added to facilitate the formation of stable solids that can be easily filtered out 
and removed from the effluent.

For the actual treatment of AMD, the conventional neutralisation treat-
ment process involves contacting an AMD solution with a controlled dosage 
of lime in a mixing tank to attain a desired pH set point (Aubé, 2004). The 
slurry is then contacted with a flocculant and fed to a clarifier for solid/
liquid separation. The sludge is collected from the bottom of the clarifier and 
can either be pumped to a storage area or pressure filtered to increase its 
density prior to transportation. The sludge produced by a conventional plant 
tends to settle to between 2% and 5% and can be mechanically dewatered 
to between 25% and 40% solids (Coulton, 2003). However, the low-density 
sludge produced requires significant power for pumping and a large storage 
area which presents high operational and disposal costs (MEND, 1994). This 
remarkable disadvantage has led to a slight modification of the conventional 
process flowsheet to include a sludge recycle stream resulting in the produc-
tion of sludge with higher density. The high-density sludge (HDS) process 
substantially reduces the sludge volume and is a now a standard procedure 
in the AMD treatment industry.

The HDS process is a proven, well-established and understood process 
that has been in operation for a number of years and has been applied widely 
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in a number of acid mine water treatment plants. The process is an improve-
ment of the conventional neutralisation processes which tend to generate a 
high volume of precipitation sludge as a final product. It has been widely 
adopted by the mining industry where the relatively high metal concentra-
tions and large flows make sludge volume minimisation imperative.

The key difference associated with HDS plants from the conventional 
plants is that the neutralisation phase is undertaken in two stages and a pro-
portion of alkaline treatment sludge from the thickener underflow is recy-
cled back through the plant to the first phase of the neutralisation process 
(Aubé, 2004). Basically, the recycled sludge is mixed with the lime slurry in 
a sludge/lime mixing tank and the resulting solution is mixed with acidic 
drainage in the chemical oxidation reactor (neutralisation tank). The recircu-
lated sludge acts as seed for further metals precipitation, thus allowing for 
the generation of much higher density sludge than achieved by most conven-
tional alkali neutralisation processes.

Figure 7.1 shows the typical flowsheet for a treatment plant utilizing the 
HDS method. Precipitation reactions come into completion in the lime reac-
tor tank in which air is also added in order to help oxidise ferrous iron to 
ferric iron (Kuyucak, 2006). A typical HDS plant will produce a sludge that 
settles to between 35% and 50% solids and can be mechanically dewatered 
to between 50% and 70% solids (Coulton et al., 2003). The HDS process 
results in a substantial reduction in sludge volume leading to a reduction 
in sludge disposal costs. There is also an increase in sludge stability, both 
chemically and physically and a much higher quality effluent is produced 
(Aubé, 2004; Taylor et al., 2005). The HDS process is, therefore, particularly 
advantageous where large amounts of sludge are generated or where sludge 
disposal costs are significant. When this process is implemented, the toxicity  

FIGURE 7.1
The conventional HDS process. (From Aubé, 2004.)
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of the AMD solution is reduced to the extent where the treated water is, in most 
cases, regarded as non-toxic to animals and many organisms (Corbett, 2001).

The process has been implemented with a few variations made on the orig-
inal flowsheet in order to meet the different needs of various plants, such 
as the differences in quality and quantity of the AMD (MEND, 1994; INAP, 
2003). The major disadvantage associated with the process, however, is that 
the lime demand is relatively high, which has a significant impact on the 
operational costs. In addition, the process produces large volumes of metal 
hydroxide and gypsum sludge that have no direct value and require safe 
disposal (INAP, 2003). Lastly, although the quality of the water is much bet-
ter than that of a conventional neutralisation process, it still does not meet 
the environmental or potable water quality specifications, and hence, further 
treatment would be required.

Beside the HDS process, there have also been a number of numerous tech-
nologies developed by researchers that focus on the acid-neutralisation step. 
There is the acid-barium-calcium (ABC) process developed by a team of 
researchers at the CSIR in South Africa (see Chapter 9 also). The ABC water 
treatment process is designed to achieve neutralisation as well as metal and 
sulphate removal (<100 mg/L) from AMD through the optimal and efficient 
use of readily available and affordable chemicals (De Beer et al., 2012; Maree 
et al., 2013). The process makes provision for three processing stages, pre-
treatment with lime and CaS to remove free acid and metals; BaCO3 treat-
ment to form barite; waste processing to recover alkali, barium and calcium 
in a coal-fired kiln (Merta, 2015). The original process has been further modi-
fied to minimise the gypsum generation, thereby reducing the quantity of 
gypsum crystallised during the water-treatment stage with all the sulphate 
removed as barite. This design increases the sludge load to the barium sludge 
processing stage, significantly reducing the gypsum sludge processing whose 
CAPEX alone is very high and was estimated at about R1  billion in 2004 
(Maree et al., 2004). The major disadvantage of the process is the high energy 
requirement due to the thermal reduction in the barium sludge processing 
step which is required for BaCO3 recycling (Mottay and Van Staden, 2018).

Another process developed in South Africa is the SAVMIN process  which 
is indicated in Figure 7.2 (see Chapter 9 also). This process was developed by 
researchers at Mintek, South Africa and focuses on the removal of sulphate 
from the AMD solutions through the precipitation of Ettringite (Smit, 1999). 
The process has a number of sequential steps for the selective precipitation of 
insoluble complexes and the recycling of some of the reagents that are used 
in the process. The main treatment steps involve the following (Smit, 1999): (1) 
heavy metal precipitation, (2) gypsum crystallisation, (3) selective sulphate 
removal by ettringite precipitation using aluminium hydroxide, (4) alumin-
ium recovery and (5) softening and pH adjustment by re-carbonation.

The end products are potable water and a number of potentially saleable 
by-products such as metal rich gypsum sludge, relatively pure gypsum 
sludge and calcium carbonate sludge. A major disadvantage of the process 
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is the amount of the sludge produced which adds to the disposal costs. 
A mine water treatment demonstration plant, employing the SAVMIN 
technology, was established in partnership with gold mining company 
Sibanye-Stillwater at Randfontein, west of Johannesburg in 2018 (Mining 
Review, 2018).

7.2.1.3  Treatment of Acid Mine Drainage Using Sulphide Precipitation

Sulphide precipitation has been demonstrated to be an effective alterna-
tive to neutralisation using alkaline reagents for removing various heavy 
metals from industrial wastewater (Bhattacharyya et al., 1979; Peters et al., 
1984; Abdulkadir, 2009). However, these processes have not been applied 
significantly on a commercial scale in the past due to a number of disadvan-
tages. The costs of sulphide reagents are relatively higher than those used in 
hydroxide precipitation. In addition, the sulphide reagents used tend to pro-
duce hydrogen sulphide fumes when contacted with acidic wastes. However, 
this can be prevented by maintaining the pH of the solution between 8.0 and 
9.5 and may require ventilation of the treatment tanks (MEND, 1994). The 
other disadvantage is that excess sulphide ions must also be present to drive 
the precipitation reaction to completion. Since the sulphide ion itself is toxic, 
sulphide addition must be carefully controlled to maximise heavy metals 
precipitation with a minimum of excess sulphide to avoid the necessity of 
post-treatment (MEND, 1994). Lastly, the sulphide sludge generated is more 
prone to oxidation resulting in resolubilisation of the metals as sulphates 
and as a result the sludge should, therefore, be stored carefully or be recycled  
for metal recovery (Peters et al., 1984). However, recent advances in technol-
ogy and process development have seen the minimisation of some of the 
aforementioned challenges leading to a significant shift and popularity of 
the sulphide precipitation processes. This is largely because the solubili-
ties of the metal sulphide precipitates are dramatically lower than those of  
hydroxide precipitates and, thus considerably lower metal concentrations in 

FIGURE 7.2
The SAVMIN process flow diagram. (From INAP, 2003.)
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the effluent can be achieved. Furthermore, the metal sulphide precipitates 
exhibit better thickening and dewatering characteristics (Peters et al., 1984). 
The valuable metals can also be recovered selectively as a compact metal 
sulphide precipitate, which can be reprocessed at an appropriate stage in the 
flowsheet of a smelter.

The basic mechanism of the sulphidisation process involves the addition of 
a soluble metal sulphide to form an insoluble metal sulphide. The sulphide 
ion used in the precipitation processes can be supplied through a chemical 
or a biological source. Chemicals such as calcium sulphide (CaS), sodium 
sulphide (Na2S), sodium hydrogen sulphide (NaHS) and iron sulphide (FeS) 
are commonly used in the process and these dissociate in solution to pro-
vide the sulphide ion necessary for metal sulphide precipitation (Kim, 1981; 
Peters and Ku, 1984; Lewis, 2010). The NaHS in particular is commonly used 
in waste water treatment following conventional lime treatment to reduce 
concentrations of residual metals, particularly cadmium.

The sulphide precipitation process can be represented by Equations 7.1 
and 7.2, in which FeS, the precipitating reagent, dissociates to generate the 
sulphide ion that subsequently reacts with the metal ions (M2+) in solution to 
precipitate a metal sulphide, MS

	 = ++ −FeS Fe S2 2
	 (7.1)

	 + =+ −M S MS2 2
	 (7.2)

The BQE Water firm (formerly BioteQ) in Canada has developed a sul-
phide precipitation technology that uses chemical (ChemSulphide® process) 
sources of sulphide to selectively precipitate dissolved metals from wastewa-
ter. Successful commercial operations have shown that high quality effluents 
that comply with stringent discharge limits can be produced and that metals 
can be recovered selectively into saleable high-grade concentrates from AMD 
or leach solutions (Nodwell and Kratochvil, 2012; Kratochvil et al., 2015).

The ChemSulphide process uses chemical sulphides such as NaHS for the 
removal of metals from contaminated wastewaters (Stedman, 2010). In the 
process, the chemical sulphide is added to a contactor tank where it mixes 
with the water to be treated under controlled conditions to selectively pre-
cipitate metals as a metal sulphides. The precipitated metals and treated 
water are then pumped to a clarifier tank where the clean water is separated 
from the metal solids and is either discharged to the local environment or 
recycled (Nodwell and Kratochvil, 2012). Thereafter, the metal solids are fil-
tered to remove excess water, thus producing a high-grade metal product 
in the form of for example, copper sulphide that is suitable for refining. The 
rate of recovery for the metals is greater than 99%, and the recovered metal 
products are of a sufficiently high grade to be suitable for refining (Stedman, 
2010). This technology has been applied since 2001 at multiple sites (Canada, 
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the United States, Australia and China) with different site conditions and 
requirements. The ChemSulphide process can be integrated with the HDS 
process, for the recovery of valuable metals, control of iron and sulphate and 
production of value-added construction materials from waste sludge, thus 
leading to a subsequent reduction or elimination of waste sludge (Lopez 
et al., 2009; Kratochvil et al., 2015).

The Wellington Oro Mine in the United States (Figure 7.3) is one example 
where the ChemSulphide technology has been successfully applied for the 
treatment of acid mine solutions (Lopez et al., 2009; Kratochvil et al., 2015). 
The mine, which is non-operational and treats post-closure solutions, uti-
lises the ChemSulphide process to cost effectively remove dissolved metal 
ions of zinc and cadmium from the mine solution stream in order to meet 
strict effluent discharge targets (Nodwell and Kratochvil, 2012; Kratochvil 
et al., 2015). The dosing of NaHS is carefully controlled so that zinc and cad-
mium are removed to meet discharge limits and also to ensure that excess 
hydrogen sulphide gas is not produced (Smit, 1999). A small amount of soda 
ash is also added to the process to maintain the pH at the optimal range for 
sulphide precipitation. The precipitated metal sulphides can be sold to smelt-
ers for further processing thus helping to offset some of the process costs.

Another example is the Raglan Mine, an active nickel mine in Northern 
Quebec, which is owned and operated by Xstrata Nickel and was commis-
sioned in 2004 with the first full year of operation in 2005 (Jones et al., 2006). 
The water treatment plant at Raglan employs the ChemSulphide process to 
selectively recover nickel from low-grade contaminated mine water. The 
treated water quality produced in the plant can be released directly into the 
local environment whilst the nickel sulphide precipitate is dewatered and 
shipped periodically to the Raglan concentrator where it is added to the flota-
tion concentrate for shipment to the smelters (Lawrence and Fleming, 2007). 
Another mining operation that applies the ChemSulphide process is Jiangxi 
Copper in China. The company utilises this technology for a water treatment  

FIGURE 7.3
Wellington Oro ChemSulphide process flow diagram. (From Kratochvil et al., 2015.)
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plant at its Dexing site in southeast China. Through this technology, the 
company is able to remove copper from mine wastewater to produce a high-
grade marketable copper product, along with water that is clean enough to 
be safely discharged to the environment or recycled into the mining process.

Industrial effluents can also be treated using biogenic sulphide in the form 
of H2S generated through the reduction of elemental sulphur in a bioreactor 
(Kuyucak, 2001, Lawrence et al., 2007). In fact, in recent years, the develop-
ment of biological technologies for process-related applications in the mining 
and metallurgical industries has made great progress. For these applications, 
the focus is on minimizing the use of chemicals used for precipitation of 
metals and caustic used for removing sulphur dioxide from dilute off-gas 
streams (Dijkman et al., 1999). This subsequently translates to large-scale 
savings of costs. In addition, with regard to AMD treatment, an environmen-
tal problem can be solved while the metals recovered as sulphides generate 
a revenue stream.

In a biological process, the biogenic sulphide gas is transferred to a gas/
liquid anaerobic agitated contactor in order to selectively precipitate the 
metals to be recovered as sulphides (Huisman et al., 2006; Lawrence and 
Fleming, 2007; Adams et al., 2008). In this set-up, there is no direct contact 
between the bacteria and the liquid stream treated, so issues with regard to 
possible toxic compounds in the liquid stream or temperature fluctuations 
are of no concern. Figure 7.4 shows a generic flowsheet for the metal recovery 
using biogenic H2S gas (Boonstra and Buisman, 2003).

The advantage of the biogenic sulphide approach is that it can be very prof-
itable in very low metal concentration solutions as the costs are relatively 
lower compared to NaHS or Na2S (EPA, 2003). Compared to the addition of a 
NaHS or Na2S solution, another obvious advantage of the use of biogenic H2S 
is that no sodium ions are introduced to the precipitation circuit (Dijkman 
et al., 1999). In addition to the significant cost savings, biogenic sulphide pro-
duced on demand at site provides the additional benefit of improved safety 
due to the elimination of the transportation, handling and storage required 
for chemical sulphide reagents (Lawrence and Fleming, 2007).

FIGURE 7.4
Process diagram for metal recovery using biogenic H2S. (From Boonstra and Buisman, 2003.)
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Sulphide can also be generated by the biological reduction of sulphate, 
although the generation of sulfide from this source is limited to passive  
water treatment applications in which low flows containing low concentra-
tions of metals can be treated to precipitate metals in natural wetlands and 
sediments (Lawrence and Fleming, 2007). One example of the process that 
uses biological reduction of sulphate is the Thiopaq process. The Thiopaq 
process is a well-established process which uses sulphate reduction reactions 
to generate biogenic sulphide that can be used in the treatment of metal sul-
fate solutions such as AMD. The Thiopaq system utilises two distinct micro-
biological populations and processes: (1) conversion of sulphate to sulphide 
by sulphate-reducing bacteria (SRB) and precipitation of metal sulphides, 
and (2) conversion of any excess hydrogen sulphide produced to elemental 
sulphur, using sulphide-oxidizing bacteria (Johnson and Hallberg, 2005).

The bacterial reduction of sulphate to sulphide is an electrochemical pro-
cess and a reductant (electron donor) is needed to supply electrons required 
for the conversion reaction. Examples of typical electron donors used in the 
Thiopaq process include hydrogen, methanol, ethanol or other organic mate-
rial as electron donors for the production of biogenic H2S (Reinsel, 2015). The 
choice of the type of reductant is not only dependent on the sulphur load to 
be processed, but also on the geographical location of the installation, reagent 
availability and cost. In the use of ethanol as the electron donor, this is first 
converted to acetic acid and hydrogen by bacteria as given in reaction 7.3.

	 + → +CH CH OH H O CH COOH 2H3 2 2 3 2 	 (7.3)

Both hydrogen and acetic acid formed are consumed in the sulphate-reducing 
reaction taking place in the anaerobic reactor resulting in the formation of 
biogenic hydrogen sulphide.

	 + → +H SO 4H H S 4H O2 4 2 2 2 	 (7.4)

The hydrogen sulphide produced can then be employed for the precipitation 
of metals by contacting it with the solution to be treated. Careful control of 
pH can allow for selective precipitation of metal sulphides from a solution 
stream that contains a number of different metal ions.

The BioSulphide® process developed by BQE Water firm is another process 
that utilises biologically generated hydrogen sulphide gas for the removal 
of metals from contaminated water. The process is based on the Thiopaq 
process (Dijkman et al., 1999; Reinsel, 2015) and uses naturally occurring 
sulphur-reducing bacteria, to produce sulphide which is used to precipi-
tate and recover metals selectively from contaminated industrial water. 
The BioSulphide process has two components – the biological and chemical 
stages which are fully integrated, but operate independently. The bioreactor 
contains a mixture of SRB that reduce the contained sulphate and produce  
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the sulphide used in the chemical stage. Hydrogen or an organic electron 
donor is supplied to the bioreactor. Raw AMD enters the chemical circuit 
where it comes into contact with hydrogen sulphide generated in the bio-
logical circuit leading to metal sulfide precipitation. The characteristics 
of the BioSulphide process that make it different from other conventional 
sulfate reduction processes can be summarised as follows: (1) the biologi-
cal component of the process is separated from the chemical precipitation/
neutralisation stage, (2) only a fraction of the stream volume, as determined 
by sulphide and/or alkalinity requirements, enters the bioreactors, (3) AMD 
treatment to discharge quality is achieved entirely with bacterially gener-
ated products and (4) metal concentrates, metal sludge and biomass can be 
produced separately for sale or disposal.

Figure 7.5 shows the flowsheet for the application of the BioSulphide pro-
cess at Bisbee, Arizona. The plant recovers copper from the drainage of a 
large low-grade stockpile. Copper had previously been recovered by cemen-
tation with iron, but is now precipitated into a high-grade copper sulphide 
concentrate using H2S generated in a bioreactor in which elemental sulphur 
is reduced as shown in the flowsheet.

The BioSulphide process is generally used for high metals loading and 
higher sulphide demand due to a lower operating cost per tonne of sulphide 
required (Nodwell and Kratochvil, 2012). The BioSulphide process technol-
ogy can be integrated with other water treatment technologies to improve 
overall water treatment. For example, it can be introduced upstream of an 
existing lime treatment plant to recover metals contained in the contami-
nated water. In such a case, lime plant economics are improved with lower 
lime consumption and the volume and toxicity of the sludge is reduced 
significantly.

FIGURE 7.5
Simplified flowsheet showing the use of biogenic sulphide for copper recovery at Bisbee. (From 
Lawrence and Fleming, 2007.)
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Another process that utilises biologically produced sulphide is the Rhodes 
Biological Sulphate Reduction (Biosure) process. This is a cost-effective and 
proven option for the treatment of AMD so as to mitigate the effect of AMD 
on water quality. The Biosure process utilises SRB that reduce sulphate to 
sulphide under anaerobic conditions. The bacteria require an organic source 
of readily biodegradable carbon such as primary sewage sludge and organic 
waste from the dairy and abattoir industries. The sulphide produced can be 
reacted with the metals in the AMD to form metal sulphides, which then 
precipitate and can be removed from the water in a clarifier. However, the 
metal sulphide sludge needs further treatment to prevent pollution of the 
environment at the disposal site; otherwise it will revert back to acid and 
sulphate on exposure to moisture and oxygen in the atmosphere, which is 
the cause of AMD in the first instance (DWA, 2013).

The Biosure process has been tested on a large scale at a mine shaft in 
Grootvlei, South Africa by the East Rand Water Care Company (ERWAT) 
(Godongwana et al., 2015). The process has been shown to be able to poten-
tially produce water that complies with the general standard of waste water. 
The major disadvantage of the Biosure process is its limitation with regard 
to the carbon source. Large volumes of primary sewage sludge and/or exter-
nal readily biodegradable carbon sources are required to meet the sulphate 
reduction demand of the AMD (DWA, 2013). The availability of the carbon 
source, i.e., sewage sludge, determines the placement of the treatment works 
and, in most cases, there is a lack of adequate sewage facilities at the AMD 
point source. Therefore, the application of the process at commercial scale 
becomes feasible only in the presence of an adequate source of readily avail-
able and biodegradable carbon to augment the carbon from sewage or alter-
natively to form the main carbon source.

7.2.1.4  Treatment of Acid Mine Drainage Using Reverse Osmosis

Membrane filtration by RO is a well-established strategy for heavy metal 
removal as it is capable of achieving strict metal discharge criteria whilst pro-
viding high efficiency, easy operation and saving space (Fu and Wang, 2011). 
It is an increasingly popular wastewater treatment option in chemical and 
environmental engineering and accounts for more than 20% of the world’s 
desalination capacity (Shahalam et al., 2002). Large-scale applications of this 
process exist for AMD treatment and South Africa in particular have devel-
oped multistage RO concentration and gypsum precipitation process that 
have been used on a commercial scale in mining communities (DWA, 2013).

In the RO process, cellophane-like membranes separate purified water 
from contaminated water. A pressure is applied to the concentrated side of 
the membrane forcing purified water into the dilute side and the rejected 
impurities from the concentrated side are washed away in the reject water. 
The RO can be used to recover trace metals from AMD, remove 90% to 99% 
of the total dissolved solids to produce water of high quality enough to be 
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reused as process water (Slater et al., 1983; Mortazavi, 2008) (see Chapter 9 
also). The advantages of RO include low cost, high selectivity and flux, low 
capital and operating cost, chemical resistance and resistance to fouling, but 
the disadvantages include the feed to the membrane being very specific.

As a result of the high scaling tendency of the membranes in the presence 
of metal precipitates, this desalination process requires that the feed to the 
membranes be very specific with the removal of metals present in solution 
undertaken prior to the RO process. This usually involves the application of 
an upstream treatment plant such as the HDS process to ensure that metals 
are removed to the standards required by the suppliers of RO membranes. 
Some of the proven processes involving the commercial application of the 
RO techniques include the high pressure reverse osmosis (HiPRO) process. 
Modified processes including seeded reverse osmosis (SPARRO) that uses 
a suspension of salt crystals to promote precipitation have also been devel-
oped to improve the efficiency of the RO applications (Pulles et al., 1992).

The HiPRO™ technology developed by Aveng Water makes use of multi-
ple stages of ultrafiltration and RO membrane systems which produce super-
saturated brine streams (less than 3% of the total feed), from which sparingly 
soluble salts may be released in precipitation reactors. However, depending 
on the feed water quality, a zero liquid discharge (zero brine) solution is 
possible, thus, eliminating the need for high-cost evaporation and crystal-
lizer plants. Solid waste generation can be eliminated through the produc-
tion of useful by-products such as calcium sulphate of saleable grade as well 
as metal sulphate products. This process has been successfully applied at a 
number of mining operations in South Africa such as the eMalahleni water 
reclamation plant (Gunther and Mey, 2008; Karakatsanis and Cogho, 2010). 
A modular mine water treatment plant has also been installed at the Anglo 
American Thermal Coal’s Kromdraai opencast mine.

The advantages of the HiPRO process include the following: the process 
has been proven at large-scale commercial operations, produces highest 
quality drinking water which meets the South African National Standard 
(SANS), has a very high water recovery that is usually in excess of 98% and 
generates potentially useful by-products (Karakatsanis and Cogho, 2010).

7.2.1.5 � Treatment of Acid Mine Drainage Using Ion Exchange Technology

Ion-exchange processes have been used for the extraction of several met-
als from AMD and for the conversion of AMD to potable water (Feng et al., 
2000; INAP, 2003). The ion-exchange process involves an exchange of ions or 
molecules between solid and liquid with no substantial change to the solid 
structure. It is a reversible chemical reaction where an ion from the solu-
tion is exchanged for similarly charged ion (typically hydrogen or hydroxyl) 
attached to an immobile solid particle (resin) thus rendering the target ion 
immobile (Bowell, 2000). Various resin forms are available to remove either 
cations or anions and a range of silica-based and polymeric resins can be 
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used for metal recovery or removal (Dinardo et al., 1991). Synthetic organic 
resins are the predominant type since their characteristics can be tailored 
to specific applications. In the treatment of sulphate containing water, a 
two-stage process that uses cationic and anionic resins to remove calcium 
or magnesium and sulphate, respectively, is usually employed (Robertson 
et al., 1993). The resins are then regenerated, which typically requires acidic 
and basic reagents.

The appropriate ion-exchange resin is selected based on the acid mine 
water chemistry and the specific parameters that need to be removed from 
solution. Large flows generally require a full-scale treatment plant, but for 
small to intermediate flows, standard tank sizes that allow systems to be 
set up quickly can be used (ITRC, 2015). Many ion-exchange technologies 
appear to be technically effective at achieving water quality targets, but few 
have proven to be commercially viable or are in widespread use for the treat-
ment of acidic mine water. The GYP-CIX process (Figure 7.6) is a fluidised 
bed ion-exchange process developed in South Africa to remove sulphate 
from water that is close to gypsum saturation and, therefore, it can be used 
as a polishing step after lime precipitation (Reinsel, 2015). The GYP-CIX pro-
cess can tolerate relatively high concentrations of calcium, however, the TDSs 
need to be less than 4000 mg/L (Mottay and Van Staden, 2018). The process 
requires pre-treatment to remove metals, which may interfere and decrease 
the efficiency of resins in the downstream ion-exchange process. The resins 

FIGURE 7.6
Simplified process flow diagram of the GYP-CIX process for treatment of mine water. (From 
INAP, 2003.)
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are designed so as to target calcium and sulphate in order to reduce gypsum 
levels in the effluent thereby reducing the total dissolved solids and corro-
sion potential (Smit, 1999; Bowell, 2000).

The cation resin exchanges Ca2+, Mg2+ and other cations (i.e., metal ions) by 
the following reaction:

	 − + → − ++ +2R H    Ca    R Ca   2H  2
2 	 (7.5)

The anion resin exchanges SO4
2–, Cl– and other anions by the following 

reaction:

	 − + → +− −2R OH SO   R SO    2OH4
2

2 4 	 (7.6)

Unlike conventional ion-exchange technology, the GYP-CIX process uses 
Ca(OH)2 and H2SO4 (lowest cost industrial reagents) to regenerate the ion-
exchange resins. The cationic and anionic exchange processes result in the 
generation of a large amount of gypsum that can be sold commercially thus 
offsetting treatment costs whilst the treated water meets standards for reuse. 
The continuous precipitation of gypsum in the regeneration of ion-exchange 
resins also allows the reuse of the regeneration solutions (INAP, 2003).

Another process that uses ion-exchange chemistry which is also largely 
based on the GYP-CIX process is the Sulf-IX™ process (Figure 7.7), developed 
by BQE Water (formerly BioteQ) (Lawrence, 2007; Lopez et al., 2009). It over-
comes difficulties of the GYP-CIX process associated with limited process 

FIGURE 7.7
The Sulf-IXTM process. (From Lawrence, 2007.)
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flexibility for varying feed chemistry, mechanical entrainment of gypsum 
in the regeneration stage and limitations on sulphate removal when magne-
sium is present in significant concentration in the feed water (Lopez et al., 
2009). The process uses low-cost, off-the-shelf resins to remove calcium and 
sulphate ions from water in various concentrations. Removal of sulphate to 
meet new regulations worldwide is more efficient when using the Sulf-IX™ 
process compared with biological sulphate reduction and membrane tech-
nology. The process requires no pre-treatment and leaves no residual waste 
for special disposal (Nodwell and Kratochvil, 2012). The resins are regener-
ated using the low-cost reagents, sulphuric acid and lime, so that the only 
products of the process are clean water (water recoveries to up to 97%) that 
can be discharged or reused and solid gypsum product that can be used for 
the production of fertiliser and building materials (Nodwell and Kratochvil, 
2012). The Sulf-IX process has been extensively piloted to remove sulphate 
from water at sites in Canada, the United States and Chile (Nodwell and 
Kratochvil, 2012).

Table 7.1 gives a summary of the active processes discussed in the sections 
above, highlighting the advantages and disadvantages of each technology.

7.2.2  Classification of Innovative Passive Treatment Methods

Passive treatment systems have been developed that do not require con-
tinuous chemical inputs and they take advantage of natural chemical and 
biological processes to cleanse contaminated mines (Skousen, 2002). Passive 
treatment systems are commonly, but not exclusively aggregate-carbonate 
based, with or without the inclusion of organic matter (Taylor et al., 2005). 
A variety of passive treatment systems have become the most predominate 
innovative technologies applied in the treatment of AMD solutions apart 
from traditional choices. These treatment technologies include constructed 
wetlands, anoxic limestone dams, permeable reactive barriers (PRBs), etc, 
and are mostly based on the same principle. The PRBs and constructed wet-
land technologies can all utilise alkaline agents and SRB to treat mine drain-
age. In low-flow and low-acidity situations, passive systems can be reliably 
implemented as a single permanent solution for many AMD problems. These 
passive treatment systems can provide a potentially long-term solution to 
the AMD problem although their success has been limited in cases where 
excessive volumes, high iron loadings and excessively low pH values are 
encountered (INAP, 2003). In addition, relative to chemical treatment, passive 
systems require longer retention times and greater space, provide less certain 
treatment efficiency and are subject to failure in the long term (Skousen, 1998).

The mechanisms of metal removal and retention in passive treatment 
systems are varied and include oxidation, precipitation as hydroxides and  
carbonates under aerobic conditions, precipitation as sulphides and hydroxy-
sulphate under anaerobic conditions, complexation and adsorption onto 
organic matter, ion exchange with organic matter and uptake by plants  
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TABLE 7.1

Summary of the AMD Active Treatment Methods 

Process
Process 
Technology Advantages Disadvantages Possible Improvements

HDS process Chemical 
neutralisation

•	 Inexpensive
•	 Low maintenance
•	 Removes trace metals
•	 Produces water quality suitable for 

irrigation or reuse in the mine
•	 Can be used as a cost-effective 

pre-treatment method to other processes
•	 HDS process proven technology

•	 Limited sulphate removal
•	 High amount of sludge produced
•	 Costs associated with handling and 

safe disposal of potential unstable 
sludge

•	 Reduction in the 
production of waste or 
recycling of sludge

MINTEK 
SAVMIN

Chemical 
neutralisation

•	 Reduce sulphate to very low levels  
<200 mg/L

•	 High quality water generated even at 
fluctuating feed sulphate levels

•	 It regenerates the required Al2(OH)3 
reagent for reuse, which results in a 
significant cost reduction

•	 The waste products from the process 
can be disposed of either as a stable 
waste, or, in certain instances, constitute 
a usable by-product

•	 High amount of sludge produced
•	 Success depends on high level of 

gypsum crystallisation.
•	 Process can be complicated to 

control

•	 Reduction in the 
production of waste or 
recycling of sludge

BQE 
ChemSulphide

Sulphide 
precipitation

•	 Treated effluent meets regulatory 
compliance

•	 Saleable products that can generate 
revenue, reduce and eliminate waste

•	 The cost of sulphide precipitants is 
high

•	 Requires controlled addition of 
sulphide precipitant to maximise 
heavy metals precipitation with a 
minimum of excess sulphide to 
avoid the necessity of 
post-treatment

•	 Versatility in the case 
where AMD may contain 
significant alkalinity
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Paques Thiopaq Microbial 

sulphate 
reduction

•	 Can effectively treat solutions with low 
metal concentrations

•	 Sensitivity of SRB to high metal 
concentrations and low pH

•	 High process costs due to use of 
ethanol or butanol as carbon source 
and electron donor

•	 Explore microbial 
communities that can 
work at optimal process 
conditions, e.g., use of acid 
tolerant bacteria

BQE 
BioSulphide

Microbial 
sulphate 
reduction

•	 Can tolerate high metals loading and 
higher sulphide demand

•	 Produces saleable metal products and 
clean water

•	 Can be integrated with other water-
treatment technologies

•	 Hydrogen sulphide (H2S) produced 
as metabolic end

•	 Product requires proper 
management to avoid pollution 
and health risk to personnel

•	 Explore use of other 
microbial communities

•	 Explore alternative 
microbial substrates

Rhodes BioSure Microbial 
sulphate 
reduction

•	 Effective in reducing sulphate in AMD
•	 Produces water that complies with the 

general standard of waste water.
•	 Generates stable bio solids

•	 Limited to geographical locations 
with sludge/waste facilities next to 
AMD point source

•	 Hydrogen sulphide (H2S) produced 
as metabolic end product and 
released into the external 
environment can cause air 
pollution and be a health risk

•	 Explore easily available 
carbon sources

•	 Robust hydrogen sulphide 
capturing systems

HiPRO Reverse 
osmosis

•	 Produces high quality water at variable 
water recoveries

•	 Applied commercially for water 
desalination

•	 Membrane lifetime affected by 
fouling

•	 Mine water needs to be pre-treated.
•	 Relatively expensive

•	 Not suitable for scaling 
water-membrane 
extension

GYP-CIX Ion exchange •	 Can treat most waste water including 
scaling mine waters

•	 Low cost reagent used to regenerate the 
resin

•	 Produces very good quality water

•	 Volume of gypsum sludge 
produced in the ion-exchange-resin 
regeneration process

•	 Reduction in the 
production of waste or 
recycling of sludge

•	 Reduction in the frequency 
of ion resin regeneration

BQE SULF-IXTM 
Process

Chemical 
precipitation + 
Ion exchange

•	 Low cost reagent used to regenerate the 
resin

•	 Produces very good quality water
•	 Saleable products that can generate 

revenue

•	 Requires controlled addition of 
sulphide precipitant to maximise 
heavy metals precipitation with a 
minimum of excess sulphide to 
avoid the necessity of post-treatment

•	 Reduction in the frequency 
of ion resin regeneration

Sources:	 Smit, 1999; INAP, 2003; Stedman, 2010.
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(phyto-remediation) (INAP, 2003). However, the environmental conditions 
in the different passive treatment systems dictate the dominant metals 
removal mechanisms. Some of the passive treatment systems that have been 
employed for the treatment of AMD solutions are discussed in the subsequent  
sections.

7.2.2.1  Constructed Wetlands

Constructed treatment wetlands are engineered systems, designed and con-
structed to utilise the natural functions of wetland vegetation, soils and their 
microbial populations to treat contaminants in surface water, groundwater or 
waste stream (ITRC, 2003). They can be considered as treatment systems that 
use natural processes to stabilise, sequester, accumulate, degrade, metabo-
lise and/or mineralise contaminants and have the ability to remove organic 
and inorganic compounds and suspended solids (ITRC, 2003). During the 
past few decades, wetlands have been established as systems that have high 
potential for meeting wastewater treatment and water quality objectives in a 
controlled manner. Constructed treatment wetlands can be used alone or in 
conjunction with other technologies to extend the operational lifespan of the 
systems or enhance the removal performance of specific constituents during 
the treatment of AMD (Brodie et al., 1991; Hedin et al., 1994; Sheoran and 
Sheoran, 2006). This flexibility further makes the technology applicable to 
many types of contaminants in many types of situations (ITRC, 2015).

A wetland is usually composed of two distinctive zones, oxidative zone 
which is vegetated with aquatic plants and reducing zone which is the 
sedimentation zone rich in SRB (Kuyucak, 2006). The water treatment 
mechanisms are biological, chemical and physical, which include physical 
filtration and sedimentation, biological uptake, transformation of nutri-
ents by anaerobic and aerobic bacteria, plant roots and metabolism, metal 
exchange reactions as well as chemical processes (precipitation, absorp-
tion and decomposition) that purify and treat the wastewater (WWG, n.d.; 
Hedin et al., 1994). Other beneficial reactions in wetlands include generation 
of alkalinity due to microbial mineralisation of dead organic matter, micro-
bial dissimilatory reduction of Fe oxyhydroxides and SO4 and dissolution of  
carbonates (Skousen, 2002).

Wetlands can be classified as either aerobic or anaerobic. The main differ-
ence in these systems is the biological and chemical processes promoted and 
the design of water flow direction (ITRC, 2015). Aerobic wetlands are essen-
tially shallow ponds designed to precipitate metals from water under aero-
bic conditions usually in a horizontal flow system. The aerobic wetlands are 
designed with depths no more than 30 cm that lower suspended solids and 
provide a substrate and increased water retention times (due to reduced flow 
rates) for the reaction between influent alkalinity and acidity that is gener-
ated from AMD (ITRC, 2015). The reaction is via metal oxidation and hydro-
lysis, and oxygen infiltration is encouraged thereby causing precipitation 
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and physical retention of metals as oxyhdroxides, hydroxides and carbonates 
within the wetland (Skousen, 2002; Taylor et al., 2005). Aerobic wetlands are 
often used for net alkaline waters and predominantly for just aeration and 
precipitation of metals (Skousen and Ziemkiewicz, 2005).

Anaerobic systems primarily rely on chemical and microbial reduction 
reactions to precipitate metals and neutralise acidity. They generate alkalin-
ity through bacterial activity and the use of Fe3+ as a terminal electron accep-
tor (Fripp et al., 2000) and are most effective in the treatment of small flow 
acidic water. The water infiltrates through thick, permeable organic mate-
rial that becomes anaerobic due to high biological oxygen demand (Skousen, 
2002). Since anaerobic wetlands produce alkalinity, their use can be extended 
to poor quality, net acidic, low pH, high Fe and high dissolved oxygen AMD 
(INAP, 2003).

The attractiveness of constructed wetland treatment lies in its ability to pro-
duce a near-neutral water product which can be readily discharged (Johnson 
and Hallberg, 2005). They also have significantly lower total lifetime costs 
and often lower capital costs than conventional treatment systems (ITRC, 
2003); once constructed they can operate for long periods of time with mini-
mal operations and maintenance. However, constructed wetlands are limited 
by the metal loads they deal with; hence adequate pre-treatment is required 
especially when dealing with high volumes and/or highly acidic water. 
Furthermore, some of the metal precipitates retained in sediments are unsta-
ble when exposed to oxygen; hence, it is crucial that the wetland sediments 
remain largely or permanently submerged (Johnson and Hallberg, 2005).

7.2.2.2  Anoxic Limestone Drains

Anoxic lime drains (ALDs) are well-known passive treatment systems that 
can be an effective and established technology for the treatment of acid mine 
water. The ALDs are buried cells or trenches of limestone engineered to 
intercept anoxic, acidic mine water and add alkalinity through dissolution of 
the limestone (Watzlaf et al., 2000). The water is constrained to flow through 
a bed of limestone gravel held within a drain that is impermeable to both air 
and water (Johnson and Hallberg, 2005). This creates an environment which 
is high in carbon dioxide and low in oxygen (INAP, 2003) and increases the 
dissolution of limestone while preventing the precipitation of iron hydrox-
ide. Minimal iron precipitation is essential since iron hydroxides generated 
tend to inhibit limestone dissolution and clog the drain (Skousen, 1998). The 
ALDs can be used to treat AMD flows of various rates, alone or in combina-
tion with other treatment systems, and can be installed in a wide variety of 
locations with the use of commonly available construction equipment. They 
have been applied on a large scale for the treatment of acidic mine water 
from a number of abandoned mine plants in the United States (ITRC, 2015).

Although ALDs produce alkalinity at a lower cost than constructed wet-
lands, they are not suitable for treating all AMD waters. They are suitable to 
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treat AMD that has low concentrations of ferric iron, dissolved oxygen and 
aluminium. In situations where the AMD contains significant concentrations 
of ferric iron or aluminium, the long-term performance of ALD is not good. 
When any of the three parameters (i.e., concentrations of ferric iron, dissolved 
oxygen and aluminium) are elevated, armoring of limestone can occur result-
ing in slow dissolution rate of limestone (Skousen, 1998; EPA, 2014). When the 
dissolution rate slows, there is a higher buildup of ferric iron and aluminium 
on the limestone, which eventually clogs the open pore spaces, resulting in 
abnormal flow paths that can reduce both the retention time of AMD within 
the ALD and the reactive surface area of the limestone (EPA, 2014). This may, 
in turn, cause failure of the drain within 6 months of construction (Watzlaf 
et  al., 2000; Johnson and Hallberg, 2005). Moreover, problems also occur 
where ALDs are used to treat aerated mine waters due to iron oxidation. 
Hence, passage of AMD through an anoxic pond prior to the ALD may be 
necessary to lower dissolved oxygen concentrations to prevent this oxidation 
(Skousen, 1998). It is also important that the solution to be treated remains 
in an anoxic state prior to entering the ALD to prevent metals from precipi-
tating out of the mine drainage and causing premature failure of the ALD 
(Cravotta and Trahan, 1999). This can be achieved by constructing the ALD 
directly on top of the discharge, allowing the acidic water to flow through the 
limestone, adding calcium carbonate to the water and increasing the alkalin-
ity and pH while maintaining anoxic conditions (Skousen, 1996).

7.2.2.3  Permeable Reactive Barriers

The PRBs are barriers that are placed in the path of groundwater flow allow-
ing the water to flow through easily and the barriers react with specific 
chemicals of concern (Blowes et al., 2000). The PRBs are often designed to 
provide a source management remedy or as an on-site containment rem-
edy (ITRC, 1999). The treatment zone may be created directly using reactive 
materials such as iron or indirectly using materials designed to stimulate 
secondary processes, such as by adding carbon substrate and nutrients to 
enhance microbial activity. In this way, contaminant treatment may occur 
through physical, chemical or biological processes (ITRC, 2015). Other reac-
tive media, such as limestone, compost, zeolites, granular activated carbon, 
apatite and others, have also been employed in recent years and offer treat-
ment options for controlling pH, metals and radionuclides (ITRC, 2005). In 
PRBs that are designed to treat AMD, the barriers are generally composed of 
solid organic matter, like municipal compost, leaf compost and wood chips/
sawdust (Blowes et al., 2000). Organic matter encourages the proliferation of 
SRB that reduce sulphate to biogenic sulphide resulting in the subsequent 
formation of metal sulphides.

The PRB technology has been applied at a good number of sites world-
wide, including some full-scale installations to treat chlorinated solvent com-
pounds (ITRC, 2005). The advantages of using a PRB include a relatively low 
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cost of operation and monitoring and the absence of above-ground structures. 
Although barriers often have very long theoretical treatment lifetimes when 
only the material and the contaminants of concern are considered, actual life-
times can become considerably shorter if there are other reactive substances 
present in the environment (Blowes et al., 2000). Depending on several site-
specific conditions, PRBs are expected to last 10–30 years before reactivity or 
hydraulic issues result in the need for maintenance. Disposal issues could also 
develop in the PRB treatment media after the contaminants are concentrated 
within the barrier system. This design is the most important in PRB systems 
that retain the contaminants, as opposed to PRB systems which degrade the 
contaminants as they flow through the system (ITRC, 1999).

7.3  Concluding Remarks

The active and passive techniques have been developed to treat AMD. It is 
noted that the most suitable treatment depends on the overall treatment per-
formance compared to other technologies (Barakat, 2011), technical factors 
such as fitting into the life cycle of the mine, operational factors such as utility 
requirements and maintenance, environmental impact such as waste disposal 
as well as economics parameter such as the capital investment and operational 
costs. Most of these treatment methods suffer from lack of economic sustain-
ability with the biggest challenge being the high operational costs associated 
with low revenue generation, if any. An alternative, therefore, in the treatment 
of AMD is to consider it as a valuable resource and look at the recovery of 
water that would satisfy the needs of a variety of mining and non-mining 
users and other valuable and saleable by-products such as metal sulphides and 
hydroxides that could be used to offset some of the operational costs (Simate 
and Ndlovu, 2014). This approach which is widely discussed in Chapter 9 has 
the potential to open a range of flowsheet options that treat mine water as 
a resource rather than a pollution problem (Warkentin et al., 2010). Indeed, 
the production of industrially valuable products may address the problem of 
AMD in a holistic and sustainable manner. As already stated, this approach is 
considered in Chapter 9 which falls under Part III of this book.
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8.1  Introduction

There is a general trend to promote products, processes, and services by 
claiming that these are environmentally friendly. To support these claims, 
several techniques and labelling mechanisms exist. These include life-cycle 
assessment (LCA), carbon footprinting and water footprinting (the impact 
on global warming and water, respectively) as well as various eco-labelling 
schemes, including Energy Star, the Forestry Stewardship Council (FSC) 
(Bratt et al., 2011) and many others. While many of the techniques have genu-
ine claims at being ‘better’ for the environment, one of the most robust and 
popular quantitative tools for environmental comparison is LCA. This sec-
tion gives details on the basic concepts of LCA.

The LCA is a method used to assess the full environmental impacts of a 
system. It is a quantitative tool for evaluating the full effects that a system 
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has on the environment, including extraction, processing, manufacturing, 
transportation, distribution, use, reuse, maintenance, recycling, and final 
disposal. As a result, the LCA typically includes the ‘cradle-to-grave’ impacts 
of the system in question, but it may also include ‘cradle-to-gate’ (Figure 8.1) 
or ‘gate-to-gate’ impacts.

One of the advantages of LCA is that it can focus on a product, process, 
or service. While LCA is known to look at the entire system, it also has the 
advantage of being able to look at individual parts within the system, e.g., 
transportation, packaging, or manufacturing. In addition, it can consider 
broader geographic aspects (such as continent, country, or smaller geo-
graphic aspect, depending on available data) while avoiding social or politi-
cal arguments. Since LCA is quantitative, the results should be reproducible, 
thereby enhancing its credibility.

The LCA by its nature is data intensive. Obtaining the required data 
may be difficult due to the quantity of data needed, the difficulty in mea-
surement of the data, and the sensitivity of certain data (particularly if the 
data is not from one’s own company). As a result of high volumes of data 
required, LCA practitioners often manipulate data using specialised soft-
ware packages. This allows easier and faster calculations and standardisa-
tion (which also allows for data transfer across databases). To standardise 
studies, practitioners perform LCAs according to the framework defined by 
ISO (ISO 14040:2006; ISO 14044:2006), thus allowing for mutual understand-
ing amongst practitioners.

FIGURE 8.1
‘Cradle-to-grate’ representation of an LCA, including reuse/recycling. When considering the 
final disposal of the product, this would be a ‘cradle-to-grave’ flowsheet.
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8.2  Performing a Life-Cycle Assessment

8.2.1  Framework

According to the ISO standards governing LCA (ISO 14040:2006 and ISO 
14044:2006), the LCA comprises four stages: (1) goal and scope, (2) inven-
tory analysis, (3) impact assessment, and (4) interpretation (Figure 8.2). 
Completing each stage is not always linear, but it is possible to return to 
earlier stages, thus forming the iterative nature of LCA.

8.2.2  Goal and Scope

The goal and scope of the LCA define the investigation. For example, the 
following questions may arise during the stage: Are the goals of the study 
to perform a strength and weakness analysis, product comparison, product 
improvement, or eco-labelling? Or, is the question simply to determine the 
environmental impact of something?

The first step in the goal and scope stage is to define a functional unit 
(FU). This is a numerical definition of the product/process/service under 
investigation, e.g., the production of 1 ton of paper. The FU is often extremely 

FIGURE 8.2
Phases of the LCA. (Modified from ISO 14040: 2006.)
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specific as this defines most of what is to follow in the study. For example, 
instead of saying: “driving 100 km in a passenger car”, it may be better to 
state it as: “driving 100 km in an Acme Model X passenger car at a constant 
speed of 60 km/hr, without passengers”. However, the FU may depend on 
the level of detail required in the study.

Another aspect of the goal and scope is to define the system boundaries, 
and what parts of the process to include. The LCA could be a cradle-to-gate 
(everything) assessment, or, if there is a valid reason not to include aspects 
of the process, cradle-to-gate (excluding recycling), or gate-to-gate (excluding 
certain inputs and recycling). In determining the overall system boundary 
under investigation, and the FU chosen, the included aspects are deter-
mined. Typically, the boundaries include as much of the process as possible 
(raw material processing, manufacturing, transportation, electricity produc-
tion, warehousing, use, and recycling), but this may not be possible, or the 
information on a certain aspect may simply be missing.

When looking at life cycles of large processes, multiple products may 
result, e.g., in a petroleum refinery. If the primary product of interest (and 
the FU) is unclear or difficult to split across the entire process (e.g., petrol, 
diesel, or LPG which all come from the same production facility), it may be 
necessary to apply allocation or division of multiple products. This is made 
possible by mass, economic, or any other basis. This means that instead of 
placing a quantitative burden on a single FU, the study splits the quantitative 
burden proportionally across the various products. For example, if a petro-
leum refinery produces 40% liquid products versus 60% gaseous products, 
then if one wants the LCA of the liquid products, the boundary may include 
the entire facility. However, the LCA will only attribute 40% of the result to 
the liquid products.

In the real world, processes are complex, such that adding recycling and 
disposal steps can complicate the allocation of the original FU and system 
boundary decisions further. For example, should products, sub-products, 
and materials recycled back to the same process, or used as raw materials 
in another process (where they may be replacing a less environmentally 
friendly process), be included in the boundaries or not (Figure 8.3)?

8.2.3  Life-Cycle Inventory Analysis

The second step of the LCA is the life-cycle inventory analysis (LCI). In engi-
neering terms, this is equivalent to a mass and energy balance. The LCA 
practitioner needs to collect all inputs and outputs within the defined system, 
including the economic (services and goods) and environmental (resources 
and emissions) values. This requires that the full flowsheet, including pro-
cesses required in the manufacture, use, and final disposal are known. The 
flowsheet starts with raw materials and ends with final use or disposal and 
includes all emissions (air, water, solid) along the chain, as defined in the 
goal and scope of the LCA. Data required to perform this stage of the LCA is 



171Life-Cycle Assessment of AMD Treatment Processes

available from literature, LCA databases, industry data, government records, 
or may be obtained through physical measurements. This is often the most 
difficult and time-consuming step in the LCA. Data obtained from systems 
that were calculated or measured for the specific study is known as the fore-
ground process, while data collected from secondary sources, e.g., databases, 
is known as the background process (Figure 8.4).

FIGURE 8.4
Schematic diagram of foreground (shaded block) versus background processes (everything else).

FIGURE 8.3
Simple schematic diagram showing how system boundaries and allocation of the FU are com-
plicated when recycling and disposal are included.
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The ultimate step in the inventory analysis is to construct an inventory 
table. This involves converting all the material and energy balance numbers, 
which are typically in the thousands, across the flowsheet into values rela-
tive to the FU. For example, one may be looking at the LCA of coal produc-
tion with a FU of 1 kg. Through investigations, however, one may have the 
diesel requirements for the entire facility in the entire year. Therefore, it is 
part of the process to convert an annual diesel value to the equivalent quan-
tity in terms of per kilogram of coal.

The numbers are typically all mass values. In this step, energy values 
would have become mass values since a kilowatt of energy would require 
a certain mass of coal or other fuel as may be applicable. While this is a 
complicated step of the LCA, there are LCA software that may be helpful in 
analysing and/or dealing with this step.

It is important to note that some issues may not be picked up in numbers, 
e.g., soil erosion, noise, rainfall/evaporation, or the exact site location, e.g., 
prime real estates versus more slum-like areas. This should not be forgotten 
when analysing and reporting results since these issues could play a big part 
in decision making.

8.2.4  Life-Cycle Impact Assessment

The next step is life-cycle impact assessment (LCIA). In this step, the mate-
rial numbers are converted from the inventory analysis into a manageable 
number of representative values. The LCA practitioner converts thousands 
of numbers from the LCI to a meaningful representation in three steps as fol-
lows: classification, characterisation/normalisation, and valuation.

8.2.4.1  Classification

Each of the thousands of inventory table data points is classified according to 
an environmental problem. These could include environmental issues such 
as resource depletion, energy depletion, global warming, photochemical 
oxidation, acidification, toxicity, ozone depletion, eutrophication, and many 
others (midpoint categories). Material from the inventory table may contrib-
ute to more than one category. It should be noted, in this context, that carbon- 
and water footprinting are essentially subsets of LCA, each with its own 
potential set of rules around setting boundaries and classifications. Various 
organisations promote their own set of classification categories including 
the methods such as ReCiPe, CML, Eco-indicator, TRACI, GLAM, and many 
others (Guinée, 2015). Each of the categories also has a weighting factor for 
characterisation as explained in the subsequent section.

8.2.4.2  Characterisation/Normalisation

Once all the materials have been classified into a category, each material is 
given a weighting factor depending on their relative impact to the category 
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in question. Weighting factors are defined in terms of some other chemicals, 
e.g., global warming is given in terms of CO2 equivalents; 1 kg of CH4 equals 
25 kg CO2 eq (IPCC GWP100a method). Weighting factors multiplied by the 
amount of material give the contribution of such a material to the final LCA 
scores. Summing all the contributions from each material in a category gives 
a final LCA score for that category.

It must be noted that values from characterisation can seem meaningless 
in isolation. However, they are more meaningful when used as a compari-
son to a similar product/process (or during an improvement assessment), or 
when the assessment is broken down to show the contributions of individual 
parts of the whole system, e.g., transport, manufacture, use, or disposal. In 
other words, the LCA result of a plastic bottle from company A (or produc-
tion line X) is more understandable when compared to the product of com-
pany B (or production line Y).

Another way to make sense of the numbers from characterisation is when 
many LCAs have been performed and a comparison is made from the stud-
ies. This is termed normalisation. This involves comparing the size of a con-
tribution against the total contribution to the problem over one year. For 
example, if a process is emitting one tonne of pollutant and the global num-
ber is one million tonnes per year, then the normalised value for the process 
is one-millionth of a year (10−6 years) or about 32 seconds.

The readers must take note that the information presented in this chap-
ter has been overly simplified. In advanced studies, characterisation itself 
can be broken further into midpoint or endpoint categories as may be seen 
from an environmental or human health perspective, and areas of pro-
tection (human health, ecosystem quality, and natural resources). Impact 
assessment, in general, is the area of LCA that defines characterisation, 
and this is where it is constantly under methodological scrutiny. For more 
in-depth analysis of the topic, it is suggested that the readers find a spe-
cialised textbook on the topic such as Guinée (2015) or visit up-to-date web-
sites that have more information, e.g., the UN Environment Programme’s 
LCInitiative.

8.2.4.3  Valuation

A last step in the quantification procedure in the LCA is the valuation step. 
This is the conversion of characterisation scores into a final single value. 
Each characterisation value gets a weighting, and all weighted values are 
summed to give a single score. While valuation and single scores are some-
times available, they are not common. Therefore, often, LCA practitioners 
leave results at a midpoint characterisation value (Figure 8.5).

To perform the steps in the LCIA phase, specialist LCA software are avail-
able, i.e., both open-source and proprietary software options are available. 
The important aspect of the software is the availability of databases on 
which to build new LCAs. Such databases are available from several sources, 
with some of them giving users tens of thousands of datasets.
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8.2.5  Interpretation

The design of LCAs are such that they are to be questioned at each stage 
of the process; this is the role of the interpretation phase. It is particularly 
easy in the earlier stages to have numbers without much knowledge of what 
they mean. Due to an iterative nature of LCA, improving parts that are prob-
lematic during the interpretation phase (after each other stage) strengthens 
the confidence of the LCA results. The interpretation phase is also purpose-
fully designed such that the practitioner is reminded to look back at what the 
exact scope of the study was and ensure the results meet the expectations of 
what should have been investigated.

8.3  Typical Studies of Life-Cycle Assessments

Researchers have presented LCA studies for a wide range of processes. These 
include bio-diesels (Harding et al., 2008), chemicals (Fantke and Ernstoff, 
2018), food (Cucurachi et al., 2019), plastics (Harding et al., 2007), and many 
more. It is also common to find studies that look only at certain aspects of the 
LCA, e.g., global warming or carbon footprinting, as well as water footprint-
ing (Pfister et al., 2017). Consultants have also undertaken many more stud-
ies for their corporate clients which they keep for internal use only.

In the mining and mineral processing industries, there is a similar inter-
est in LCA studies. These include various minerals and processes, from full 
LCA studies to impacts of the use of water (Haggard et al., 2015;  Northey 
et al., 2013;  Northey et al., 2016; Osman et al., 2017; Ranchod et al., 2015).

FIGURE 8.5
Representative steps of the LCA from obtaining an inventory table, through classification, 
characterisation, and valuation.
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There have been few published studies that have used LCA methods 
to determine the environmental impacts of different acid mine drainage 
(AMD) treatment technologies. Such studies include both active and passive 
remediation techniques in different countries which are valuable examples 
of what is possible with AMD (Table 8.1).

The first case study presented in this chapter is for the active versus pas-
sive AMD treatment technologies in New Zealand (Hengen et al., 2014). As 
discussed in some sections of this chapter, using LCA, it is possible to look 
at different scenarios and what-if options. In a study by Hengen et al. (2014), 
eight scenarios were investigated to determine the impacts of various pro-
cessing options. This is common in LCA where different transport options 
or suppliers may be of interest. Where comparative studies are involved, and 
the aim is to compare different options, it is common to draw the system 
boundary to a ‘gate’. This is useful when the excluded portions of the sce-
narios are identical, and there is more interest in the differences (the actual 
comparative LCAs investigated) than the absolute final impact of the entire 
process. In the Hengen et al. (2014) study, it was shown that passive treatment 
systems had lower environmental impacts than active treatment technolo-
gies. Furthermore, the study found that reducing transport distances and 
using recycled materials could improve environmental burdens.

The LCA is also an effective way to look at different processes, whose final 
products have the same use (FU). For example, Tuazon and Corder (2008) 
determined the life-cycle impacts of lime and reused red mud as neutral-
izing agents for AMD. While these are two distinct products, which would 
have originated through completely different processing routes, their use 
(remediating AMD) would be the same and are thus comparable.

However, LCA does not only compare processes. A useful aspect may be 
to know the hotspots (areas of concern) in a full process. While LCA soft-
ware gives life-cycle impact values for the entire process, it is also possible 
to break them down so as to determine which aspect of the process con-
tributed what proportion. This is something that Masindi et al. (2018) stud-
ied when looking at distinct aspects of a single process for AMD treatment. 
Even though there is no other process to compare results to, it can be useful 
to know that one part of the process might be contributing proportionally 
higher to LCA impacts than another part. In their study, Masindi et al. (2018) 
found that electricity was a large contributor to LCA impacts. Reduction 
of energy needs or replacement of electricity use with renewable energy 
sources would thus reduce the entire LCA score substantially.

As mentioned previously, setting the goal and scope can be particularly 
important. This is because not understanding the actual problem in the first 
place can make deciphering results confusing. Another aspect could be the 
time under consideration. Depending on the year the data was obtained, or 
the length of time under consideration, results can vary. Reid et al. (2009) is 
one such example, where it was found that results could vary depending on 
what temporal boundaries were set. In this study, if a mine closure period 
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TABLE 8.1

Summary of Case Studies on AMD Treatment Scenarios

Title Location Aim Description LCA Details
Significant 
Findings Recommendations References

1 LCA of active 
and passive 
AMD 
treatment 
technologies 
at a coal 
mine

Stockton Coal 
Mine, New 
Zealand

To compare the 
environmental 
impacts of 
different 
implemented and 
optional active 
and passive 
AMD treatment 
methods

Eight scenarios 
investigated, 
including 
limestone and 
the use of 
mussel shells

Cradle to gate 
analysis, 
including 
transport and 
construction.

Lime slaking had 
the greatest LCA 
impacts, and 
passive treatment 
had fewer 
impacts. Reduced 
transport 
significantly 
reduced scores

Design considerations 
should include utilizing 
materials with reduced 
processing, sourcing 
local materials and 
minimizing pumping 
energy

Hengen 
et al. 
(2014)

2 LCA of 
seawater 
neutralised 
red mud for 
AMD 
treatment

Mount 
Morgan, 
Queensland, 
Australia

To compare the 
environmental 
impacts of 
different 
neutralants, lime 
and seawater 
neutralised  
red mud, in 
controlling acidic 
water discharges

An 
investigation 
into scenarios 
of using lime 
(one scenario) 
versus reused 
red mud 
(three 
scenarios)

Equivalent 
neutralisation 
ability used as a 
basis. Transport 
included

Red mud has the 
potential for 
reuse, but due to 
the requirement 
of approximately 
12 times more 
mud by mass, 
insufficient 
conclusions were 
drawn

Further studies 
involving more detailed 
analysis are needed, 
including management 
issues associated with 
the physical and 
chemical stability of red 
mud

Tuazon 
and 
Corder 
(2008)
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3 Assessing the 
sustainability 
of AMD 
treatment

Mpumalanga 
Province, 
South Africa

To assess the 
environmental 
sustainability of  
a typical AMD 
treatment 
process, identify 
environmental 
hotspots and 
avenues to 
improve its 
environmental 
sustainability

Investigating 
AMD from an 
integrated 
coal mine 
treatment 
system using 
magnesite, 
lime, soda ash 
and CO2

LCA of a single 
integrated system, 
including process 
contribution 
analysis. 
Economic and 
social aspects also 
investigated

The system  
had a high 
environmental 
impact, due to 
electricity 
requirements, 
particularly due 
to South African 
coal-fired 
electricity 
generation

Use of renewable energy 
and sourcing gaseous 
CO2 from other 
production processes, 
e.g., flue gas,  
can reduce the 
environmental impact 
by up to 81%. Mineral 
recovery from AMD 
can also mitigate the 
environmental 
footprint. More 
research is needed

Masindi 
et al. 
(2018)

4 LCA of mine 
tailings 
management

Quebec, 
Canada

To quantify and 
compare the 
environmental 
burdens of 
different  
mine tailings 
management 
methods, 
specifically 
relating to the 
contribution of 
the land-use 
category

To develop the 
inventory of 
six tailings 
management 
scenarios to 
limit the 
formation of 
AMD

Life-cycle stages 
included 
development, 
operation, and 
closure

The best scenario 
was shown, but it 
was seen that 
different temporal 
boundaries could 
affect results

Future results should be 
applied with caution 
since mineral ore grade, 
topography of the site, 
and soil characteristics 
could significantly 
influence the 
environmental impacts

Reid et al. 
(2009)

(Continued)
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TABLE 8.1

Summary of Case Studies on AMD Treatment Scenarios (Continued)

Title Location Aim Description LCA Details
Significant 
Findings Recommendations References

5 LCA of a 
passive 
remediation 
system

Mina 
concepcion 
sulphide 
mine, 
Southwest 
Spain 
(Iberian 
Pyrite Belt)

To perform an 
LCA for 
dispersed 
alkaline substrate 
(DAS) 
technology, 
effective for 
metal-rich and 
acid waters

LCA to 
quantify the 
environmental 
impacts 
associated 
with an AMD 
passive 
treatment 
plant

LCA included 
construction, 
operation, waste 
handling, and 
water treatment

Construction 
creates initial 
environmental 
impacts, but 
upstream 
manufacturing 
impacts are most 
significant

The results could be 
used to support 
decision making of a 
restoration plan for the 
Odiel River basin. 
Results may also 
contribute to more 
environmentally 
friendly mining by 
supplying insights into 
the environmental 
impacts related to AMD 
treatment

Martínez 
et al. 
(2019)

6 LCA of 
flotation 
process to 
prevent  
acid rock 
drainage

Not location 
specific

To evaluate the 
environmental 
consequences of 
a desulfurisation 
flotation unit for 
the prevention of 
acid rock 
drainage

LCA for the 
treatment of a 
tailings slurry 
generated 
from a 
base-metal 
sulfide ore

One scenario using 
conventional 
dewatering  
and further 
processing,  
with a second 
scenario using 
desulfurisation 
flotation and 
further processing

Desulfurisation 
flotation resulted 
in a decrease in 
some LCAI 
scores, but 
increases in others

While holistic and 
systemic, LCA tools can 
be deficient in reliably 
and comprehensively 
accessing all 
environmental impacts 
for solid mineral waste 
systems. Future studies 
will need to be more 
detailed

Broadhurst 
et al. 
(2015)
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of under ten years was used, versus greater than ten years, the best to worst 
ecosystem quality scenario results were inverted. It was also shown that the 
longer the period under consideration, the greater the differences in these 
environmental impacts.

A further consideration to the time aspect is how to include the construc-
tion phase of the process, which should be included if the LCA is truly 
‘cradle-to-grave’. In the first year of operation, a substantial part of the envi-
ronmental impact would be due to the construction phase, while as time 
passes, the relative average yearly impact of the construction phase becomes 
smaller due to less (or no) construction in those years. At some point, it may 
become insignificant enough not to be of concern, as is the case in a study 
by Martínez et al. (2019), where it was determined that after 4.5 years, the 
impacts of construction were insignificant. Actually, it is a common assump-
tion that the construction phase is considered negligible and ignored. This 
is particularly true for projects that have processing facilities with projected 
lifespans of a few decades or more, or because this information is no longer 
available, or difficult to find.

The final case study presented looked at a desulfurisation flotation process 
versus a conventional system to prevent acid rock drainage formation at a 
base metals facility (Broadhurst et al. 2015). The study showed that while the 
LCA method was able to determine improvements in some LCIA category 
results, there could be conflicting results in other categories. It also showed that 
although the LCA method is holistic and systemic, there could be cases where 
the impact of categories are not appropriate for the system being investigated.

8.4  Concluding Remarks

Without rigorous scientific analysis, it is impossible to determine objectively 
if a process is environmentally superior to any alternatives. The LCA is one 
tool that allows for such an analysis to be carried out. Using quantitative 
analysis, LCA can give repeatable and dependable results to determine the 
environmental impacts of a process, product, or service. A good example 
where LCA can be beneficial is when comparing active or passive AMD 
treatment systems.
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Part III

Reuse, Recycle and 
Recovery Processes of 

Valuable Materials from 
Acid Mine Drainage

The problems of AMD, which include contamination of groundwater and 
surface water, are growing exponentially. Whilst a wide range of technol-
ogies are available for preventing AMD generation and/or treating AMD 
before discharge as illustrated in Part II of the book, most of these technolo-
gies consider AMD as a nuisance that needs to be quickly disposed after the 
minimum required treatment. However, in the recent past, there has been an 
emerging worldwide paradigm towards environmental responsibility and 
sustainable development. In fact, the reuse, recycle and recovery of industri-
ally useful materials and products are the emerging pragmatic approaches 
to mitigating the challenges associated with AMD. Therefore, the main focus 
of this part of the book is to bring together a number of studies in which 
novel methods have been developed for the reuse, recycle and recovery of 
industrially useful materials from AMD.
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9.1  Introduction

The title of this book is embedded in this chapter. On the other hand, the 
previous chapters narrated how worthless AMD is, and the need for it to be 
either prevented or treated in order to avert a serious global environmen-
tal challenge encountered during mining operations whether in operating 
mines or closed mines. As discussed in several chapters of this book, AMD is 
characterised by low pH and contains elevated concentrations of toxic metal 
ions (Fe, Zn, Cd, Al, Cu, Pb), dissolved anions (sulphates, nitrates, chlorides, 
arsenates, etc.), hardness, and suspended solids (Sheoran and Sheoran, 2006; 
Dhir, 2018) all of varying compositions depending on the original mineral 
deposit types (Sheoran and Sheoran, 2006). For decades, the need for sustain-
able AMD prevention and treatment approaches has led to research that has 
focused on resource recovery of useful products from AMD (García et al., 
2013; Simate and Ndlovu, 2014; Naidu et al., 2019). For example, Simate and 
Ndlovu (2014) explored the generation of a wide range of industrially useful 
materials from AMD. In fact, recent research on AMD treatment techniques 
has shown that most of the AMD constituents can be considered as valuable 
resources (García et al., 2013; Kefeni et al., 2017). Furthermore, Rodríguez-
Galán et  al. (2019) argue that the possibility of recovery of valuable prod-
ucts from AMD waste is a potential option since not only environmental 
impact is reduced, but also economic advantages can be achieved. In view of 
the aforementioned discussion, overall, this chapter provides insights into 
previous, current, and future holistic approaches developed towards the 
recovery and utilisation of resources from AMD for the purpose of sustain-
able development. More specifically, the chapter deals with the 3Rs – Reuse, 
Recycle, Recovery – as the most important strategies for dealing with AMD. 
Reuse in the context of this chapter refers to the use or application of a sig-
nificant component of the AMD such as water for a specific purpose after 
undergoing some treatment. Recycling is defined as the conversion of the 
entire waste such as AMD sludge into a new valuable product or application. 
Recovery on the other hand refers to the extraction of valuable resources or 
ingredients from the AMD with the aid of processing and/or reprocessing 
techniques.

9.2  Recovery of Metals

A metal is basically any chemical element that is considered as a good 
conductor of both electricity and heat (Geiger and Cooper, 2010). From the 
chemistry point of view, metals readily lose electrons to form cations and 
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ionic bonds with non-metals. Metals comprise the greater part of the peri-
odic table of elements, while non-metallic elements are only found on the 
right-hand side of the periodic table (see Figure 9.1). A diagonal line, drawn 
from boron (B) to astatine (At), separates the metals from the non-metals 
(Geiger and Cooper, 2010). Most elements on the diagonal line are metal-
loids, which are called semiconductors sometimes because they display 
electrical characteristics that are common to both conductors and insulators 
(Geiger and Cooper, 2010). Amongst the 88 elements present in the periodic 
table, about 30 elements may be considered as toxic heavy metals, and it is 
generally accepted that all the heavy metals have a specific gravity (density) 
greater than 5.0 g/cm3 (Parker, 1989; Lozet and Mathieu, 1991; Morris, 1992; 
Duffus, 2002).

Generally, metals and their alloys are divided into two classes – ferrous 
and non-ferrous (Hall and Giglio, 2010). Ferrous metals consist of iron, steel, 
and alloys related to them that are magnetic in nature (Dunaway, 1984). Non-
ferrous metals are those that contain either none, or very small amounts of 
ferrous metals, and they are generally divided into the aluminium, copper, 
magnesium, lead, and similar groups (Dunaway, 1984).

It is indisputable that metals are an integral part of human life and world 
development (Hall and Giglio, 2010). According to Norgate and Rankin 
(2002), metals are actually well suited for sustainable development goals as 
they have unlimited life span and the potential for unlimited recyclability. 
However, metal demand and usage around the globe are rising coupled with 
the depletion of high-grade reserves (Sethurajan, 2015). Norgate and Rankin 
(2002) also argue that the source of primary metals is finite. As a result, it 

FIGURE 9.1
Periodic table showing metal, metalloid, and non-metal elements.
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has become increasingly important to consider other sources of metals. 
For example, AMD which is considered as an environmental contaminant 
is now viewed as a potential source of valuable metals (Naidu et al., 2019). 
Moreover, according to García et al. (2013), AMD contains several metals and 
metalloids of particular interest such as copper, iron, manganese, alumin-
ium, and zinc. Kwon et al. (2016) also argue that though most of the current 
remediation technologies consider AMD as a waste material, in actual fact, 
AMD contains several species of metals including valuable metals. In addi-
tion, the increases in prices of many metal commodities have revived ques-
tions as to whether metals can be economically recovered from AMD (Smith 
et al., 2013). Nordstrom et al. (2017) acknowledge that metal recovery from 
mine waters and effluents is not a new approach, but one that has occurred 
largely opportunistically over several millennia. The focus of this section of 
the chapter is to discuss and evaluate different techniques that facilitate the 
recovery of metals from AMD. The techniques are divided into four catego-
ries: settling and sedimentation, selective precipitation, selective adsorption, 
ion-exchange, and electrochemical treatment.

9.2.1  Settling and Sedimentation

9.2.1.1  Concepts of Settling and Sedimentation

Many approaches can be used for the treatment of mine waters, with the 
treatment solution dependent on the mine water contamination. Particle 
settling and sedimentation represent the simplest processes employed for 
treating mine impacted water (McCauley, 2011). The two processes have been 
credited for efficiently removing heavy metals associated with particulate 
matter in AMD particularly in natural and constructed wetlands (Hammer, 
1997; Sheoran and Sheoran, 2006). However, despite the effectiveness of set-
tling and sedimentation, the processes rely on a range of other processes 
like precipitation, co-precipitation, and adsorption that have to occur first in 
order to aggregate heavy metals into particles large enough to sink (Walker 
and Hurl, 2002; Sheoran and Sheoran, 2006). For example, chemicals may be 
added before the AMD flows into sedimentation ponds so that metals in the 
AMD can settle out or precipitate (Skousen, 2014). In fact, the processes can 
be accomplished by either active or passive techniques (Skousen et al., 2000; 
Waters et al., 2003), and see Chapter 7 for details of the two techniques. In 
view of the two techniques, Trumm (2010) has developed a selection crite-
rion for the two techniques. However, in both passive and active treatment 
systems, neutralisation (or pH control) is the most commonly used approach 
(Taylor et  al., 2005). By increasing the pH to create alkaline conditions  
(e.g., pH ≥ 9.5), the solubility of most metals can be significantly decreased 
by precipitation (Taylor et al., 2005). Ideally, dissolved metals will precipi-
tate from AMD as loose, open-structured mass of tiny grains called flocs or 
sludge (Skousen, 2014).
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This technique, conventional precipitation, has many disadvantages 
including being expensive, labour intensive, and ineffective when metal con-
centrations are below ppm levels (Brown, 1996). This conventional method 
of treating AMD by chemical neutralisation using lime or limestone also 
results in huge amount of sludge (Kefeni et al., 2015). In addition, it requires 
being pumped, dewatered, trucked, and processed or even buried, and sub-
sequently monitored for any leachates (Brown, 1996). In view of these dis-
advantages, Simate and Ndlovu (2014) argue that a suitable method should 
be based on recovery and reuse of the heavy metals. In other words, to use 
AMD as a resource, the separation of metals as well as their removal from 
AMD is required (Bessho et  al., 2017). Kefeni et  al. (2015) also argue that 
in order to achieve sound environmental protection and sustainable rem-
edy, it is imperative that the means of recovery of the valuable minerals and 
reuse of the resources from AMD should be developed. Therefore, there is no 
doubt that it is desirable to have an AMD remediation technique that would 
also lead to recycling of major and/or minor metal elements. Such methods 
are discussed in Sections 9.2.2–9.2.5.

9.2.1.2  Typical Studies of Settling and Sedimentation

Several chemicals are used in AMD settling and sedimentation processes. 
According to Skousen et  al. (2000), each chemical has characteristics that 
make it more or less appropriate for a specific condition. In addition, Skousen 
et al. (2000) state that the best choice among alternatives depends on both 
technical and economic factors. The technical factors include acidity levels, 
flow, and the types and concentrations of metals in the AMD. The economic 
factors include prices of reagents, labour, machinery and equipment, the 
number of years that treatment will be needed, and the interest rate.

INAP (2009) and ITRC (2010a) state that raising the pH of AMD solution 
using alkaline agents causes certain dissolved metals (e.g., cadmium, copper, 
iron, lead, manganese, and zinc) to precipitate as hydroxides. A coagulant 
and/or flocculant may also be added to enhance flocculation, and the solution 
may be transferred to a clarifier in order to settle the solids and thus sepa-
rate them from the cleaned overflow effluent. The resultant metal-hydroxide 
sludge extracted from the bottom of the clarifier usually contains a large per-
centage of bound water, limiting the potential for reuse, and is disposed of as 
a solid waste. The amount of sludge generated can be reduced by employing a 
high-density sludge (HDS) treatment technique. In HDS processes, the precip-
itated hydroxide sludge is recycled to a conditioning tank, where it is mixed 
with the alkali reagent. The sludge/alkali slurry is then added into the AMD 
to raise the pH and cause additional metal precipitation. The reconditioning 
of the sludge provides for precipitation sites for the dissolved metals to bond, 
thus increasing the overall density of the sludge in the clarifier underflow.

A two-step neutralisation process, leading to the formation of ferrites, was 
developed by Herrera et al. (2007) for the treatment of AMD. The process 
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applied in the study used MgO and NaOH as the first and second neutralis-
ers, respectively. In the first neutralisation step, MgO was used to raise the 
pH of AMD to around 4.5 so as to eliminate aluminium and to reduce the sil-
ica concentration. In the second neutralisation step NaOH was used to com-
plete the neutralisation and to co-precipitate ferrous and ferric hydroxides, 
from which ferrite could be formed. The results of the study showed that the 
two-step neutralisation process is a very promising option in AMD remedia-
tion because it can reduce a sludge volume in the order of 20–80% compared 
to the conventional lime neutralisation process. Additionally, an industrial 
use of the ferrite sludge produced would reduce the amount of sludge to be 
disposed of by about 90%. The results of batch and continuous flow tests 
showed that MgO performed better than NaOH because of its higher neu-
tralizing capacity per unit weight and because the use of MgO avoids the 
massive precipitation of Ca species in the second neutralisation step. Large 
amounts of Ca species would hinder the ferritisation of the precipitates.

A study by Kaur et al. (2018) compared the performance of Bayer liquor 
and Bayer precipitates with commercially available alkali commonly used in 
the treatment of AMD water in view of material requirements and discharge 
water quality. The research questions addressed were: (1) can the waste alkali 
materials raise the pH to the required levels to meet water discharge limits; 
(2) is it possible to reduce dissolved metal concentrations to satisfy regula-
tions; and (3) what is scientific explanation for differences in performance for 
the various alkalis. In a study by Kaur et al. (2018), the treatment of mine pit 
water involved the addition of known amounts of lime, Bayer hydrotalcite, 
Bayer liquor, sodium carbonate, and sodium hydroxide to 25 mL of AMD 
water at ambient temperature. The resultant mixture was then agitated 
for 24  h before being centrifuged. With respect to the research questions, 
firstly, all investigated alkaline materials successfully raised the pH of mine 
pit water so as to meet discharge limits, i.e. pH 6.5–8.5. Secondly, the study 
found that lime and Bayer precipitates were more effective in removing the 
metals present in mine pit water than either sodium hydroxide, sodium car-
bonate, or Bayer liquor. Thirdly, the ability of the precipitates to encapsu-
late heavy metals was determined to be more important than surface area. 
Mechanistically, larger precipitates were found to positively influence the 
removal of heavy metals, with lime and Bayer precipitates forming the larg-
est precipitates. Sludge produced after treatment with Bayer precipitates was 
more stable and showed minimum metal leaching as compared to sludge 
produced after treatment with other alkali. The mass of material required 
for attaining the desired pH was higher for Bayer precipitates compared to 
lime, but the capital cost for a system using lime was considered high due to 
its hydrophobic nature and the resultant extensive mixing required.

Olds et al. (2013) evaluated the effect of surface area of precipitates formed 
by neutralisation of AMD using three alkalinity reagents (NaOH, Ca(OH)2, 
and CaCO3) on the sorption of Ni and Zn, and their subsequent removal. 
Jar stirrers were used for neutralisation of the AMD in 1-L beakers, with 
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different mixing regimes for different alkaline reagents. The NaOH neu-
tralised samples were dosed with NaOH followed by a 1-min rapid mixing 
phase (100 rpm) and a 25-min flocculation phase (20 rpm), as neutralisation 
by NaOH was instantaneous. By contrast, the Ca(OH)2 and CaCO3 neutral-
ised samples were dosed with slurry of reagents followed by a 60-min rapid 
mixing phase (100 rpm). At the end of the flocculation/mixing period, the 
beakers of neutralised AMD were allowed to settle for 2 h. The results of the 
study indicated that the removal of Ni and Zn by sorption onto AMD pre-
cipitates is influenced by the surface area of the floc formed during neutrali-
sation. Neutralisation of AMD by NaOH and Ca(OH)2 produces large fluffy 
floc, with surface areas, an order of magnitude greater than floc formed by 
CaCO3 neutralisation. As a result, significantly more Ni and Zn were sorbed 
and co-precipitated on the NaOH and Ca(OH)2 floc.

Bologo et al. (2009) proposed a process whereby Mg(OH)2 was used for the 
neutralisation of free acid and subsequent raising of the mine wastewater pH 
to above 7 to facilitate rapid iron (II) oxidation and precipitation as Fe(OH)3. 
In other words, the investigation aimed to demonstrate that Mg(OH)2 treat-
ment, in combination with lime treatment, offers an attractive solution for 
the treatment of acid mine water that is rich in Fe(II) and other metals. In 
this approach, Fe(II) with a concentration of 900 mg/L was completely oxi-
dised within 10-min reaction time and precipitated as Fe(OH)3 together with 
other metal hydroxides. The precipitated Fe(OH)3 together with other met-
als hydroxides was separated from the water. In the next stage, magnesium 
was precipitated with lime as Mg(OH)2 and was separated from the water 
together with gypsum. Bologo et al. (2009) suggested that Mg(OH)2 can be 
separated from the gypsum by treating it with CO2 to form Mg(HCO3)2 or 
with H2SO4 to form MgSO4. This study demonstrated that the integrated 
Mg(OH)2 and lime process can be applied for treating acid mine water effec-
tively. In addition, by using Mg(OH)2 instead of Ca(OH)2 or CaCO3, gypsum 
precipitation can be avoided and metal hydroxides can be precipitated sepa-
rately from gypsum.

9.2.1.3  Recovery of Metals from the Sedimentation Sludge

The metals within the sludge that consist of particulate matter and other 
impurities can be economically extracted using a number of technologies 
(Sethurajan, 2015). For example, different pyrometallurgical and hydromet-
allurgical processes have been developed for the extraction of metals from 
metallurgical sediments and/or sludge (Sethurajan, 2015). Pyrometallurgy 
employs high temperatures to carry out smelting and refining operations 
to extract metals, whereas hydrometallurgy uses aqueous solutions to sepa-
rate the desired metals (Nassaralla, 2001). Hydrometallurgy has a number 
of advantages including low initial capital investment, low energy require-
ments, and high-purity grade of the metal produced compared to pyrometal-
lurgy (Nassaralla, 2001); and hence it is mainly adopted.



193Recovery Processes and Utilisation of Valuable Materials

Sethurajan (2015) proposed different approaches for the extraction of heavy 
metals from the metallurgical sludges and/or sediments. These processes 
include (1) thermal treatment coupled with high concentrated acid leach-
ing, (2) acid leaching, (3) combination of pyrometallurgical (roasting) and 
hydrometallurgical processes (sulphuric acid, water and NaCl), (4) hydro-
metallurgical process including leaching, cementation and refining, and (4) 
bioleaching with iron oxidizing bacteria (acidithiobacillus ferrooxidans, aci-
dithiobacillus caldus), and archaea (sulpholobus metallicus), and many other 
techniques. After the metals have been extracted from the sludge, other pro-
cesses discussed in Sections 9.2.3–9.2.5 may be used to recover them.

9.2.1.4  Summary

There are many techniques that can be used for the treatment of AMD, with 
the treatment option dependent on the degree of contamination. The simplest 
of all the techniques is generally termed settling and sedimentation (or con-
ventional precipitation method). The traditional solution to treat AMD and 
the first of the settling and sedimentation methodology involves collecting 
and chemically treating acidified effluents in a centralised treatment plant. 
Alternatively, the second method involves routing effluents through natural 
or constructed wetlands within which microbial communities perform the 
same function. Both methods use pH control (or neutralisation) as a means 
of precipitating the metals in the AMD, which results in the formation of 
sludge. Thereafter, the metals can be economically extracted from the sludge 
using a number of pyrometallurgical and hydrometallurgical technologies.

9.2.2  Selective Precipitation

9.2.2.1  Concepts of Selective Precipitation

Selective precipitation is based on solubility differences among the metal 
compounds (Rodríguez-Galán et  al., 2019 ). A lot of studies have shown 
that it is one of the most promising ways to overcome the problems of the 
conventional precipitation technique discussed in Section 9.2.1 (Wei et al., 
2005; Simate and Ndlovu, 2014; Oh et al., 2016; Rodríguez-Galán et al., 2019). 
The main advantages of this method are the reduced volume of the pro-
duced sludge and the valorisation of metals (Oh et  al., 2016; Rodríguez-
Galán et al., 2019).

The most common reactive agents for metal precipitation are hydroxides 
or sulphides (Rodríguez-Galán et al., 2019). Amongst the two chemicals, sul-
phides have various advantages compared to using hydroxides (Lewis, 2010; 
Oh et al., 2016). Firstly, there is a high possibility of metal separation using 
sulphides because of the more distinct solubility of various metal sulphides 
(Sampaio et  al., 2009; Oh et  al., 2016). Secondly, metal sulphides also have 
other advantages including faster reaction rates, low solubility over a wide 
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range of pHs, better settling properties, and higher potential for reuse by 
smelting (Gharabaghi et  al., 2012; Oh et  al., 2016; Uça, 2017). Furthermore, 
the use of sulphide not only allows producing effluents with metal concen-
trations in the order of magnitude of ppm and ppb, but also gives the pos-
sibility of precipitation at low pH and selective precipitation for metal reuse 
(Sampaio et  al., 2009). Sulphide precipitation can be effected using either 
solid (FeS, CaS), aqueous (Na2S, NaHS, NH4S), or gaseous (H2S) sulphide 
sources (Lewis, 2010; Patil et al., 2016). There is also the possibility of using 
the degeneration reaction of sodium thiosulphate (Na2S2O3) as a source of 
sulphide for metal precipitation (Lewis, 2010).

9.2.2.2  Typical Studies of Selective Precipitation

This section discusses metal recovery from AMD and/or industrial wastewa-
ter using a selective precipitation process based on solubility characteristics 
of the major and minor metals in the wastewater. The examples discussed 
involve the use of various neutralisation reagents.

The experimental study performed by Wei et al. (2005) involved the treat-
ment of AMD from a bond-forfeited coal mine site (Upper Freeport seam) 
that is located in north central West Virginia. The objective of the study was 
to recover iron and aluminium from AMD by selective precipitation. The 
untreated AMD water samples were collected and stored in closed high-
density polyethylene bottles and kept at 4°C. Thereafter, the AMD water was 
removed from the fridge and bubbled with compressed air for at least 24 h to 
ensure the complete oxidation of Fe2+. The water was then filtered to remove 
debris and suspended solids. Thereafter, it was referred to as “raw” AMD 
and was used as a feed solution for metal solubility and recovery experi-
ments. A two-step process was used for metal recovery tests: iron precipita-
tion followed by aluminium precipitation. For iron precipitation, raw AMD 
water samples of 500 mL were neutralised with 10-N caustic soda (NaOH) 
solution to pH end points between 3.0 and 4.5, at 0.5 standard unit intervals 
to assess iron recovery at different pHs. After iron recovery (at pH 3.5), the 
filtered AMD water was used as a feed solution for aluminium precipitation. 
Samples of 500 mL each were then neutralised with 10-N NaOH to pH end 
points from 4.5 to 8.0 to determine the aluminium recovery performance 
over a range of pHs. In addition to NaOH, similar pH adjustment tests were 
conducted using soda ash (Na2CO3), ammonia (NH4OH), quick lime (CaO), 
and hydrated lime (Ca(OH)2) for iron recovery at pH of 3.5 and aluminium 
recovery at pH of 6.5 so as to assess the performances of different neutralisa-
tion reagents. The NH4OH solution of 25–30%, as acquired, and 1-M Na2CO3 
solution were added for pH adjustment. The CaO and Ca(OH)2 were applied 
as fine powders.

The results of the study by Wei et al. (2005) showed that separate iron and 
aluminium hydroxide products with relatively high purity were success-
fully recovered via iron precipitation at pH 3.5–4.0 followed by aluminium 
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precipitation at pH 6.0–7.0, while simultaneously meeting the National 
Pollutant Discharge Elimination System (NPDES) effluent discharge stan-
dards by the United States. In this study, iron precipitate recovery of >98.6% 
with a purity of >93.4% was achieved, while aluminium precipitate purity 
reached >92.1% at a recovery of >97.2%. In addition, the study found that 
during each metal recovery operation, other metals remained in solution, 
which ensured the relatively high purity of precipitate products. All of the 
five neutralisation reagents used in the study that are commonly used in 
AMD treatment were found to be suitable for iron and aluminium recovery. 
However, Wei et al. (2005) recommended the application of ammonia and 
caustic soda for metal recovery in the full-scale processes because unreacted 
hydrated lime might pose a threat to the purity of precipitate products if lime 
or hydrated lime was added. It was also suggested that oxidants should be 
added in the full-scale systems in order to enhance the oxidation of ferrous 
iron.

The aim of a study by Luptáková et al. (2010) was to precipitate heavy met-
als from AMD using bacterially produced hydrogen sulphide combined 
with intermediate steps of metals precipitation by sodium hydroxide at vari-
ous pH values as shown in Figure 9.2. The experiments were conducted with 
AMD obtained from the abandoned and flooded deposit of Smolník (Slovak 
Republic).

Briefly, the study comprised several process steps, which could be grouped 
into three main stages: (1) biological hydrogen sulphide production using 
sulphates reducing bacteria, (2) selective heavy metals precipitation by the 
bacterially produced hydrogen sulphide, and (3) three intermediate steps of 
metal hydroxide precipitation by 1-M NaOH at various pH values. The sol-
ids produced in each step were separated from the remaining solution by 
filtration. The results of the study indicated that the process by Luptáková 
et al. (2010) is able to sequentially precipitate Cu2+, Zn2+, and Fe3+ in the form 
of sulphides, Al3+, Fe2+, and Mn2+ in the form of hydroxides. Table 9.1 shows 
the results obtained by Mačingová and Luptáková (2012) in a similar study 
of selective sequential precipitation process. As can be seen from the table, 
selective recovery of various metal precipitates was achieved.

Mulopo (2015) studied the sulphidation behaviour of Fe(II) using CaS 
derived from waste gypsum as a sulphidation agent, together with the 
possibility of selective precipitation of Pb, Zn, Ni, Co, and Fe(II) from vari-
ous AMD solutions. The study is an appropriate case illustrating a simple 
strategy for integrated recycling of two mining waste streams (AMD and 
gypsum) and highlighted the need for the mining industry to break away 
from the traditional “linear” cul-de-sac disposal of wastes and think of new 
sustainable ways of waste management. A tubular muffle furnace consist-
ing of a 750 mm long, 24 mm diameter mullite tube mounted horizontally 
and equipped with a temperature controller was used for the thermal reduc-
tion of waste gypsum to calcium sulphide. Basically, CaS was produced by 
carbothermal reduction of waste gypsum at a temperature of 1025–1030°C 
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FIGURE 9.2
Schematic illustration of the six-step precipitation process for recovery of metals from acid 
mine drainage. (From Luptakova et al., 2010.)
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for 45 min using a C/CaSO4 molar ratio of 2. The CaS yield obtained was 
about 78%. In this study, the effect of sulphide addition to the AMD system 
was investigated using sulphide/total metal mole ratios of 0, 0.5, 0.75, 1.0, 
1.5, 2.0, and 2.5. Appropriate amounts of CaS were added to the AMD to 
give a total of 1-L mixture and batch experiments were carried out in plastic 
beakers equipped with overhead stirrers fitted with radial turbine impel-
lers. The experiments were run at appropriate pH values using a pH cascad-
ing approach. The metal removal in the batch experiments were carried out 
for at least 5 min at a particular pH or until a steady pH was attained. The 
results showed that sulphidation was dependent on the pH, sulphide dosage, 
and metal concentration. The selective sulphidation of metals also showed 
significant dependence on the respective metal sulphide solubility order as 
a function of pH. It was found that Pb, Zn, Ni, and Co could be removed 
as metal sulphides at lower pH values while Fe(II) remained in solution, 
thus enabling ferrous iron to be separated from the other metals, which is a 
great advantage for metal recovery. The results of the study clearly demon-
strated that selective metal removal and recovery as metal sulphides may be 
achieved conveniently using CaS as the sulphidation medium. However, the 
purity of CaS obtained by the thermal reduction of waste gypsum and mass 
transfer limitations associated with the AMD-CaS system was found to be 
critical for the process development. In addition, the settling characteristics 
of the precipitates were poor, but this could probably be improved by the use 
of an anionic polymer at low pH.

Uça (2017) successfully precipitated metals separately in a pH-controlled 
system by using sulphide produced in an ethanol fed anaerobic baffled 
reactor. For simplicity, equation 9.1 shows the reaction of the sulphate reduc-
tion in the reactor using an organic source such as formaldehyde in the pres-
ence of sulphate reducing bacteria. Basically, sulphidogenic bacteria generate 
hydrogen sulphide primarily by using either sulphate or elemental sulphur 
as an electron acceptor, and an organic (e.g., ethanol) or inorganic (e.g., hydro-
gen) electron donor (Ňancucheo and Johnson, 2012).

	 + → +− −SO    2CH O    H S   2HCO4
2

2 2 3 	 (9.1)

TABLE 9.1

Conditions and Results of Selective Sequential Precipitation Process 

Step 1 2 3 4 5 6

pH 2.8 3.7 3.7 5.0 5.0 9.5
Reagent H2O2 NaOH H2S NaOH H2S NaOH
Removed metals Fe Fe Cu Al, Zn Zn Mn
Proportion (%) 99.99 99.99 99.99 98.94:1.06 99.99 99.99

Source:	 Mačingová and Luptáková, 2012.
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Simulated AMD (pH 2.5) contained approximately 120 ± 2.4 mg/L Cu2+ 
and 124 ± 3.1 mg/L Fe2+. In this study, the sulphide and alkalinity in the 
anaerobic baffled reactor effluent was used for the selective metal recovery 
experiments. Nitrogen gas was bubbled through the anaerobic baffled reac-
tor effluent in order to transport the sulphide gas from the reactor to the 
metal mixture bottle. This method allowed the transportation of H2S only 
and leaving the alkalinity in the sulphide bottle. As a result, the pH in the 
bottle containing a mixture of metals was not increased, thus iron was not 
precipitated. Since the pH was low, only copper ions reacted with the hydro-
gen sulphide gas according to the following reaction:

	 + → ++ +Cu    H S    CuS   H2
2 	 (9.2)

Over 99% of the Cu2+ was removed in first 2 min. A complete removal of 
120 ± 2.4 mg/L Cu2+ was achieved in 20 min. After filtration of the CuS pre-
cipitate, the metal mixture bottle was mixed with anaerobic baffled reactor 
effluent, which had high concentrations of sulphide and HCO3

–. As a result, 
Fe2+ was precipitated as FeS at elevated pHs. The results showed that the 
supernatant Fe2+ concentration 5 min after mixing was only 0.3 ± 0.02 mg/L, 
which implies that most of the Fe2+ ion had precipitated.

In a study by Sampaio et al. (2009), Cu was continuously and selectively 
precipitated from Zn using Na2S. Selective precipitation was based on the 
control of pS (= –log [S2–]) and pH. Here, having the solubility product defined 
as KSP = (Me2+)(S2–), it means that different sulphide concentrations (S2– poten-
tials) are required to precipitate different metals. Therefore, the addition of 
sulphide to selectively precipitate heavy metals can be controlled using an 
ion selective electrode for sulphide (S2-), a so-called pS electrode (Sampaio 
et  al., 2009). In this study, selective precipitation of copper from zinc was 
achieved at pS and pH of 25 and 3, respectively.

Another example of a technique that uses biologically generated precipi-
tating hydrogen sulphide gas was described by Huisman et al. (2006). In 
this process (Thioteq technology), just like other similar processes that bio-
logically generate hydrogen sulphide, gaseous or dissolved H2S is produced 
on-site and on-demand in an engineered high rate bioreactor. According 
to Huisman et al. (2006), the Thioteq process consists of two stages: a bio-
logical and a chemical. The water to be treated only passes through the 
chemical stage. Sulphide is produced in the biological stage and trans-
ported to the chemical (precipitation) stage with a carrier gas. The proper-
ties of the sulphide gas from the bioreactor and the contactor design result 
in metal sulphides with good settleability and filterability. The chemical 
stage consists of a gas–liquid contactor. As already stated, the sulphide is 
transported to the contactor with the help of a carrier gas (e.g., a mixture of 
CO2 and N2) and the metal-loaded water (e.g., AMD) is fed to the contactor. 
Metals like copper precipitate as sulphides according to reaction 9.2. In the 
Thioteq process, copper can be precipitated as a sulphide usually without 
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pH adjustment and without significant precipitation of other heavy metals 
present in the water. The result is a product with a high copper sulphide 
content usually greater than 90%. Other metals such as zinc and nickel can 
be recovered as separate high-grade sulphide products when the number of 
precipitation stages are increased. In addition, a pH control using an alkali 
source might be required to meet the optimum precipitation conditions. 
The precipitated metal concentrates are recovered in a clarifier and then 
dewatered using a filter press. These metal sulphides can be transported to 
smelters as high quality concentrates.

Several precipitating agents have also been developed in the last few years 
for chemically and selectively precipitating divalent and univalent heavy 
metals from water and effluents (Blais et al., 2008). Selective metal precipitat-
ing agents include dithiocarbamate (Matlock et al., 2002a), Thio-Red (Matlock 
et al., 2002a), and dipropyl dithiophosphate (Ying and Fang, 2006). The prin-
cipal advantages of using metal precipitating agents are (Blais et al., 2008): 
(1) the formation of metal compounds which have a very low solubility, and 
(2) the lesser production of metallic residue in comparison to the production 
of metallic sludge using common chemicals, like sodium hydroxyde or lime. 
However, the high cost of the metal precipitating reagents inhibits their use 
for different industrial applications (Meunier et al. 2002; Blais et al., 2008).

A good example of an alternative metal precipitating reagent is 1,3- 
benzenediamidoethanethiol dianion (BDET, known commercially as MetX). 
Research has shown that BDET can reduce the concentrations of a wide 
variety of divalent metals in water and sediments to below wastewater dis-
charge limits. In fact the ligand has been found to selectively and irrevers-
ibly bind soft heavy metals from aqueous solutions (Matlock et al., 2002b). 
Furthermore, it has been demonstrated that the metal-BDET precipitates are 
insoluble in aqueous solution and in common organic solvents and are stable 
over pH ranges of 0.0–14.0 (Matlock et al., 2001). In order to explore the utili-
sation of BDET for iron and metal binding under AMD conditions, an aban-
doned coal mine was selected for study in Pikeville, Kentucky by Matlock 
et  al. (2002b). The study by Matlock et  al. (2002b) involved treating water 
within the coal mine as well as water being discharged from the mine using 
BDET. As a result of a variety of metals present in the AMD waters, multiple 
BDET-metal compounds were expected to be produced, and thus each of the 
metal-BDET precipitates was identified using NMR, IR, and XRD. The study 
found that BDET-Fe precipitates were predominant. Therefore, in addition 
to analysing the multiple BDET-metal precipitates, pure samples of BDET-Fe 
were prepared and analysed for stability using NMR, IR, Raman, XRD, and 
elemental analyses. The study found that BDET was able to remove > 90% 
of several toxic or problematic metals from AMD samples. For example, 
the concentrations of metals such as iron were reduced at pH of 4.5 from 
194  ppm to below 0.009 ppm. In the leaching experiments conducted for 
stability tests at pH 0.0, 4.0, and 6.5, maximum leaching was seen for pH 0.0 
solutions on day 7 (16.7 mg of Fe leached from 1000 mg BDET-Fe). During 
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the 30-day leaching period, no additional leaching was seen after 7 days for 
samples tested at pH 0.0, 4.0, and 6.5.

Another developed method for heavy metal removal based on chelating 
precipitants is termed CH collector method. This is simply a solid mate-
rial which binds heavy metals to its surface (Turhanen and Vepsäläinen, 
2013). Typically, such chelating precipitants contain groups with replace-
able hydrogen atoms such as carboxyl (–COOH), hydroxyl (–OH), mer-
capto (–SH), or sulphonic (–SO3H) groups, together with functional groups 
of basic character, such as amino (–NH2), amino (cyclic)(–NH–), carbonyl 
or thio keto with which the reacting metal is coordinated to form a four-, 
five-, or six-member ring. This invention is unique in that ion channels are 
formed inside the material in which metal ions are collected from the solu-
tion (Turhanen and Vepsäläinen, 2013). The collection of the heavy metal 
ions does not require a separate precipitation step or any adjustments to 
the solution’s pH. Unlike traditional methods, the CH collector method also 
allows the recovery of metals to occur from very small concentrations. The 
new method enabled the complete removal of uranium from the water col-
lected from a Finnish mine (Turhanen and Vepsäläinen, 2013). The study 
showed that there was no need to pre-treat the water even though it con-
tained high concentrations of other metals. The efficiency of the method 
was also tested on scandium and it was removed from wastewater with 98% 
recovery (Turhanen and Vepsäläinen, 2013).

9.2.2.3  Summary

The large volumes of sludge that are produced through the active treatment 
of AMD place a huge burden on the mining industry because the sludge 
requires further processing and/or final disposal. Moreover, the AMD sludge 
contains a mixture of various metal oxides/hydroxides that are of little to 
no practical value. However, the recovery of individual metals has poten-
tial commercial value. This section of the chapter has shown that based on 
the solubility of the metals dissolved in AMD, selective precipitation process 
can be developed to recover high-purity metals. A variety of precipitation 
reagents are available. However, the most common reactive agents for metal 
precipitation are hydroxides and sulphides; and amongst the two chemicals, 
sulphides have various advantages compared to using hydroxides.

9.2.3  Selective Adsorption

9.2.3.1  Concepts of Selective Adsorption

In the past number of years, adsorption has been one of the most widely used 
techniques amongst the different methods developed for removal of toxic 
metals from polluted natural water or industrial wastewater mainly due to 
its low cost and environmental friendliness (Larsson et al., 2018). Patil et al. 
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(2016) define adsorption as the accumulation of one substance on the surface 
of another; and that the mechanism of adsorption can be one or a combina-
tion of several phenomena, including chemical complex formation at the sur-
face of the adsorbent, electrical attraction (a phenomenon involved in almost 
all chemical mechanisms, including complex formation), and exclusion of 
the adsorbate from the bulk solution. Al-Rashdi et al. (2011) consider adsorp-
tion as a mass transfer process in which a substance is transferred from a 
liquid phase to the surface of a solid and becomes bound by physical and/ 
or chemical interactions.

Bessho et al. (2019) reiterated that adsorption is one of the effective tech-
niques for recovery of metal ions from water, and that separation and recov-
ery of metals by adsorption can achieve both purification of the AMD and 
metal recovery. Rodríguez-Galán et  al. (2019) also state that adsorption is 
the most employed technique commercially since it can recover 99% of the 
metals.

9.2.3.2  Selected Typical Studies of Selective Adsorption

The adsorption process has evolved over the years to become an important 
method for AMD treatment and metal recovery technique (Bessho et al., 2017; 
Bessho et al., 2019; Rodríguez-Galán et al., 2019). This chapter deals with only 
a few examples of materials used in the adsorption process for recovery and/
or removal of metals from AMD. Most of the adsorbents, particularly, the 
newly developed sustainable adsorbents for industrial wastewater including 
AMD treatment, are discussed elsewhere in other references.

The possibility of using different types of cross-linked gelatin hydrogels 
for recovery and removal of metals from acidic wastewater by adsorption 
was investigated by Bessho et  al. (2017). Gelatins isolated from a porcine 
skin by an acid process (Type A) and a bovine skin by an alkaline process 
(Type  B) were used in the study; and glutaraldehyde was used for cross-
linking of Type A and Type B gelatin hydrogels. Copper was used as a model 
substance in the study because it is a common AMD metal. Metal recovery 
by gelatin hydrogels mainly consists of adsorption to gelatin molecules and 
absorption into hydrogels. The results of the study showed that the cross-
linked Type B gelatin hydrogels recovered more Cu than Type A gelatin 
which appears to indicate that Type B gelatin is a more suitable adsorbent 
material to recover cationic metal ions. It must be noted that the liberation 
of a proton from the carboxyl group is required for adsorption of metals to 
gelatin (Bessho et al., 2017). Therefore, in the case of Type B gelatin, it appears 
that the increased Cu recovery was mainly due to electrostatic adsorption 
of Cu2+ to the carboxyl group without a proton. In other words, the Cu 
recovery using Type B gelatin hydrogels was mainly affected by carboxyl 
groups on side chains of gelatin hydrogels at higher pH. On the other hand, 
Type A rarely had carboxyl groups as side chains. In fact, amongst the two 
metal recovery mechanisms, adsorption was rarely detected with Type  A  
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gelatin. It is possible that Type B gelatin hydrogels also recovered Cu by 
absorption, but at higher pH, adsorption surely contributed to Cu recovery. 
Doubtless, in this study, the copper recovery by Type B gelatin hydrogels 
was dependent on pH. In order to develop gelatin hydrogels having a high-
performance adsorption capacity for metal recovery from AMD, preparation 
of “mixed” gelatin hydrogels blended with other natural organic compound 
was suggested by Bessho et al. (2019). However, the study by Bessho et al. 
(2019) only investigated the metal recovery efficiency of chitosan with a view 
of preparing, in future research, “mixed” gelatin hydrogels including some 
organic solids with a high metal adsorption capacity. Thus, metal recovery 
efficiency of chitosan was investigated in a study by Bessho et al. (2019) using 
2 mM of three kinds of simulated metal solutions (i.e., copper, zinc, and man-
ganese). The results showed that at pH 5, 0.1 g of chitosan recovered approxi-
mately 90% of Cu from 50 mL of the simulated solution. At relatively higher 
pH (>3.0), over 90% of Cu recovery was achieved. However, Cu recovery was 
not detected at pH 2.0. Thus, it was considered that adjustment of solution 
pH allowed the recovery of Cu from acidic wastewater. Chitosan mainly 
has lots of amino and hydroxyl groups. This implies that Cu recovery using 
chitosan was mainly induced by formation of chelate compounds. Ideally, 
the Cu recovery using chitosan was affected by pH. In contrast, lower Zn 
was recovered in comparison to Cu. The Mn recovery was hardly detected 
within the pH range of 2–5. From these results, and in particular, because 
chitosan had a high performance for Cu recovery, Bessho et al. (2019) sug-
gested that “mixed” gelatin hydrogel blended with chitosan had a potential 
for the high-performance adsorbent for Cu recovery.

In 1997, Tavlarides and Doerkar developed a new class of adsorbents for 
selective separation and recovery of metal ions from dilute aqueous solutions 
(Tavlarides and Doerkar, 1997a, b, c, d). According to Doerkar and Tavlarides 
(1998), selectivity of these materials is a function of immobilised ligands on 
the ceramic supports and the condition under which the metal ion solutions 
are treated. These adsorbents differ from polymeric resins/ion-exchange 
resins and have the following advantages: (1) selectivity for separation of 
desired metal ions, (2) reduced or no interference from the accompanying 
cations (Na+, Ca2+, Mg2+), anions (NO3

–, SO4
2–, Cl–), and complexing agents, 

(3) easy and selective regeneration of the adsorption bed which yields con-
centrated solutions for recovery, (4) high mechanical strength for fixed bed 
applications, (5) higher metal ion uptake due to open pore structure, higher 
porosity, and non-swelling characteristics, and (6) no irreversible adsorp-
tion of organics. Following the development of the adsorbents, Doerkar 
and Tavlarides (1998) undertook a study to (1) evaluate the performance 
of adsorbents for separation and recovery of iron, copper, zinc, cadmium, 
and lead from Berkeley Pit simulated waters, and (2) propose an integrated 
process with fixed bed set-ups and specify operating conditions. The adsor-
bents studied include ICAA-A, ICAA-B with a substituted quinoline group 
(Tavlarides and Doerkar, 1997d), ICAA-C with a substituted oxime, ICAA-D 
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with the thio/amine group (Tavlarides and Doerkar, 1997a), ICAA-E with the 
phosphoric acid group (Tavlarides and Doerkar, 1997a), and ICAA-F with 
a thiophosphinic group (Tavlarides and Doerkar, 1997a). The batch shake-
out tests and breakthrough curve studies were executed using simulated 
Berkeley Pit water. Simulated Berkeley Pit water containing targeted metal 
ions (Fe, Cu, Zn, Cd, Pb), sulphate ions, and a pH of 2.8 was prepared accord-
ing to the compositions shown in Table 9.2.

The results showed that the prepared adsorbents ICAA-A, ICAA-B, or 
ICAA-C and ICAA-D have the potential to remove and recover Fe3+, Cu2+, 
Zn2+, Cd2+ and Pb2+ from Berkeley Pit waters. Given the selectivity of the 
adsorbents and the potential to synthesise an adsorbent for Fe2+, an inte-
grated adsorption process was devised. In one scheme the first bed com-
prised of ICAA-A for Fe3+ removal, the second bed comprised of ICAA-C for 
Cu2+ removal, and the third bed comprised of ICAA-D for removal of Zn2+, 
Cd2+, Pb2+, and some Fe2+. In a second scheme, another adsorbent can be syn-
thesised to remove Fe2+ and a bed of this material can be used between the 
second and third bed. The study showed that the effluent from the last bed 
of either scheme was not acidic and can be discharged in an environmen-
tally safe manner if other toxic metal ions are removed. Furthermore, the 
processes do not require adjustment of the pH of the feed stream. A number 
of the adsorbents were found to be able to retain a stable adsorption capacity 
after 20 cycles of adsorption and stripping.

The main objective of a study by Mohan and Chander (2006) was to remove 
and recover metal ions (Fe2+, Fe3+, Mn2+, and Ca2+ ions) from AMD using lignite 
as a low-cost sorbent in single and multiple column set-ups operating in down-
ward flow modes. The results showed that the lignite usage rate was higher in  

TABLE 9.2

Target Metals and Other Constituents in Berkeley Pit Water 

Ions Concentration (mg/L) Other Constituents

Aluminium 2.60 pH = 2.85
Cadmium 2.14 [Fe3+]/[Fe2+] = 0.15
Calcium 456
Copper 172
Iron 1068
Lead 0.031
Magnesium 409
Manganese 185
Sodium 76.5
Zinc 550
Nitrate <0.1 (as N)
Sulphate 7600

Source:	 Doerkar and Tavlarides, 1998.
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a single column (0.981 g/L) compared to multiple columns (0.085 g/L), three 
columns in this study. In this study lignite usage was defined as follows:

	
=Lignite usage rate (g/L) 

Weight of lignite in column (g)
Volume at breakthrough (L) 	

(9.3)

Some studies have shown that using multi-stage treatments of heavy metal 
solutions with lignite could reduce the pollutants to acceptable discharge 
limits at a lower cost than using conventional heavy metal treatment 
processes (Simate et al., 2016). Mohan and Chander (2006) used a batch mode 
to examine the effect of pH. The sorption of Fe2+, Mn2+, and Fe3+ on lignite 
was found to increase with an increase in pH of the test solution. However, 
it must be noted that for sorption studies, the pH of solution must be less 
than the pH for precipitation of respective metal ions (Mohan and Chander, 
2006). In their study, Mohan and Chander (2006) observed that the sorption 
of Fe2+ was very low at pHin ≤ 2, but it increased from 6% to 84% at pH of 
4.0. The insignificant removal of metal ions at low pH is attributed to the 
competition between the protons and the metal ions for the same binding 
sites (Schiewer and Volesky, 1995). Furthermore, the increase in the positive 
surface charges at low pH results in a higher electrostatic repulsion between 
the surface and metal ions (Reddad et al., 2002; Wang et al., 2006). However, 
at pHin > 4.0, the removal of Fe2+ was considered to have taken place by 
sorption as well as precipitation, i.e., the OH− ions from the solution formed 
some complexes with Fe2+ (e.g., ( )++ −Fe    2OH    Fe OH2

2 ) (Kuhr et al., 1997; 
Arpa et al., 2000; Karabulut et al., 2000; Butler et al., 2007; Simate et al., 2016). 
Similarly, the removal of Mn2+ was also negligible at pHin ≤ 2, but increased 
with an increase in pHin though precipitation only occurred at pHin ≥ 8. 
These results show that solution pH is a significant factor that determines 
the degree of metal adsorption. Furthermore, the equilibrium solution pH 
is a major parameter governing the extent of metal adsorption (Simate et al., 
2016). Coals that generated higher solution pHs were found to exhibit the 
largest metal adsorption.

Stanković et  al. (2009) presented the results of the batch and column 
adsorption for copper and some associated ions by utilizing sawdust of 
deciduous trees (i.e., linden and poplar) as a low-cost adsorbent. The AMD 
from an abandoned copper mine, as well as synthetic solutions of the ions 
(Cu2+, Zn2+, Mn2+, and Fe2+) that are the main constituents of the AMD were 
both used as a model-system in the study. The adsorption of heavy metal 
ions strongly depended on the process time, the initial pH of the aqueous 
phase and the kind of ions adsorbed. The adsorption process was fast and 
after ten to twenty minutes of contact time, the system reached equilibrium. 
More specifically, the adsorption capacity of the studied sawdust was sig-
nificantly affected by the initial pH of the solution and the kind of metal 
ions adsorbed. At lower pH of solutions the adsorption percentage decreased 
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leading to a zero adsorption percentage at pH < 1.1. Maximum adsorption 
percentage was achieved at 3.5 < pH < 5. It was found that both poplar and 
linden sawdust have almost equal adsorption capacities against copper ions. 
The highest adsorption percentage (≈80%) was achieved for Cu2+, while for 
Fe2+ it was slightly above 10%. The other considered ions (Zn2+ and Mn2+) 
were within this interval. The following gives the ranking of the ability of 
the considered ions to be adsorbed on sawdust: Cu2+ > Zn2+ > Mn2+ > Fe2+. The 
used sawdust had shown certain selectivity in the adsorption of heavy metal 
ions. Calculated selectivity coefficients over ferrous ions were: βCu

2+
–Fe

2+ ≈ 22;  
βZn

2+
–Fe

2+ ≈ 11; βMn
2+

–Fe
2+ ≈ 2. The results obtained in the batch mode were 

validated in the column experiments using the real mine water originating 
from an AMD of a copper mine. Very high degree of copper ions adsorp-
tion was achieved in the column adsorption (>99.7%) experiments before 
the breakthrough point. Both kinds of sawdust used had an equal ability to 
adsorb copper ions. The pH of solution increased slightly during the adsorp-
tion which implied that there was a co-adsorption of protons contained in a 
treated solution. After completing the adsorption, instead of desorption, the 
loaded sawdust was drained, dried, and burned; the copper bearing ash was 
then leached with a controlled volume of sulphuric acid solution to concen-
trate copper therein. The obtained leach solution had the concentration of 
copper higher than 15 g dm−3 and the amount of H2SO4 was high enough to 
serve as a supporting electrolyte suitable to be treated by the electrowinning 
technique for recovery of copper.

With the advent of nanotechnology, various types of nanomaterials with 
large surface area and small diffusion resistance have been developed and 
are now receiving considerable attention in water treatment (Zhang, 2003;  
Hu et al., 2006; Simate, 2012; Simate et al., 2012). For example, nanoscale iron 
particles have been established as effective reductants and catalysts for a 
variety of contaminants including heavy metals (Zhang, 2003). Iron nanopar-
ticles possess the advantages of large surface area, high number of surface 
active sites, and high magnetic properties, which lead to high adsorption 
efficiency, high removal rate of contaminants, and easy and rapid separation 
of adsorbent from solution via magnetic field (Hu et al., 2006). In addition, it 
is possible that after magnetic separation by the external magnetic field, the 
harmful components can be removed from the magnetic particles, which can 
then be reused (Ponder et al., 2000; Oliveira et al., 2003; Hu et al., 2006).

The adsorption studies by Hu et  al. (2006) showed that the nanoscale 
maghemite (γ-Fe2O3) synthesised using a sol-gel method was very effec-
tive for selective removal of Cr(VI), Cu(II), and Ni(II) from wastewaters. 
The removal efficiency was highly pH dependent, which also governed the 
selective adsorption of metals from the solution. The optimal pH for 
the selective removal of Cr, Cu, and Ni was found to be 2.5, 6.5, and 8.5, 
respectively. Regeneration and readsorption studies demonstrated that the 
maghemite nanoparticles could be recovered efficiently for the readsorption 
of the metal ions, and metals could be highly concentrated for recycling.
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Several studies have also been carried out to assess the technical feasibil-
ity of various kinds of raw and surface oxidised carbon nanotubes (CNTs) 
for sorption of various metals from aqueous solutions (Rao et al., 2007). The 
CNTs are carbon nanomaterials that were re-discovered by Iijima (Iijima, 
1991). These materials have shown exceptional adsorption capabilities and 
high adsorption efficiencies for various organic pollutants (Lu et al., 2005), 
inorganic pollutants (Li et al., 2003a), and heavy metals (Li et al., 2003b; Li 
et al., 2006; Li et al., 2007). The CNTs are particularly attractive as sorbents 
because, on the basis of mass, they have larger surface areas than bulk par-
ticles, and that they can be functionalised with various chemical groups to 
increase their affinity towards target compounds (Savage and Diallo, 2005; 
Simate et al., 2012; Simate, 2012). The CNTs also have small size and are hol-
low with layered structures (Wu, 2007), which are important attributes for 
adsorption.

The studies have shown that the sorption capacities of metal ions by raw 
CNTs are very low, but significantly increased after oxidisation by HNO3, 
NaOCl, and KMnO4 solutions (Rao et  al., 2007). In fact, this is another 
advantage of CNTs in that they can be functionalised (or oxidised) with 
various kinds of chemical agents depending on the adsorption objective. 
The removal efficiency was also highly pH dependent, thus controlling the 
selective adsorption of metals from the solution. The sorption/desorption 
studies showed that CNTs could be regenerated and reused consecutively 
several times without significant loss in adsorbent capacity which signify 
the appropriateness of CNTs for commercial applications. Therefore, the 
superior sorption capacity and effective desorption of heavy metal ions sug-
gest that the CNTs are promising sorbents for environmental protection 
applications (Rao et al., 2007).

The aim of a study by Ríos et al. (2008) was to evaluate the use of low-cost 
sorbents like coal fly ash, natural clinker, and synthetic zeolites to clean up 
AMD generated at the Parys Mountain copper–lead–zinc deposit, Anglesey 
(North Wales), and to remove heavy metals and ammonium from AMD. 
Coal fly ash is a by-product of coal combustion that has been regarded as a 
problematic solid waste (Skousen et al., 2013; Ram and Masto, 2014), mainly 
due to the presence of potentially toxic trace elements (e.g., Cd, Cr, Ni, Pb) 
and organic compounds (e.g., polychlorinated biphenys, polycyclic aromatic 
hydrocarbons) (Shaheen et al., 2014). Natural clinker is a product of coal-bed 
fires ignited by natural processes (Rios et al., 2008). Zeolites are naturally 
occurring alumino-silicates with a three-dimensional framework structure 
bearing AlO4 and SiO4 tetrahedra (Motsi et  al., 2009). These are linked to 
each other by sharing all of the oxygen to form interconnected cages and 
channels (Englert and Rubio, 2005; Motsi et al., 2009) where exchangeable 
cations are present which counter-balance the negative charge on the zeo-
lite surface generated from isomorphous substitution (Barrer, 1978; Dyer, 
1988; Motsi et al., 2009). The manufacture of synthetic zeolite is also possible 
(Simate et al., 2016). In this study synthetic zeolites were prepared by two 
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methods, namely, (1) classic hydrothermal synthesis using natural clinker, 
and (2) alkaline fusion prior to hydrothermal synthesis using both coal fly 
ash and natural clinker. The sorption of Cu, Pb, Zn, Ni, Cr, Fe, As, and ammo-
nium onto coal fly ash, natural clinker, and synthetic zeolites was studied in 
laboratory-batch experiments, which were carried out at room temperature 
to investigate the efficiency of the sorbents for removing heavy metals and 
ammonium from AMD.

With a rise in pH values as the sorbent dosage was increased, the results 
in a study by Ríos et al. (2008) suggest that pH is strongly affected by the 
sorbent material rather than the AMD composition and particularly a higher 
sorbent dosage. It was noted from the study that there is a possibility of two 
competing reactions, namely, (1) release of alkalinity from sorbents, and 
(2) the removal of acidity from AMD components. The study found that at 
higher sorbent dosage the acidity from AMD components is overrun and pH 
is bound to increase whereas with the lower sorbent dosage the alkalinity 
from the sorbent is exceeded by the acidity from the AMD components and 
the pH remains low. In other words, the pH played a very important role 
in the sorption/removal of the contaminants and a higher adsorbent ratio 
in the treatment of AMD promoted an increase of the pH and vice versa. 
The results also revealed that the heavy metal removal was depended on 
the sorbent material and the applied dosage. For example, coal fly ash and 
natural clinker did not show good efficiency as sorbents to neutralise the 
AMD, but their synthetic products (e.g., coal fly ash-based faujasite; natural 
clinker-based faujasite; natural clinker-based Na-phillipsite) were effective 
as ion exchangers in removing acidity, Fe, Zn, and Cu from AMD. Amongst 
the two variants of the zeolite (i.e., faujasite and Na-phillipsite), faujasite was 
more effective. In fact, the results of the adsorption experiments suggest that 
faujasite can be applied in wastewater treatment as an immobiliser of pol-
lutants, and the selectivity of faujasite for metal removal was as follows in 
decreasing order: Fe > As > Pb > Zn > Cu > Ni > Cr. In general, the results of 
the study showed that different sorbents contain considerable amounts of 
accessory phases that partly dissolve during the batch reaction, which may 
explain the sudden increase or decrease in metal concentration and, there-
fore, the release rate of the metal elements is controlled by the dissolution of 
the sorbent.

In addition to cation-exchange reactions, precipitation of hydroxide spe-
cies (mainly of Fe) also played an important role in the sorption and co-
precipitation, and thus led to the immobilisation of metals in the batch 
experiments. The efficiency in the removal of ammonium by coal fly ash and 
natural clinker was poor. However, the reaction between synthetic zeolites 
(coal fly ash-based faujasite; natural clinker-based faujasite; natural clinker-
based Na-phillipsite) and AMD after 24 h of contact time produced lower 
ammonium concentrations in the solution. In fact, the study indicated that 
natural clinker-based faujasite produced a complete removal of ammonium 
after 24 h of contact time when a dosage of 1 g was used.
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The adsorption behaviour of natural zeolite (clinoptilolite) was studied by 
Motsi et al. (2009) in order to determine its applicability in treating AMD 
containing 400, 20, 20, and 120 mg L−1 of Fe3+, Cu2+, Mn2+, and Zn2+, respec-
tively. Batch experimental tests for single and multi-component solutions 
were performed to ascertain both the rate of adsorption and the uptake at 
equilibrium. The optimum conditions for the treatment process were inves-
tigated by observing the influence of pH levels, the presence of competing 
ions, varying the mass of zeolite and thermal modification of the natural 
zeolite (calcination and microwaves). The adsorption studies showed rapid 
uptake, in general, for the first 40 min, and after the initial rapid period, the 
rate of adsorption decreased. The study found that about 80%, 95%, 90%, and 
99% of Fe3+, Mn2+, Zn2+, and Cu2+, respectively, were adsorbed from single 
component solutions in the first stage.

For multi-component solutions in a study by Motsi et al. (2009), only the 
adsorption of Fe3+ was significantly unaffected by the presence of competing 
ions. This may be because the main mechanism responsible for Fe3+ removal 
from solution is believed to be precipitation. The adsorption of the other 
three cations was affected significantly. For example, the amount adsorbed 
from multi-component solutions of concentration of 40  mg L−1 decreased 
by 33%, 41%, and 39% for Cu2+, Zn2+, and Mn2+, respectively, compared to 
their respective single component solutions. When the solution concentra-
tion was increased from 40 mg L−1 to 120 mg L−1, the relative decrease in 
the amount adsorbed between the multi-component and single component 
cases increased further.

The study by Motsi et al. (2009) also indicated that the removal of the heavy 
metal ions was not only due to ion exchange, but also due to precipitation of 
metal hydroxides from the solution. This observation is similar to other pre-
vious studies (Khur et al., 1997; Arpa et al., 2000; Karabulut et al., 2000; Butler 
et al., 2007; Ríos et al., 2008; Simate et al., 2016). It is noted that natural zeolites 
are generally weakly acidic in nature and that sodium form exchangers are 
selective for hydrogen (R–Na + H2O ↔ RH + Na+ + OH−), which leads to high 
pH values when the exchanger is equilibrated with relatively dilute electro-
lyte solutions (Erdem et al., 2004; Motsi et al., 2009) making metal hydrox-
ide precipitation feasible. In other words, as reaction proceeds the solution 
pH increases which promotes metal precipitation. The rate of adsorption 
was also found to be directly proportional to the pH value of the solution. 
Adsorption decreased in more acidic solutions, due to hydrogen ion competi-
tion. The rate of adsorption and capacity also depended on the mass of the 
adsorbent and heat treatment by either microwaves or heating in a furnace. 
For zeolite exposed to microwave radiation, the adsorption rate increased 
with exposure time, but only up to a certain limit. The adsorption rate of the 
zeolite exposed to microwave radiation began to decrease as exposure time 
approached 30 min. The rate of adsorption by calcined zeolite was also found 
to be faster compared to untreated zeolite, but the efficiency decreased for 
zeolite exposed to very high temperatures (e.g., 800°C). The increase in rate  



209Recovery Processes and Utilisation of Valuable Materials

of adsorption capacity as a result of thermal treatment may be attributed 
to the removal of water from the internal channels of natural zeolite which 
leaves the channels vacant and hence increases the adsorption capacity of the 
zeolite (Turner et al., 2000; Ohgushi and Nagae, 2003; Motsi et al., 2009). The 
removal of water also resulted in a change in the surface area of the samples 
after thermal treatment (Motsi et al., 2009). The samples that were exposed to 
extreme thermal conditions had lower surface areas due to thermal runaway, 
whereby the zeolite structure collapses (Ohgushi and Nagae, 2005; Akdeniz 
and Ulku, 2007; Motsi et al., 2009). When the structure collapses the poros-
ity of natural zeolite decreases and thus the adsorption capacity is reduced 
(Motsi et  al., 2009). The study also found that efficiency of metal removal 
from solution by natural zeolite is inversely proportional to the initial solu-
tion concentration. According to the equilibrium studies, the selectivity 
sequence of metals by natural zeolite can be given as Fe3+ > Zn2+ > Cu2+ > 
Mn2+, with good fits being obtained using Langmuir and Freundlich adsorp-
tion isotherms. The significance of this study is that preliminary tests using 
AMD samples from Wheal Jane Mine, UK, showed that natural zeolite has 
great potential as an alternative low-cost adsorbent in the treatment of AMD.

Petriláková and Bálintová (2011) utilised five different types of natural 
and synthetic adsorbents for the removal of Fe, Cu, Al, Mn, and Zn from 
real AMD (shaft Pech, Smolnik locality, Slovakia) with a pH of 4.2. The fol-
lowing adsorbents were employed in the study: (1) inorganic composite 
sorbent SLOVAKITE, (2) active carbon (granularity ≤ 1 mm), (3) turf brush 
PEATSORB, (4) universal crushed sorbent ECO-DRY (REO AMOS Slovakia), 
and (5) zeolite (granularity 0.5–1 mm, 2.5–5 mm, 4–8 mm). The chemical 
composition of the AMD was as follows in mg/L: Fe (338), Cu (1.16), Al (44.4), 
Mn (26), and Zn (5.81). Batch experiments were carried out by mixing various 
amounts of adsorbents into 100 mL of raw AMD over a period of 24 h. Active 
carbon was found to be the most efficient for the removal of Fe at 99.98% 
efficiency. The efficiency of Cu removal from AMD using active carbon and 
inorganic composite sorbent SLOVAKITE was 98.3% in both cases. Active 
carbon and inorganic composite sorbent SLOVAKITE adsorbents at 99.98% 
efficiency were the two most efficient for Al removal. For the Mn, the most 
effective adsorbent was active carbon (93.08%) and Turf brush PEATSORB 
(87.69%).

9.2.3.3  Summary

The typical examples given in the use of the adsorption processes to remove 
metallic pollutants from the AMD clearly demonstrate the feasibility of the 
adsorption techniques. In other words, the efficiencies of various adsorbents 
for the removal of heavy metals from AMD were illustrated in a number of 
studies. Several studies have also evaluated various techniques for recycling 
of used adsorbents and recovery of the heavy metals from the desorbing 
agents (Lata et al., 2014).



210 Acid Mine Drainage

For regeneration and reuse of adsorbents, various possible regenerating 
agents such as acids, alkalis, and chelating agents such as ethylene diamine 
tetraacetic acid (EDTA) have been studied by many researchers. Lata et al. 
(2014) reviewed and summarised the performance of various desorbing 
agents for removal of adsorbed metals and regeneration of the saturated 
adsorbents. A study by Lata et  al. (2014) made the following conclusions: 
(1) the alkalis are efficient desorbing agents for desorption of heavy metal(s) 
from chemical adsorbents or chemically modified adsorbents, (2) acids are 
efficient for desorbing bio-adsorbents, and (3) the chelating agent, EDTA, is 
the most efficient desorbing agent for biomass desorption. The review by 
Lata et al. (2014) found that many of the adsorbents can be reused effectively 
after regeneration.

After the solution is separated from the adsorbents, the metal laden solu-
tion is often subjected to various processes of purification and concentration 
before the valuable metals can be recovered either in their metallic state or as 
chemical compounds. The methodologies may include precipitation, distil-
lation, adsorption, and solvent extraction (Roto, 1998; Parnell, 2019), and the 
final recovery step may involve precipitation, cementation, or electrometal-
lurgical processing (Parnell, 2019).

9.2.4  Ion Exchange

9.2.4.1  Concepts of Ion Exchange

According to Hubicki and Kołodyńska (2012) ion exchange is the exchange of 
ions between the substrate and surrounding medium. In addition, Patil et al. 
(2016) regard ion exchange as a physical treatment technique in which ions 
dissolved in a liquid or gas interchange with ions on a solid medium. Patil 
et al. (2016) state further that the ions on the solid medium are associated with 
functional groups that are attached to the solid medium, which is immersed 
in the liquid or gas. Typically, ions in dilute concentrations replace ions of 
like charge that are of lower valence state, but ions in high concentration 
replace all other ions of like charges (Patil et al., 2016). EPA (2014) define ion 
exchange as the reversible exchange of contaminant ions with more desirable 
ions of a similar charge adsorbed onto solid surfaces known as ion-exchange 
resins. Despite the myriad of definitions for the ion-exchange process, it is 
also noted that positively charged molecules bind to cation-exchange resins 
while negatively charged molecules bind to anion-exchange resins (Thermo 
Scientific, 2007). However, it must be noted that Dinardo et al. (1991) classify 
ion-exchange resins (i.e., insoluble matrixes or support structures that act as 
a medium for ion exchange) as anionic, cationic, and chelating. Anionic and 
cationic resins are used extensively in water purification processes. More 
specifically, anionic resins are significant in extracting amphoteric elements 
such as arsenic and metals that form sulphate complexes such as uranium 
(Dinardo et al., 1991). Cationic resins can have either sulphonic or carboxylic 
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functionality and are essentially non-selective and thus can extract most 
polyvalent cations including magnesium, iron, calcium,  and many others 
(Dinardo et al., 1991). Chelating resins are relatively new and have high selec-
tivity for some specific metals.

Ion exchange is considered as the most energy efficient and economical 
technology of all the recovery techniques (Patil et  al., 2016). It is the only 
process that can efficiently treat very dilute solutions in parts per million 
(ppm) levels on a once-through basis (White and Asfar-Siddique, 1997; 
Patil et al., 2016). In other words, the technology allows efficient removal of 
traces of contaminants from solutions (Dąbrowski et al., 2004). Hubicki and 
Kołodyńska (2012) also emphasise that ion-exchange process is designed to 
remove traces of ionic impurities from water and process streams and give 
a product of desired quality. According to Hardwick and Hardwick (2016) 
the advantage of ion exchange over other methods such as solvent extrac-
tion or even precipitation is that the technique can still be viable when feed 
concentrations have dipped below the economic threshold of the other tech-
nologies. Furthermore, according to Dąbrowski et al. (2004), the technique is 
specifically convenient when there is a need to treat large volumes of diluted 
solutions. According to EPA (2014), the process is appropriate for desalina-
tion and the removal of a number of pollutants including hardness, alkalin-
ity, radioactive waste, ammonia, and metals.

9.2.4.2  Selected Typical Studies of Ion Exchange

Ion exchange has been successfully tested on wastewater from mining opera-
tions and, generally, works more effectively for waters in the pH range of 4 to 
8 that has low suspended solids and low concentrations of iron and alumin-
ium (EPA, 2014). The more complex the mixture, the harder it is to remove all 
metals effectively, and the capacity of any resin to remove contaminants is 
limited by the type of resin, the number of available exchange sites and the 
chemistry of input water (EPA, 2014).

Hardwick and Hardwick (2016) provided an overview of the potential for 
the recovery of value from contaminated mine waters and waste streams. The 
study discussed various metal ions commonly found in AMD and other mine 
waters and evaluated the levels of concentration the metals would become 
attractive for recovery using ion-exchange technology. Based on the capital 
and running costs, Hardwick and Hardwick (2016) determined the capital 
payback period for various contamination levels for a number of valuable met-
als that are likely to be found in mine waters. Firstly, the study categorised the 
constituents of AMD as follows: (1) value containing elements, (2) hazardous 
elements, (3) low value elements that will co-load, (4) ion-exchange poisons, 
and (5) elements of little concern with regard to the ion-exchange process. 
Secondly, the study discussed the viability and performance of the resins and 
economics of the process based on metal concentrations, presence of impuri-
ties (or competing/poisonous ions), flow rate, and price of metals.
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Hardwick and Hardwick (2016) suggested that the first influencing fac-
tor on the economics to consider is the concentration at which a particular 
metal is present in a possible feed source. When the concentration of met-
als in a stream is very low, efficiency of removal by ion-exchange resins is 
relatively high because at that point it is film diffusion rather than particle 
diffusion that limits the kinetics. In such a condition, metal leakage is very 
low, and the operating capacity of the resin increases. However, it is impor-
tant to note that where the concentrations of the desired metals are high, the 
rough guideline is that for levels above 1g/L, it may become more economi-
cal to investigate another technology, such as solvent extraction for recovery. 
The study also found that the concentration at which a metal becomes eco-
nomically viable for recovery is heavily dependent on the sales price of the 
product produced. If there is a depression in metal pricing, the operation is 
more likely to become less economical even for relatively high concentration 
streams.

Undoubtedly, the resin choice is often made on how suitable it is for the 
recovery of a specific element, but it is possible for the wastewater to con-
tain trace amounts of other metals that have an even higher affinity to the 
functional groups on the resin, thus taking up active sites and reducing the 
capacity of the resin for the element of value (Hardwick and Hardwick, 2016). 
Iron is a very good example. For instance, most common ion-exchange resins 
have a high selectivity for trivalent iron. The iron may displace the desired 
element and poison the resins over time. Aminophosphonic resins, for exam-
ple, may lose useful capacity over a period of time and thus become uneco-
nomical. Therefore, it is imperative to use a resin with a lower selectivity for 
iron upfront of such resins (e.g., aminophosphonic resins) in order to protect 
them. Alternatively, iron may be removed by precipitation by raising the pH 
above 3 and, thereafter, use the filtration process. Radioactive elements when 
present in the feed solution also may make the recovered metals unsale-
able. A very good example is thorium that may be loaded onto resin during 
the recovery of rare earths (Hubicki and Kołodyńska, 2012). However, tho-
rium may be removed by precipitation or selective elution. Uranium can be 
recovered separately by a strong base anion resin (Botha et al., 2009), whereas 
radium may be removed using a strong acid cation resin (Clifford, 2004).

As discussed in Chapter 3, a number of reaction pathways, in the course 
of AMD generation, lead to the production of aqueous hydrogen cation 
(H3O+) thus resulting in very low pH for AMD (Dold, 2010; Garland, 2011). 
Studies on recovery of Cu(II) ions have shown that due to low pH values of 
wastewaters (pH < 2) such as AMD, conventional chelating ion exchangers 
of functional iminodiacetate and aminophosphonic groups practically do 
not adsorb Cu(II) ions. Therefore, special chelating ion exchangers character-
ised by much greater affinity for Cu(II) than for other metal ions have been 
used instead (Melling and West, 1984; Bolto and Pawłowski, 1987; Dorfner, 
1991). For example, Cu(II) ions can be removed from highly acidic solutions 
(pH  >  1.5) using Dowex XFS-4196 chelating ion exchanger which can be 
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easily regenerated by means of sulphuric acid with a concentration of 100 g  
H2SO4 dm−3 (Dąbrowski et al., 2004). Amphoteric ion-exchange fibres can also 
be applied for the removal of Cu(II) ions from acidic wastewaters. Various 
other types of ion exchangers have also been used for selective removal of 
Cu(II) ions (Hubicki and Jusiak, 1978; Hubicki and Pawłowski, 1986; Hubicki 
et al., 1999).

Gaikwad et al. (2009) performed a laboratory scale investigation to remove 
copper from AMD using ion-exchange resins – Indion 820 and Indion 850. 
The physical properties and specifications of the resins are given in Table 9.3. 
The concentrations of copper used in the study ranged from 50 to 250 mg L−1 
and the dosage of resin from 25 to 700 mg L−1. The effect of the initial con-
centration of copper ions, dosage of resin and pH on exchange capacities 
of ion-exchange resins was studied in a batch mode. The mixture of resins 
and copper solutions was agitated for a predetermined period at room tem-
perature. Thereafter, the resins were separated and the filtrate was analysed 
by an atomic absorption spectrometer (Chemito, AAS-3000) for the residual 
concentration of copper.

The ion-exchange process, which is pH dependent, showed maximum 
removal of copper in the pH range of 2–6 for an initial copper concentration 
of 50–250 mg L−1 and with a resin dosage of 25–700 mg L−1. Five isotherm 
models (Freundlich, Langmuir, Redlich-Peterson, Temkin, and Dubinin-
Radushkevich) were tested and the equilibrium data fitted to all the sorption 
isotherms very well. The study found that the uptake capacity of Indion 850 
was larger than that of Indion 820 due to the intrinsic exchange capacity. 
Therefore, of the two different ion-exchange resins studied, Indion 850 was 
considered to be the most efficient in removing copper ions. The uptake of 
copper by the ion-exchange resins was reversible which showed that the res-
ins have a good potential for the removal/recovery of copper from AMD. In 
other words, the study showed that ion-exchange resins such as Indion 820 
and Indion 850 can be used for an efficient removal of copper from mine 
wastewater.

TABLE 9.3

Physical Properties and Specifications of the Ion-Exchange Resins

Parameter
Indion 820 (Strong Base 
Anion Exchange Resin)

Indion 850 (Weak Base 
Anion Exchange Resin)

Physical form Spherical opaque beads Moist beads
Ionic form as supplied Chloride Free base
Moisture holding capacity 49–56% 40%
Particle size 0.3–1.2 mm 0.3–1.2 mm
Uniformity coefficient 1.7 max 1.7 max
Total exchange capacity 1.0 meq mL–1 1.10 meq mL–1

pH range 0–14 0–7

Source:	 Gaikwad et al., 2009.
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In a study by Gaikwad et al. (2010), using the ion-exchange technique, a 
factorial experimental design method was used to examine the removal of 
Cu2+ ions from AMD wastewater. The strongly acidic cation-exchange res-
ins, Indion 730, were used and the following four factors were varied at 
three different levels: initial concentration of Cu2+ ions (100,150, 200 mg L−1),  
pH (3, 5, 6), flow rate (5, 10, 15 L h−1), and dosage of the resin or bed height  
(20, 40, 60 cm). A matrix was established according to the high, middle, and 
low levels of experimental parameters, coded as +1, 0, and –1, respectively, 
and, thereafter, 81 experiments with all possible combinations of variables 
were conducted. The factors were coded so as to simplify the calculations 
(Simate and Ndlovu, 2008). For each run, 25 L of Cu2+ solution was passed 
through the column (height = 100 cm; diameter = 5 cm) made of glass at  
5 L h−1 for 100 min. The results of the study clearly showed that ion-exchange 
process was effective in removing Cu2+ ions and can provide a solution for 
removal of such metals from AMD waste. The results were analysed statis-
tically using Student’s t-test, analysis of variance, F-test, and lack of fit so 
as to establish the most important process variables affecting the removal 
of Cu2+ ions by Indion 730 resins.  In this study, pH was found to be the 
most important variable. It is noted from previous studies that the cation-
exchange capacity and selectivity both increase with increasing pH, while 
the anion-exchange capacity and selectivity decrease with increasing pH 
(Churms, 1966). The interaction between the resin bed height and initial con-
centration of Cu2+ ions and that between the pH and initial concentration of 
Cu2+ ions were also found to be highly important.

Gordyatskaya (2017) explored the selective removal of toxic metal (Cu, Ni) 
ions present in AMD with excess ferrous ions using a chelating resin with 
a di-(2-picolyl)amine functional group (Lewatit TP 220) and the prospect 
of subsequent recovery of metallic copper with electrowinning. Simulated 
AMD solution used in the study contained 2 g/L of iron together with man-
ganese, zinc and copper or nickel ions. Metals were added as sulphates and 
the pH was adjusted to 2 using sulphuric acid. Column dynamic experi-
ments were used to determine the sorption and desorption efficiencies of Cu 
and Ni ions, separately. The chelating resin TP 220 demonstrated a very high 
affinity for copper, while manganese, zinc, and iron were not taken up dur-
ing the experiments. Similar experiments performed related to the removal 
of nickel from the same AMD matrix, showed that the sorption of nickel was 
less efficient than that of copper. During the experiments for the removal of 
copper or nickel, small quantity of iron in the form of hydrated ferric oxide 
flakes formed a layer on the surface of the column. Therefore, a two-stage 
desorption process using sulphuric acid in the first step and ammonia solu-
tion in the second step was used. Unlike the Dowex XFS 43084 which is not 
produced anymore, Lewatit TP 220 (analogue of Dowex XFS 4195) could not 
be regenerated directly with sulphuric acid. In this process, the necessity to 
strip copper from the loaded resin by a complexation reaction with ammonia 
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solution is the main drawback of the resin. This is because the resulting 
ammonia solution of copper is not suitable for the electrowinning of Cu. 
Therefore, a weak base anion exchanger having tetraethylenepentamine 
(TEPA) functional group on macroporous polyacrylate matrix Purolite A 832 
was used as a chelating resin to take up copper from ammonia solution. 
Thereafter, once copper has been stripped off from TEPA using sulphuric 
acid, it can easily be recovered by electrolysis.

In view of the high toxicity of lead, its content in water and industrial waste-
waters must be reduced to a minimum within the ppb level (Dąbrowski et al., 
2004), thus several ion-exchange studies have been carried out to remove 
Pb(II) ions. Of significant importance is the simultaneous removal of Pb(II) 
and Cd(II) ions as well as organic ligands using anion exchangers of vari-
ous types (Dudzińska and Clifford, 1991; Dudzińska and Pawłowski, 1993). 
Some results showed that the anion exchangers of weakly basic functional 
groups are characterised by higher affinity for the complexes of Pb(II) and 
Cd(II) with EDTA than strongly basic anion exchangers and that the anion 
exchangers of polyacrylic skeleton are characterised by greater affinity for 
the complexes (i.e., Pb (II) and Cd (II) with EDTA) than the anion exchang-
ers of the same type of polystyrene skeleton (Dąbrowski et al., 2004). Other 
studies have shown that higher selectivity, great exchangeability as well as 
reversibility of the sorption-elution process towards Pb (II) ions are charac-
teristics of the sulphine cation exchanger exhibiting-SO4

2– groups (Bogoczek 
and Kociołek-Balawejder, 1988). On the other hand, chelating ion exchanger 
with functional iminodiacetate groups, Lewatit TP 207, has been recom-
mended by the Bayer Company for selective removal of metal ions, particu-
larly Pb(II) ions (Bayer, 2000).

The study by Ladeira and Gonçalves (2017) investigated the separation of 
uranium from the other anions present in the acid water under batch and 
column mode using the ion-exchange technique. Two strong base resins 
(Dowex Marathon A and IRA-910U) were compared in the study for their 
effectiveness in the removal of uranium from high sulphate AMD. The 
AMD sample was collected nearby the uranium mine in the southeast of 
Brazil and consisted of acid water generated at waste rock piles. The acid 
water pH was around 2.7, the uranium concentration was in the range of 
6–14 mg L−1, sulphate concentration was nearly 1400 mg L−1, fluoride concen-
tration of 140 mg L−1, and iron concentration of 180 mg L−1. The influence of 
ions, commonly found in acid waters like sulphate and fluoride, was also 
assessed in the ion-exchange process. The resins showed a significant capac-
ity for uranium uptake which varied from 66 to 108 mg/g for IRA-910U and 
53 to 79 mg/g for Dowex A. This shows that IRA-910U performed signifi-
cantly better than Dowex A. However, the results showed that both resins 
performed at only about 40–60% of their theoretical value (1 equiv. g−1 for 
IRA-910U and 1.3 equiv. g−1 for Dowex A) probably because of the interfer-
ence of other anions. The effect of pH on the loading capacity for column 
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experiments was more accentuated than that for batch tests. The results also 
showed that SO4

2− was the most interfering ion and it had a deleterious effect 
on the uranium recovery in the pH range studied. Fluoride did not affect 
uranium removal. Based on the fact that the study was carried out with a 
real acid water sample it was demonstrated that, although loadings were not 
considered so high, uranium can be removed efficiently, and elevated recov-
eries may be achieved.

9.2.4.3  Summary

The ion-exchange methodology has been found to be technologically sim-
pler compared to other techniques and enables efficient removal of even 
traces of impurities from solutions. In fact, according to Hardwick and 
Hardwick (2016) when the concentration of impurities in a waste stream 
is very low, efficiency of removal by ion-exchange resins is relatively high 
because at that point it is film diffusion rather than particle diffusion that 
limits the kinetics. By its nature the undesirable ions in waste streams are 
replaced by the ones on ion-exchange resins, for example, that do not con-
tribute to contamination of the environment (Dąbrowski et  al., 2004). In 
other words, ion exchange enables replacing the undesirable ion by another 
one which is neutral within the environment. At the moment new types 
of ion exchangers with specific affinity to specific metal ions or groups of 
metals are available as an effort to enhance selectivity. To sum it up, the 
importance of ion exchange with respect to AMD treatment is characterised 
by two basic approaches according to Dinardo et al. (1991): (1) the selective 
removal of heavy metals from the AMD solution, and (2) water recovery to 
produce potable water, which involves the total removal of both anions and 
cations from AMD.

9.2.5  Electrochemical Treatment

9.2.5.1  Concepts of Electrochemical Treatment

The application of electricity in the treatment of contaminated water, gen-
erally referred to as the electrochemical techniques, has been in existence 
for over a century, and since then the methods are still highly reliable for 
wastewater treatment (Tran et al., 2017a). In fact, electrochemical technolo-
gies have the potential to provide selective and measurable recovery of base 
metals from dilute mining influenced water (Figueroa and Wolkersdorfer, 
2014). However, the technology is not widely used in the treatment of AMD 
(Figueroa and Wolkersdorfer, 2014).

The nature of the electrochemical process is premised on the usage of 
electricity to pass a current through an aqueous metal bearing solution, 
which also contains a cathodic plate and an insoluble anode (Tran et  al., 
2017b). In other words, an electrochemical system consists of at least two 
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electrodes – an anode and a cathode – and an intermediate space filled with 
electrolyte (Muddemann et al., 2019). The electrical circuit is closed through 
electrical wires either with a voltage source (electrolysis cell) or an electri-
cal load (galvanic element). In many applications, a separator (membrane 
or diaphragm) separates the reactor into anode and cathode compartments. 
The electrolyte surrounding the anode is named anolyte and the electrolyte 
on the cathode side is called catholyte. Figure 9.3a shows the general set-up 
of an electrolysis cell, while the function of a galvanic element is shown in 
Figure 9.3b.

There are a number of possible mechanisms involved in electrochemical 
processes including electrocoagulation, electroflotation, and electrodeposi-
tion (Chen, 2004; Fu and Wang, 2011; Figueroa and Wolkersdorfer, 2014; Liu 
et  al., 2016; Tran et  al., 2017a). Other electrochemical techniques are avail-
able including electrochemical oxidation (and reduction), electrochemical 
precipitation, electrokinetic, and emulsion splitting electrolysis (Chen, 2004; 
Drogui et al., 2007; Muddemann et al., 2019), but will not be covered in this 
chapter. Only electrocoagulation, electroflotation, and electrodeposition will 
be discussed in the chapter.

9.2.5.1.1  Electrocoagulation

The concept of electrocoagulation is based on the use of sacrificial metal 
anodes to stimulate electrolytic metal precipitation in undivided cells 
(Bejan and Bunce, 2015). Ideally, electrocoagulation (or sometimes called 
electrofloculation) involves the generation of coagulants in situ by dis-
solving either aluminium or iron ions electrically from aluminium or 
iron electrodes, respectively (Chen, 2004; Fu and Wang, 2011). However, 
in electrocoagulation, iron is the most widely used electrode followed by 
aluminium (Singh and Mishra, 2017). Chen (2004) outlined the following 
reactions as the ones taking place at the anode under alkaline and acidic 
conditions:

FIGURE 9.3
Schematic illustration of the (a) electrolysis process and (b) the galvanic element.
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For the aluminium anode:

	 − →− +Al   3e     Al3
	 (9.4)

	 + →+ −in alkaline conditions Al    3OH     Al(OH)3
3 	 (9.5)

	 + → ++ +in acidic conditions: Al    3H O    Al(OH)    3H3
2 3 	 (9.6)

For iron anode:

	 − →− +Fe   2e     Fe2
	 (9.7)

	 + →+ −in alkaline conditions: Fe    3OH     Fe(OH)2
2 	 (9.8)

	 + + → ++ + −in acidic conditions: 4Fe    O    2H O    4Fe  3OH2
2 2

3

	 (9.9)

In addition, oxygen is also liberated at the anode through the following 
reaction:

	 − → +− +2H O   4e     O    4H2 2 	 (9.10)

During electrocoagulation, water electrolysis at the cathode also takes 
place and generates hydrogen (Equation 9.11) in form of microbubbles 
(Muddemann et al., 2019).

	 + → +− −2H O   2e     H    2OH2 2 	 (9.11)

In addition, the dissolved H+ ions are also reduced at the cathode as follows:

	 + →+ −2H    2e     H2 	 (9.12)

From reactions 9.1 to 9.12, it can be summarised that during the electroco-
agulation process, the generation of metal ions takes place at the anode and 
the hydrogen gas is released from the cathode (Chen, 2004).

In the electrocoagulation process, co-precipitation of the sacrificial metal 
(reactions 9.4 and 9.7) and the metals present in the AMD take place due to pH 
increase because of the cathodic reduction of H+ ions (Equation 9.12) (Bejan 
and Bunce, 2015) or due to the OH– formed at the cathode through reaction 9.11 
(Muddemann et al., 2019). Ideally, the reduction of dissolved hydrogen ion to 
hydrogen gas as shown in reaction 9.12 results in a pH increase in solution 
(Jenke and Diebold, 1984). In addition, Muddemann et al. (2019) as well as 
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Bejan and Bunce (2015) postulate that the OH– ions formed at the cathode 
enable the coagulation or precipitation of the metal ions present in the AMD 
and metal ions generated from sacrificial metal anodes as well as flocculation 
of dissolved or colloidal constituents in water. Mollah et al. (2004) also argue 
that during electrocoagulation, iron and aluminium almost instantly become 
polymeric hydroxides, which are excellent coagulating agents. Drogui et al. 
(2007) propose that in an electrocoagulation process, aluminium or iron ions 
are produced and they combine with hydroxyl ions (generated by electrolysis 
of water at the cathode) to form a polymeric coagulant, aluminium hydrox-
ide, or iron hydroxide, which adsorbs colloidal material present in the solu-
tion to form insoluble flocs which are then carried away by the hydrogen gas 
bubbles generated at the cathode to the surface of the liquid. According to 
Heidmann and Calmano (2008), in the case of aluminium, the metal ions are 
removed from the solution by several mechanisms including direct reduc-
tion at the cathode, hydroxide formation by the hydroxyl ions formed at the 
cathode, and co-precipitation with the aluminium hydroxides.

In the electrocoagulation process, the hydrogen gas formed at the cathode 
(reaction 9.12) helps to float the flocculated particles out of the water (Chen, 
2004). Muddemann et al. (2019) also re-emphasise that the hydrogen bubbles 
formed are often used for flotation (i.e., electroflotation) and separation of 
the formed aggregates simultaneously. Therefore, according to Muddemann 
et al. (2019) electroflotation is often combined with electrocoagulation. Feng 
et al. (2016) reiterate that in practice, an electrocoagulation process will be 
often followed by an electroflotation process and this combined system can 
be considered as electrocoagulation-flotation process. In other words, the 
combination of electrocoagulation and electroflotation is called electroco-
agulation-flotation process (Azimi et al., 2017). This method achieves better 
removal percentages.

Chen (2004) suggests that the advantages of electrocoagulation include 
high particulate removal efficiency, compact treatment facility, relatively low 
cost, and possibility of complete automation. In addition, Vasudevan et al. 
(2010) state that some of the advantages of electrocoagulation are its gener-
ally low cost, reduced sludge production, and is easy to operate. According 
to Rodriguez et al. (2007), electrocoagulation may prove to be not only fea-
sible and economically friendly, but also technically and economically supe-
rior to conventional technology like chemical precipitation.

9.2.5.1.2  Electroflotation

Electroflotation is a separation process in which hydrophobic particles in 
water or particles generated by other processes (e.g., electrocoagulation) are 
carried to the aqueous surface by adhering to gas bubbles (Muddemann 
et al., 2019). In the context of this chapter, electroflotation is considered as a 
simple solid/liquid separation process that floats pollutants to the surface 
of a water body by tiny bubbles of hydrogen and oxygen gases generated 
from water electrolysis (Raju and Khangaonkar, 1984; Fu and Wang, 2011; 
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Chen, 2014). In this process, hydrogen and oxygen gases are liberated from 
the electrochemical reactions at the cathode (reaction 9.11) and anode (reac-
tion 9.10), respectively (Chen, 2014). It is also possible to combine electroflo-
tation with electrocoagulation (see the discussion on electrocoagulation) if 
one of the electrodes is dissolved by electric current during electrolysis. The 
released metal ions cause coagulation of colloidal molecules, which adhere 
to the gas bubbles formed by the water electrolysis (Muddemann et al., 2019). 
According to Kraft (2004) electroflotation is one of the most effective and ver-
satile methods of electrochemical water purification, as micro gas bubbles 
are produced and the size distribution of the gas bubbles is very narrow. In 
addition, Srinivasan and Subbaiyan (1989) state that the advantages of elec-
troflotation technique are its high degree of gas saturation and the dimen-
sional uniformity of the generated bubbles which subsequently lead to the 
highest recovery in a short time span.

9.2.5.1.3  Electrodeposition

The recovery of metals using electrochemical techniques has been practiced 
in the form of electrometallurgy for a very long time (Dubpernel, 1978; Chen, 
2004). Figueroa and Wolkersdorfer (2014) also state that electrochemical 
deposition of metals is widely used in metallurgical processing and treat-
ment of high metal waste streams (e.g. electroplating waste) to recover high-
purity metallic forms. In the process of electrochemical deposition of metals, 
the metal ions are electrochemically reduced and, in contrast to electroco-
agulation, removed as metals of valence 0 (Muddemann et  al., 2019). The 
electrochemical mechanism for metal recovery is very simple and is basi-
cally the cathodic deposition process (Chen, 2004). In the process, the posi-
tively charged metal ions move in the electric field between the electrodes 
to the negatively polarised cathode, where they are reduced to an element 
and deposited on the electrode surface according to the following equation 
(Muddemann et al., 2019):

	 + →+ −M    ne     Mn
	 (9.13)

In other words, when the dissolved metals migrate towards the cathode, 
they are reduced and deposited on the cathode (Figueroa and Wolkersdorfer, 
2014). In general, the anode composition (effectively inert) is selected to limit 
its oxidation and thus promote the oxidation of water at the anode (Figueroa 
and Wolkersdorfer, 2014).

The metals extracted from the wastewater such as AMD using electrode-
position technique can be of a very high purity and thus the recovery of 
valuable metals is possible (Muddemann et al., 2019). The process is used not 
only for metal separation from wastewater, but also for large-scale produc-
tion of metals such as copper and zinc. Indeed, electrodeposition which is 
commonly referred to as electrowinning is an alternative to conventional 
smelting technologies (Bejan and Bunce, 2015 ).
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9.2.5.2  Selected Typical Studies of Electrochemical Treatment

This section discusses typical examples of studies performed using electro-
chemical techniques for the treatment and/or recovery of metals from waste-
waters including AMD. Electrochemical treatment of AMD offers possible 
advantages in terms of operating costs and the opportunity to recover met-
als (Chartrand and Bunce, 2003; Gaikwad and Gupta, 2008; Figueroa and 
Wolkersdorfer, 2014; Park et al., 2015). The technique can be operated at ambi-
ent temperature and pressure and has a robust performance and capabil-
ity to adjust to variations in the influent composition and flow rate (Tran 
et al., 2017b). Furthermore, Tran et al. (2017a,b) including Fu and Wang (2011) 
emphasised that electrochemical processes are known to be very efficient 
methods for the treatment of industrial wastewaters, particularly, for the 
removal of heavy metal ions.

9.2.5.2.1  Electrocoagulation

Nariyan et al. (2017) used electrocoagulation to investigate the removal of 
copper, silicon, manganese, aluminium, iron, and zinc as well as sulphate 
from real mine water. Batch experiments with monopolar iron anode and 
stainless steel cathode as well as monopolar aluminium anode and stain-
less steel cathode were conducted separately to identify the best electro-
coagulation conditions. The removal efficiency in mine water increased 
with increasing reaction time and increasing current density and the type 
of electrodes affected the metals and sulphate removal as could be shown 
by the adsorption isotherms. Based on kinetic modelling, the aluminium 
electrode was found to be more efficient for metal removal than the iron 
electrode. The removal behaviour of the metals can be explained by the  
Eh-pH and the metal’s stability diagram. Both the free sorption energy cal-
culation from the Dubinin-Radushkevich isotherm and the k-parameter for 
the kinetics showed that the removal of copper and silicon were influenced 
by physical interaction with the two electrodes, while zinc was merely being 
influenced by physical interaction with the iron electrode in the electroco-
agulation process. All of the contaminants, except manganese and sulphate, 
obeyed a Langmuir isotherm when an iron electrode was applied. However, 
when an aluminium anode was utilised, the metals presented a different 
behaviour compared to the iron electrodes. Specifically, silicon, copper, and 
manganese were obeying a Freundlich isotherm, whereas zinc and sulphate 
were obeying a Langmuir isotherm. Sulphate was better removed by an alu-
minium electrode compared to the iron electrodes with a maximum removal 
rate of 40.5% and 28.9%, respectively.

Mamelkina et al. (2017) studied the possibility of treating mining water 
using 1 L and 70 L electrocoagulation reactors and pressure filtration. The 
results indicated that metals were almost completely removed after 1 h of 
operation. The highest sulphate removal was obtained using aluminium 
electrodes after 5 h of treatment, while for nitrate after 3 h. Basically, nitrates 
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were also almost completely removed just like metals. No significant effect 
of current density, reactor configuration and electrode material on metal 
removal was observed within the variable range investigated. However, 
sulphate and nitrate removal declined with the increase in treated volume. 
Cake formed during filtration had high porosity and moisture content.

Venkatasaravanan et al. (2016) investigated the efficiency of electrocoagu-
lation process on the removal of heavy metals from synthetically prepared 
AMD. The electrocoagulation studies were performed in batch mode using 
vertically positioned aluminium electrodes (anode and cathode) in a 1 L reac-
tor connected to a DC supply of 0–30 V and 5 A. The reactor was mixed at 
200 rpm to avoid the mass transport over the potential of electrocoagulation 
reactor. As current density and pH were increased from 10 to 25 mA/cm2  
and 5 to 7, respectively, the removal efficiency of Cu and Zn increased dras-
tically from 57.6% to 95.4% and 53.4% to 86.2%, respectively. The energy 
consumption in the electrocoagulation process varied from 4.7 kWh/m3 to 
29.4 kWh/m3 for current densities of 10 mA/cm2 to 25 mA/cm2. Clearly, this 
study proved that the electrocoagulation is an efficient process.

A study by Nariyan et al. (2016) investigated the removal of cadmium from 
real mine water by the electrocoagulation process using iron–stainless steel 
anode/cathode electrode combinations as well as aluminium–stainless steel 
anode/cathode electrode combinations. The effects of time, current density, 
and the type of electrode on the performance of electrocoagulation process 
were investigated. It was found that the current density had a direct effect 
on the removal of cadmium. In particular, cadmium was removed better at 
70 mA/cm2 than at 10 mA/cm2. In addition, the reaction time had a direct 
effect on cadmium removal. For example, by increasing the time, cadmium 
was removed at higher removal rates compared to the beginning of the 
reaction. The type of electrode was also found to have an influence on the 
removal of cadmium. For example, cadmium was removed much better by 
an iron–stainless steel anode/cathode combination than by a combination of 
aluminium–stainless steel anode/cathode electrodes. The removal efficiency 
of the aluminium–stainless steel anode/cathode combination reached 82%, 
whereas the cadmium removal efficiency by iron–stainless steel was 100% 
at 120 min of reaction and 70 mA/cm2. The best condition in which 100% of 
cadmium was removed was obtained by using an iron–stainless steel anode/
cathode electrodes combination with a current density and reaction time of 
70 mA/cm2 and 120 min, respectively.

The aim of the study by Orescanin and Kollar (2012) was to develop and 
apply the purification system suitable for the treatment of the AMD accu-
mulated in the “Robule” Lake, which represents the part of the Bor copper 
mining and smelting complex in Serbia. The study was undertaken in order 
to minimise adverse effects on the environment caused by the discharge of 
untreated AMD, which was characterised with low pH value (2.63) and high 
concentration of heavy metals (up to 610 mg/L) and sulphates (up to 12 000 
mg/L). The treatment of the effluent included pre-treatment/pH adjustment  
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with CaO followed by electrocoagulation using iron and aluminium elec-
trode sets. The results showed that the application of the electrochemical 
method for the treatment of the AMD pre-treated/pH adjusted with CaO 
resulted in extremely high removal efficiencies of heavy metals from the 
waste effluent of above 99% in most cases. The removal efficiency increased 
with increasing initial metal concentration. High degree of the removal 
of sulphates (over 70%) was also achieved. The concentration of iron in 
the treated effluent was reduced from 610 to 0.010 mg/L, copper from 82.5 
to 0.006 mg/L, manganese from 59 to 0.336 mg/L, and zinc from 41.6 to  
0.024 mg/L. The concentrations of other heavy metals in the final effluent 
were below 0.005 mg/L. The removal efficiencies for the metals and sul-
phates from the studied AMD are summarised as follows: SO4

2− = 70.83%, 
Hg = 98.36%, Pb = 97.50%, V = 98.43%, Cr = 99.86%, Mn = 97.96%, Fe = 100.00%, 
Co = 99.96%, Ni = 99.78%, Cu = 99.99%, and Zn = 99.94%. Since the concentra-
tions of heavy metals in the electrochemically treated AMD (ranging from 
0.001 to 0.336 mg/L) are very low, the negative impact of this effluent on the 
aquatic life and humans is not expected. The waste sludge from the combined 
treatment process could be reused for the pH adjustment/pre-treatment of 
the AMD instead of CaO, and afterwards, due to its inertness, it could be 
used as an overlaying layer of the flotation waste heap during its recovery 
work. From the presented results, it could be concluded that electrochemical 
treatment is a suitable approach for the treatment of AMD.

A study by Oncel et al. (2013) compared the removal of heavy metals such 
as Fe, Al, Ca, Mg, Mn, Zn, Si, Sr, B, Pb, Cr, and As from coal mine drainage 
wastewater at a laboratory scale using chemical precipitation and electroco-
agulation. The chemical precipitation was performed with NaOH, whereas 
the electrocoagulation process was evaluated via an electrolytic cell using 
iron plate electrodes. In the chemical precipitation process, the optimum pH 
for removal of most of the heavy metals from coal mine drainage wastewater 
was 8 except for Ca, Sr, and B (pH 10 or higher). The removal efficiencies at 
the optimum pH varied from 28.4% to 99.96%. Influence of current density 
and operating time in the electrocoagulation process was explored on the 
removal efficiency and operating cost. Results from the electrocoagulation 
process showed that the removal of metals present in coal mine drainage 
wastewater increased with increasing current density and operating time. 
The electrocoagulation process was able to achieve higher removal efficien-
cies (>99.9%) at an electrocoagulation time of 40 min, a current density of 500 
A/m2 and pH of 2.5 as compared to the results obtained with the chemical 
precipitation at pH 8. The residual metal ion concentrations which varied from 
0.00001 to 0.104 mg/L in the electrocoagulation process were below the limit-
ing value for coal mine drainage wastewater discharge. The operating costs 
at the optimum operating conditions were also determined to be 1.98€/m3  
for the electrocoagulation and 4.53€/m3 for the chemical precipitation. 
There is no doubt from the results that the electrocoagulation process was 
more effective than the chemical precipitation with respect to the removal 
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efficiency, amount of sludge generated, and operating cost. The study by 
Oncel et al. (2013) has clearly shown that electrocoagulation has the poten-
tial to extensively eliminate disadvantages of the classical treatment tech-
niques in order to achieve a sustainable and economic treatment of polluted 
wastewater.

Chartrand and Bunce (2003) performed the electrolysis of synthetic AMD 
solutions containing iron, copper, and nickel both singly and mixtures of the 
metals using a flow-through cell divided with an ion-exchange membrane. 
The anode used for all experiments was a dimensionally stabilised anode 
(DSA) consisting of titanium metal coated with iridium dioxide (≈7.2 cm2), 
and the cathode was made of platinum. Each set of experiments was carried 
out at constant current densities at the highest value of which the steady-
state pH of the exiting catholyte was about 10 for iron only solutions or 12 for 
all other solutions. The results showed that iron was successfully removed 
from a synthetic AMD solution composed of FeSO4/H2SO4 via Fe(OH)3 pre-
cipitation outside the electrochemical cell after oxygenation of the catholyte. 
The experiments with copper and nickel were only partly successful due to 
the fact that metal removal occurred more by hydroxide precipitation than 
electrocoagulation. The work was extended to an authentic AMD sample 
containing principally iron and nickel. Electrolysis of authentic AMD was 
successful in removing iron from solution, but quantitative removal of nickel 
required re-electrolysis or chemical precipitation. In the study, Chartrand 
and Bunce (2003) noted that the development of an electrolytic technology 
for AMD remediation requires more work on the chronology of electrolysis, 
aeration, and sludge separation, and on cell design so as to optimise mass 
transfer and permit the in situ separation of the sludges formed when the 
original AMD contains significant quantities of Fe3+.

Both mine water and industrial effluents are known antecedent of heavy 
metals (Singh and Mishra, 2017). Therefore, other studies that are impor-
tant in the use of electrocoagulation technique involved the removal and/or 
recovery of heavy metals from wastewaters of other industries. For example, 
a study by Akbal and Camcı (2011) investigated the applicability of an elec-
trocoagulation method in the treatment of metal plating wastewater under 
various conditions. The results indicated that electrocoagulation can effec-
tively reduce metal ions to very low levels. The metals (Cu, Cr, and Ni) were 
removed by precipitation as hydroxides by the hydroxyl ions formed at the 
cathode via water electrolysis (see reaction 9.11) and by co-precipitation with 
aluminium and iron hydroxides. The results also showed that Cu, Cr, and 
Ni removal efficiency increased with increasing current density. This was 
because higher current density increased the production rate of aluminium 
and iron hydroxide flocs, and that the hydroxide flocs subsequently acted as 
adsorbents for metal ions and thus removed the metal ions from the waste-
water. The highest removal rate for Cu, Cr, and Ni was achieved at a pH of 
9.0. The high efficiency of metal removal at higher pH levels was attributed 
to the precipitation of their hydroxides at the cathode. The Fe–Fe and Fe–Al 
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electrode combinations were more effective for the removal of Cu, Cr, and Ni 
from the wastewater. The results also indicated that electrocoagulation with 
Fe–Al electrode pair was very efficient and was able to achieve removal rates 
of 100% Cu, 100% Cr, and 100% Ni at a current density of 10 mA/cm2 and pH 
of 3.0 after an electrocoagulation time of 20 min with energy and electrode 
consumptions of 10.07 kWh/m3 and 1.08 kg/m3, respectively.

A systematic study to ascertain the performance of an electrocoagulation 
system with aluminium electrodes for removing heavy metal ions (Zn2+, 
Cu2+, Ni2+, Ag+, Cr2O7

2−) on laboratory scale was carried out by Heidmann 
and Calmano (2008). Several parameters – such as initial metal concentra-
tion, numbers of metals present, charge loading, and current density – and 
their influence on the electrocoagulation process were investigated. The 
study was able to establish the removal mechanisms of Zn, Ni, Cu, Ag, and 
Cr. The results showed that Zn, Ni, Cu, and Ag are removed by direct reduc-
tion at the cathode surface, as hydroxides by the hydroxyl ions formed at 
the cathode via water electrolysis (see reaction 9.11) and by co-precipitation 
with aluminium hydroxides. It was proposed that Cr(VI) was reduced first 
to Cr(III) at the cathode before precipitating as a hydroxide, Cr(OH)3. The 
results from experiments with five metals indicate a co-precipitation of Cr 
with the other metals.

Kabdaşlı et al. (2009) experimentally investigated the treatability of a metal 
plating wastewater (concentration range, 230–280 mg/L) containing com-
plexed metals originating from the nickel and zinc plating process through 
electrocoagulation technique using stainless steel electrodes. In this study, 
nickel and zinc were removed by hydroxide precipitation and incorporation 
in the colloidal material generated by the formation of Fe(OH)3 flocs. The 
study by Kabdaşlı et  al. (2009) demonstrated that the highest TOC abate-
ment (66%) as well as nickel and zinc removals (100%) were achieved with 
an applied current density of 9 mA/cm2 to the original electrolyte (chloride) 
concentration and original pH of the composite sample used.

A study by Shafaei et al. (2015) investigated the removal of Mn2+ ions from 
solutions by an electrocoagulation process with aluminium electrodes. The 
study found that Mn2+ ion was removed by direct reduction at the cathode 
surface, as hydroxides by the hydroxyl ions formed at the cathode via water 
electrolysis and by co-precipitation with the aluminium hydroxides. It was 
found that the optimum initial pH for the removal of Mn2+ ions was 7.0. The 
results from the study also showed that increasing the current density and 
electrolysis time has a positive effect on the Mn2+ removal efficiency. The 
removal of Mn2+ ions was not influenced by the solution conductivity whilst 
the electrical energy consumption decreased with an increase in the solution 
conductivity. In addition, the study also found that as the initial concentra-
tion of the Mn2+ increased, the rate of removal of the contaminant decreased.

A study that investigated electrocoagulation treatment using aluminium 
sacrificial electrodes for a synthetic water containing Cu, Cr, and Zn heavy 
metals was conducted by Singh and Mishra (2017). The effects of operational 
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parameters, such as current density, inter-electrode distance, operating time, 
and pH, were studied and evaluated for maximum efficiency. This study 
showed that experimental results as well as kinetic modelling data gave high 
removal rate for all metals and total suspended solids at higher current den-
sity except Cu in which the same results were obtained at lower current den-
sity. In the case of energy consumption, it was concluded that 0.459 kWh/m3  
was sufficient for the removal of 99% Cu, 59% Cr, and 71% of Zn up to 30 min 
of treatment time for which 0.450 A current was required. In the context of 
sludge generated, the study showed that the sludge that accumulated on the 
top layer of solution was more in comparison to amount of sludge at the bot-
tom of the reactor. In addition, sludge generated was less at bottom at high 
current density.

9.2.5.2.2  Electroflotation

According to Feng et  al. (2016) and many other studies (Azimi et  al., 2017; 
Muddemann et al., 2019), an electrocoagulation process is often followed by 
an electroflotation process. A combination of electrocoagulation and electro-
flotation, which actually achieves better removal percentages, is called elec-
trocoagulation-flotation process (Azimi et  al., 2017). As already discussed, 
electroflotation is a simple process where pollutants are floated to the surface of 
a water body with the aid of tiny bubbles of hydrogen and oxygen gases gener-
ated from water electrolysis. Therefore, most of the examples in this section of 
the chapter pertain to studies where electroflotation was combined with other 
water treatment systems. In other words, electroflotation is mainly integrated 
into a process train with other technologies, particularly, electrocoagulation.

The possibility of the removal of metal ions from mining wastewa-
ters through ion flotation was investigated by Alexandrova et  al. (1994). 
Wastewater of an opencast mine containing about 50 mg/L copper ions 
underwent precipitation with xanthates forming chelate complexes with 
high hydrophobicity. Electroflotation was used to generate a gaseous phase 
with sufficient volume and high dispersity so as to effect precipitate flotation. 
Alexandrova et al. (1994) argue that effective precipitation and adsorbing col-
loid flotation require the presence of a gaseous phase with sufficiently large 
area and maximal dispersity due to the sensitivity of precipitated and co-
precipitated particles to hydrodynamic conditions. Electroflotation proved 
appropriate in this study since it combined the electrocoagulation effect and 
electrolytic gas separation.

Khelifa et al. (2005) used electroflotation to reduce the concentrations of 
copper and nickel found in real wastewater. Through the electro-generation 
of gas bubbles (hydrogen and oxygen) at the electrodes and the variation of 
pH, this technique allowed the precipitation of hydroxides of the polluting 
metals by alkalisation and subsequent transport by flotation to the surface 
of the solution (Srinivasan and Subbaiyan, 1989; Alexandrova et  al., 1994; 
Muddemann et al., 2019). The effects of the following parameters were exam-
ined: current density, pH, heavy metal concentration, supporting electrolyte 
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concentration, and the nature of the electrodes. By optimizing the operation, 
heavy metal removal reached 98–99% and maintained final and global con-
centration to a value lower than the World Health Organisation standard, 
which is 1 mg/L for nickel and copper. In a later study, Khelifa et al. (2013) 
demonstrated the feasibility of simultaneous removal of heavy metals and 
EDTA in an electrolytic undivided cell equipped with Ti/RuO2 as anode and 
stainless steel as cathode. In the absence of EDTA, results showed that nickel 
and copper removal by electroflotation process is pH sensitive; and nickel 
and copper were substantially removed by electroflotation with removal effi-
ciencies of 99.6% and 97%, respectively. In the presence of EDTA, the metal 
removal by the electroflotation process was inhibited. The inhibition rate 
was found to be dependent on EDTA/metal molar ratio. In the study, Khelifa 
et al. (2013) also used a one-step process, involving the combination of two 
techniques, i.e., electrochlorination and electroflotation. Active chlorine gen-
erated in situ allowed the decomplexation of metal-EDTA. As a result, free 
metal ions were removed by precipitating and subsequent floating to the 
surface by rising electro-generated bubbles. The obtained results revealed 
that, with 0.6 EDTA/metal molar ratio, removal efficiencies were 77% and 
78% for nickel and EDTA, respectively, in the case of nickel–EDTA solutions. 
Removal efficiencies were 89% and 96% for copper and EDTA, respectively, 
in the case of copper–EDTA solutions. Furthermore, heavy metal removal 
efficiency by the combined process showed that it was affected by chloride 
content and current intensity.

The objective of a study by da Mota et al. (2015) was to remove Pb, Ba, 
and Zn ions from solutions containing 15 mg dm−3 of each metal represent-
ing a typical concentration of wastewater from washing soil contaminated 
by drilling fluids from oil wells by electrocoagulation/electroflotation 
using stainless steel mesh electrodes. The effects of different parameters, 
including the pH, the electrolysis time, the current density, and the support-
ing electrolyte dosage were evaluated. The results of the study indicated 
that it is possible to remove Pb, Ba, and Zn metals by electrocoagulation/
electroflotation and achieving up to 97% removal efficiency with a power 
consumption of 14 kWh m−3. The optimal conditions of the treatment pro-
cess were 0.1% sodium dodecyl sulphate (as a foamy) in a molar ratio against 
the heavy metals of 3:1, current density of approximately 350 Am−2, ionic 
strength of 3.2 × 10−3 M, pH of 10.0, and 20-min operation time. The results 
of the study indicated that the proposed electrocoagulation/electroflotation 
was adequate to simultaneously treat the common heavy metals found in 
the drilling fluids from oil wells.

9.2.5.2.3  Electrodeposition

Electrowinning, as a form of electrodeposition, is the deposition of a metal 
from solution due to an applied electrical potential. The dissolved metals 
migrate towards the cathode where they are reduced and deposit on the cath-
ode. In general, the anode composition (effectively inert) is selected to limit 
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its oxidation and thus promote the oxidation of water at the anode (Figueroa 
and Wolkersdorfer, 2014). Most importantly, electrochemical recovery pro-
cesses, particularly electrowinning, have been applied primarily to high 
metal concentration solutions (≫1000 mg/L) at low pH (<1) in waste streams 
where competitive metals tend to be at much lower concentrations than the 
target metal (e.g., electroplating waste) (Figueroa and Wolkersdorfer, 2014). 
Nordstrom et al. (2017) also reiterate that electrowinning for Cu is generally 
not done on AMD because concentrations of nearly 1000 mg/L are necessary.

In a study by Gorgievski et al. (2009), the removal of copper from AMDs 
originating from a closed copper mine “Cerovo” RTB Bor in Serbia contain-
ing approximately 1.3 g dm−3 of copper and a very small amount of Fe2+/
Fe3+ ions was successfully performed by direct electrowinning using either 
a porous copper sheet or carbon felt as the cathode. The cells used in the 
electrowinning experiments were compared in terms of cell voltage, pH, 
and copper concentration. A high degree of electrowinning, higher than 
92% copper removal rate, a satisfactorily good current efficiency (>60%) and 
a good, dense metal deposit was obtained with both cathodes. However, the 
cell with the porous copper cathode had better features than that with the 
carbon felt cathode in terms of current efficiency and specific energy con-
sumption. Depending on the process time and the applied current, a final 
copper concentration in the remaining solution of less than 0.1 g dm−3 was 
achieved. The specific energy consumption was approximately 7 kWh kg−1 
of deposited copper. A dense copper deposit was obtained when a three-
dimensional electrode was used. The cell voltage decreased with time due 
to decreasing pH as a consequence of oxygen evolution as an anode reac-
tion which increases the acid content. When the cells were compared with 
respect to the achieved cell voltage, it showed that the cell with the porous 
copper sheet cathode is the most suitable, having the lowest cell voltage. 
When using the carbon felt cathode, high cell voltage was registered due to 
the increased potential drop within the cell as well as the higher overvoltage 
of copper deposition onto carbon. The decrease in pH of the treated mine 
water with time due to the anodic oxygen evolution causes an increase in 
conductivity and acidity of the mine water. This fact may have a beneficial 
effect if the treated water is being recycled in a leaching stage, if present, 
leading to a decrease in the consumption of sulphuric acid. The opposite 
effect is an elevated consumption of chemicals needed to neutralise sulph-
uric acid formed during the electrowinning process prior to its release into 
a receiving water course.

Stanković et  al. (2008) ran experiments with the aim of generating data 
which would be needed in designing the mine waters’ treatment process by 
direct electrowinning. The mine waters from the open pit mine were charac-
terised with a reasonably high copper concentration (≈1 g dm−3) and with a 
very low iron ion content allowing the consideration of a direct electrowin-
ning as a method for the copper recovery from the mine waters. Zinc ions 
also existed in an unexpected amount of about 25 mg dm−3, but do not affect 
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the electrowinning process. The removal of copper from mine waters was 
performed using two types of electrochemical cells: a cell with inert turbu-
lence promoters and a cell with copper foam both operating in galvanostatic 
mode at different current densities and at different hydrodynamic condi-
tions. There was no pre-treatment of the mine waters prior to the electrowin-
ning process. Copper concentration was monitored periodically and the cell 
voltage was recorded thus allowing energy consumption in the process to be 
determined. The results of the study clearly showed that it was possible to 
remove copper successfully from the mine waters by direct electrowinning. 
The process achieved high degree of electrowinning and satisfactory cur-
rent efficiency. Dense metal deposit was obtained in both electrolytic cells. 
Cell voltage was considerably high in both cells, but was much higher in the 
cell with inert turbulent promoters up to 12 to 14 V at the very beginning. 
However, the voltage fell down over time due to the lowering of pH with 
time as a consequence of the evolution of oxygen as an anode reaction that 
increases acid content in the water. Both cells used in the study were com-
pared in a view of their applicability for treatment of mine water. Copper 
foam allows the application of higher geometrical current densities because 
of its developed internal surface. This allowed the application of higher 
operating currents on cells with copper foam and thus achieving lower final 
copper concentrations in the outlet stream compared to the cell with inert 
turbulence promoters.

The removal of copper and nickel from aqueous solutions using a simple 
tank cell, an improved mass transfer inert fluidised bed cell (Chemelec) and 
a three-dimensional high surface area cell (i.e., graphite packed bed cell) 
were examined by Campbell et al. (1994). A series of electrolysis experiments 
were carried out to examine the effect of current density and flow rate on 
both the efficiency of the process and the quality of the deposit. The packed 
bed cells were found to be extremely effective in reducing metal concentra-
tions in the remaining solution to below 1 ppm. The most economic concen-
tration range in which each cell should operate was also determined. The 
study found that the electrochemical recovery of nickel and copper over the 
concentration range of 20 g/L to less than 1 ppm can be carried out at high 
current efficiency if the concentration of metal ions is reduced in stages using 
the three types of electrochemical cells. At concentrations from 20 g/L to 
2 g/L a tank cell should be used, 2 g/L to 0.2 g/L a Chemelec cell is required 
and below 0.2 g/L a graphite packed bed should be used followed by a high 
surface area cell to reduce the metal level to below 1 ppm. These results show 
that suitable combinations of cells can be chosen to remove the metals from 
high concentrations (20 000 ppm) to very low concentrations (<1 ppm).

Ubaldini et al. (2013) demonstrated the technical feasibility of electrowin-
ning as a remediation process for toxic metals removal from AMD. In this 
study, high recoveries of metals were achieved of about 99% and 93% for 
Zn and Mn (as MnO2), respectively, with relatively low power consumptions 
(i.e., 118 kWh/kg for Zn and 619.05 kWh/kg for MnO2). The other metals such 
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as Cu and traces of Cd, Ni, Mn (as metallic Mn) co-deposited with the Zn 
such that the levels of the remaining metals in solution were within the rec-
ommended limits suggested from the Peruvian law. The degree of purity of 
Zn was over 90%. Although all the studied metals deposited on the cathode, 
manganese deposited on the anode as MnO2 except traces of metallic Mn 
that co-deposited with Zn on the cathode. According to Veglio et al. (2003), 
the following reactions occur at the electrodes during Mn deposition in the 
electrowinning process:

	 + → = −+ −Cathode: Mn    2e     Mn; E     1.18V2 0

	 (9.14)

	 + → + + = ++ + −Anode: Mn 2H O    MnO    4H  2e ; E     1.23V2
2 2

0

	 (9.15)

In a comparative study of manganese removal from pre-treated AMD, 
Mačingová et  al. (2016) used three methods – precipitation using sodium 
hydroxide alkaline, oxidative precipitation using potassium permanganate, 
and electrowinning for anodic Mn recovery in MnO2 form.

The results showed that the three methods are effective and manganese 
was removed from AMD with levels of the remaining metals in solution 
complying with environmental requirements. However, when sodium 
hydroxide was used as a reagent, co-precipitation of manganese and mag-
nesium present in AMD was observed. Therefore, the alkalisation process 
did not show sufficient selectivity. Oxidative precipitation by potassium per-
manganate resulted in an enhanced selectivity and purity of the obtained 
manganese precipitates was achieved. In the process of electrowinning, over 
95% of Mn was deposited as MnO2 with a high-grade degree of purity of 
about 99% having been attained. With reference to reaction 9.14 and reaction 
9.15, in the electrowinning process, manganese was deposited on the anode 
as MnO2 as already stated, while only a small amount was deposited on the 
cathode as Mn.

A number of studies (Marracino et al., 1987; Stanković et  al., 2008) have 
tested the attractiveness of metal foam electrodes for electrolytic treatment 
of dilute solutions containing metal ions. Panizza et al. (1999) used copper 
foams as high surface area cathodes in order to remove copper (II) from 
an industrial effluent that came from the filtration unit in the plant of cop-
per phthalocyanine, which is produced by a discontinuous process from 
phthalic anhydride, urea, and cupric chloride in Italy. The electrochemical 
reactor used was an undivided monopolar cell. A series of experiments in 
a batch recycle mode were performed in order to find the trend of copper 
removal and current efficiency over time at different flow rate conditions. 
The influence of initial metal concentration on the removal of copper (II) 
and current efficiency was also evaluated. The results confirmed that copper 
foams can be successfully used as cathode materials for copper (II) removal 
from an industrial effluent. The study found that the best performance was 
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obtained with the higher flow rate which is evident of a process under mass 
transport control. Working with a flow rate of 1000 L/h, a recovery of cop-
per ions from feed solution greater than 98% was achieved. To obtain such a 
high copper removal, a very low current efficiency was used due to the great 
amount of organics present in the wastewater that could lead to the fouling 
of the electrodes. Furthermore, the study results indicated that the initial 
copper concentration had no influence on the rate at which metal ions were 
removed, but the current efficiency increased with initial copper concentra-
tion. In a similar and/or follow-up study, Panizza et al. (1999) used a cell that 
contained a series of 50 cathodes and 51 anodes (48 × 36 cm). The cathodes 
were vertical polymeric foam (0.6 cm thick) covered with a thin outer layer 
of copper, and the anodes were O2-evolving DSA® coated titanium mesh. The 
cell also had a provision for an air-sparging system to improve mixing of 
the solution. The cell can be considered as consisting of a cascade of 50 con-
tinuous stirred tank reactors (CSTR). The solution flowed through a porous 
cathode and the electrochemical reactions took place. Afterwards, the solu-
tion arrived in the chamber, between two cathodes, where it was mixed by 
the air sparging, before passing through the following electrode. A cascade 
with such a high number of CSTR can be well approximated with an ideal 
plug flow reactor (PFR).

The results of the study by Panizza et al. (1999) have shown that a tank 
reactor with metal foam cathodes can be approximated successfully to a PFR 
in order to predict its performance for copper removal from an industrial 
effluent. High fractional conversion was reached in a single pass, but it was 
necessary to use moderate flow rate and in this way there was a low cathodic 
current efficiency (e.g., at 100 L/h, the fractional conversion of copper (XA) 
was 86% and the current efficiency (η) was 3.5%). An acceptable compromise 
was obtained at 500 L/h, having a current efficiency of 16.5% and a fractional 
conversion of 76.5%. Moreover, the presence of microcrystals of phthalocya-
nine and sulphates ions in the effluent that was being treated in the study 
caused the poisoning of the cathode surface, thus increasing the cell volt-
age and consequently decreasing the current efficiency due to the secondary 
reactions. In addition, the quality of the copper deposit was poor since it con-
tained copper salts and phthalocyanine that compromised the exploitation 
of the fully loaded cathodes and anodes in the plating processes. The study 
indicated that the foam cathodes could be regenerated for reuse by acid 
chemical stripping. Panizza et al. (1999) suggested that in order to improve 
the process, more attention should be addressed to the filtration unit before 
the electrochemical cell, so as to reduce the concentration of phthalocyanine 
and sulphates in the effluent that were the major causes of low current effi-
ciency and the poor quality of the copper deposit. The study also showed 
that the presence of chloride ions did not influence copper removal, and no 
evolution of toxic chlorine was detected because of the use of O2-evolving 
anodes. This fact was confirmed as chloride concentration remained almost 
constant during the electrolysis.
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9.2.5.3  Summary

Chen (2004) observed that electrochemical techniques have been used for 
wastewater treatment for over a century. More specifically, electrochemical 
processes have been utilised for many years to extract metals from aqueous 
wastes for reuse (Ali, 2011), and in the recent past electrochemical metal 
recovery has attracted increasing attention as compared to normal electro-
chemical metal removal (Jin and Zhang, 2020). There are a lot of electro-
chemical techniques being used for various purposes. However, this chapter 
focused particularly on electrocoagulation, electroflotation, and electro-
deposition for the treatment and/or recovery of metals from wastewaters 
including AMD. According to Ali (2011), metal recovery via electrochem-
ical techniques has the advantages that: (1) additional chemicals are not 
required, (2) selective metal recovery is possible taking into consideration 
thermodynamic and kinetic requirements of each species involved, (3) the 
metals can be recovered in their metallic form, and (4) the processes tend to 
operate at low temperature and pressure, specifically at room temperature 
and pressure of 25°C and 1 atm. In addition, electrochemical methods have 
attracted considerable attention because of their environmental compatibil-
ity, high efficiency, selectivity, versatility, feasibility, and cost effectiveness 
via the employment of the green redox reagent “electron” (Meunier et al., 
2006; Jin and Zhang, 2020). Despite several advantages, there are also many 
bottlenecks associated with electrochemical metal recovery such as the 
concentration polarisation of dilute metal ions, the production of dendrites 
and spongy deposits, the sluggish kinetics of ions transportation, and side-
reactions from the hydrogen evolution and oxygen reduction reactions (Jin 
and Zhang, 2020).

9.3  Recovery of Water

Water is one of the most important substances on earth, such that all plants 
and animals need water to survive (Simate, 2015). In other words, water 
supports life (EU Directive, 2000). Furthermore, water is at the centre of 
economic and social development (Goswami and Bisht, 2017). Though fresh 
water is considered a renewable resource through a continuous cycle of 
evaporation, precipitation, and runoff – commonly referred to as the water 
cycle (Goswami and Bisht, 2017), in the recent past, the demand for water 
has exceeded the supply of water in many places (UNEP 2012). Indeed, water 
is now a scarce commodity that is fast becoming an issue of prime concern 
globally (Masindi et al., 2019). Therefore, it is important to find alternative 
sources of water in order to meet the demand. Most importantly, developing 
additional sources of water supply such as the non-conventional ones is vital; 
and AMD is one such a non-conventional source for water supply.
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In fact, studies in many countries including South Africa have reported 
that there are large volumes of AMD produced (Bologo et al., 2012; Masindi, 
2016; Masindi et al., 2018), which, without doubt, can be used as an alterna-
tive source of water for various applications. In fact, the removal of heavy 
metals from AMD using the technologies discussed in the previous sections 
simultaneously recovers water (Simate and Ndlovu, 2014). However, the pro-
cesses have several disadvantages which include pH dependence, which 
means that the removal of the mixture of heavy metals cannot be achieved 
at a single pH level (Simate and Ndlovu, 2014). Therefore, it is imperative that 
other technologies which are not pH dependent are pursued. In this regard, 
there have been significant advances by scientists and engineers to recover 
water from AMD. Therefore, this chapter will focus on conventional meth-
ods (e.g., electrodialysis, nanofiltration, reverse osmosis, etc.) and recently 
developed alternative technologies (e.g., membrane distillation, etc.).

9.3.1  Recovery of Water Using Membrane Technology

9.3.1.1  Concepts of Membrane Technology

Membranes are considered as thin semi-permeable sheets, usually made of 
biological, synthetic, or polymeric materials, which act as a selective barrier 
(Salas, 2017). In general, a membrane is a thin barrier that permits selective 
mass transport (Mortazavi, 2008). This is a vital property that the membrane 
techniques exploit, as it allows only specific components of the solution to 
permeate through the membrane freely while impeding the permeation of 
other components (Salas, 2017). Transport of permeating species through the 
membrane matrix is achieved by the application of a driving force across 
the membrane which provides a basis for the classification of membrane-
separation processes (Mortazavi, 2008). Indeed, the classification is based on 
the type of driving force that drives mass transport across the membrane 
such as mechanical (pressure), concentration (chemical potential), tempera-
ture, or electrical potential (Porter, 1989; Mortazavi, 2008). Table 9.4 shows the 

TABLE 9.4

Driving Forces and the Related Membrane Separation Processes 

Driving Force Membrane

Pressure difference Microfiltration, ultrafiltration, nanofiltration, 
reverse osmosis or hyper filtration

Chemical potential difference Pervaporation, per-traction, dialysis, gas separation 
vapour permeation, liquid membranes

Electrical potential difference Electrodialysis, membrane electrophoresis, 
membrane electrolysis

Temperature difference Membrane distillation

Source:	 Abhanga et al., 2013.
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driving forces and the related membrane-separation processes. The charac-
teristics of the feed solution and the desired permeate quality also dictate 
the choice of the membrane process, the membrane type, and module design 
and configuration (ITRC, 2010b).

The most broadly applied membrane technology processes are pressure 
driven which include reverse osmosis (RO), nanofiltration (NF), ultrafiltra-
tion (UF), and microfiltration (MF). A brief summary of the comparison 
amongst the four classes of pressure-driven membrane-separation processes 
is given in Table 9.5.

Membrane-separation processes have become a viable alternative to other 
physical methods of separation (Mortazavi, 2008; ITRC, 2010b). Some of their 

TABLE 9.5

Comparison amongst the Four Classes of Pressure-Driven Membrane Techniques 

Membrane

Reverse 
Osmosis Nanofiltration Ultrafiltration Microfiltration

Asymmetric Asymmetric Asymmetric
Asymmetric
Symmetric

Thin film 
thickness

1 µm
150 µm

1 µm
150 µm

1 µm
150–250 µm

1–150 µm

Rejection High and low 
molecular 
weight 
compounds, 
NaCl, glucose, 
amino acids

High molecular 
weight 
compounds, 
mono-, di-, and 
oligosaccharides, 
polyvalent ions

Macromolecules, 
proteins, 
polysaccharides, 
vira

Particles, clay, 
bacteria

Applications Ultrapure 
water; 
desalination

Removal of 
(multivalent) 
ions and 
relatively small 
organics

Removal of 
macromolecules, 
bacteria, viruses

Classification; 
pre-treatment; 
removal of 
bacteria

Membrane 
materials

Cellulose 
acetate, thin 
film

Cellulose acetate, 
thin film

Ceramic, 
polysulphonic, 
poly vinylidene 
flouride, cellulose 
acetate, thin film

Ceramic, 
polysulphonic, 
poly vinylidene 
flouride, 
cellulose acetate

Pore size <0.002 µm <0.002 µm 0.02–0.2 µm 0.02–4 µm
Module 
configuration

Tubular, spiral 
wound, plate- 
and-frame

Tubular spiral 
wound, plate- 
and-frame

Tubular hollow 
fibre spiral wound, 
plate-and-frame

Tubular, hollow 
fibre

Operating 
pressure

15–150 bar 5–35 bar 1–10 bar <2 bar

Separation 
mechanism

Diffusion + 
exclusion

Diffusion + 
exclusion

Sieving Sieving

Permeate flux Low Medium High High

Sources:	 van der Bruggen, 2003; Mortazavi, 2008.
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benefits include relatively low energy consumption, possibility of separation 
of both organic and inorganic substances, process selectivity, low chemi-
cal consumption, and operation at room temperature (García et  al., 2013; 
Agboola, 2019). In addition, membrane processes are capable of continuous 
operation, require low capital, and their footprint is low (García et al., 2013).

The membrane technology can be used to treat AMD due to their capability 
in removing suspended solids, dissolved organic compounds, metallic ions, 
microbes, and multivalent ions from wastewater (Agboola, 2019). However, 
AMD treatment by membrane technology was very rare, in the past, owing 
to the moderately high cost of the membrane and high membrane fouling 
because of the susceptibility of membrane systems to high-salt concentra-
tions found in AMD (Mortazavi, 2008; Agboola, 2019). Nevertheless, mem-
brane technology processes are currently playing a crucial role as new state 
of the art methods used in treating AMD (Agboola, 2019), and recent studies 
on the treatment of AMD using semi-permeable membranes can be found in 
several literature (Mortazavi, 2008; ITRC, 2010b; Ambiado et al., 2017; Salas, 
2017). In fact, various studies have shown successful application of various 
pressure-driven membranes for the treatment of AMD (Mortazavi, 2008).

9.3.1.2  Selected Typical Studies of Pressure-Driven Membrane Technology

The increasing demand for clean and portable water in countries that 
have or had mining industries has stimulated research and/or utilisation 
of membrane-separation processes for water and wastewater purification 
aimed at the use/reuse of water resources such as AMD. This section dis-
cusses selected examples of the use of membrane technology from published 
literature for the treatment of AMD with the view of recovering water using 
various classes of pressure-driven membranes. In fact, individual and/or 
combinations of MF, UF, NF, and RO membrane processes have been  exten-
sively studied for the recovery of both water and metals (Ahn et al., 1999; 
Garba et al., 1999; Zhong et al., 2007).

The aim of a study by Andrade et al. (2017) was to investigate the use of 
NF and RO for gold mining effluent treatment in order to obtain water for 
industrial reuse. Two effluents from a gold mining company were studied, 
i.e., an effluent from a sulphuric acid production plant and the water from 
the calcined dam. The effluent from gold mining was first pre-treated for 
each test performed. The pre-treatment used a commercial submerged poly-
vinylidene difluoride (PVDF) based UF membrane with an average pore 
diameter of 0.04 µm and a filtration area of 0.047 m2 operating at a pressure 
of 0.7 bar. For the NF and RO filtration tests a bench scale unit was used. 
The RO membranes were TFCHR and BW30, while the NF membranes were 
MPF34, NF90, and NF270. The NF and RO filtration took place at a fixed 
pressure of 10 bar, feed flow rate of 2.4 L/min (corresponding to a cross-flow 
velocity on the surface of the membrane of 1.9 m/s and Reynolds number 
of 840), while the permeate was continuously removed and the concentrate 
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returned to the supply tank. Before every test, all membranes were washed 
in two consecutive ultrasound baths for 20 min each; the first containing 
citric acid solution at pH 2.5 and the second containing 0.1% NaOH solution. 
After chemical cleaning, the membranes were flushed with distilled water.

A study by Andrade et al. (2017) concluded that in an effluent in which 
the major contaminants are bivalent ions, such as effluent from gold min-
ing with high concentrations of sulphate, calcium and magnesium, effluent 
treatment with NF membranes was more effective than with RO membranes 
because they allow permeate fluxes of 7 to 12 times higher and compatible 
retention efficiencies. In the study, NF90 showed the best performance, and 
subsequently NF was declared to be a suitable treatment for gold mining 
effluent at an estimated cost of US$0.83/m³. However, it was observed that 
retention efficiencies of NF90 were similar to those of RO membranes except 
that the permeate fluxes obtained were 7 to 12 times higher for NF90. The 
study found that a feed pH of 5.0 provided both greater permeate flux and 
higher retention efficiencies. It was noted that slightly above the membrane 
isoelectric point (IEP) (pH 4.3), at pH 5.0, the membrane has a small negative 
charge and, therefore, it repels anions, which prevents fouling formation. It 
was observed that permeate flux decreased linearly as the permeate recovery 
rate increased. Additionally, there was a significant increase in conductivity 
for recovery rate above 40%. In other words, at a recovery rate above 40%, 
there was a significant decrease in permeate quality. Consequently, a perme-
ate recovery rate of 40% was selected as the ideal for this process.

Three commercial NF (NF99, DK, and GE) membranes were employed in 
a laboratory scale study by Al-Zoubi et al. (2010) to investigate their perfor-
mance in handling AMD collected from a copper mine in Chile. Table 9.6 
shows the properties of the AMD solution used in the study. The pressure 
of the membrane in the laboratory scale test cell was set at 20 and 30 bar  

TABLE 9.6

Properties of the Original Acid Mine Drainage and the Standard Concentration for 
Potable Water According to the World Health Organisation 

Metal
Concentration (ppm) 
in AMD Solution

Standard Concentration 
for Potable Water (ppm)

Aluminium(Al) 1139.0 0.20
Sulphate (SO4) 14 337 250
Calcium (Ca) 325.9 40
Copper (Cu) 2298.0 2.0
Iron (Fe) 627.5 0.200
Manganese (Mn) 224.5 0.050
Magnesium (Mg) 630.60 20
Sodium (Na) 6.89 200
Potassium (K) 4.31 12

Source:	 Al-Zoubi et al., 2010
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for both the original and concentrated AMD. The concentrated AMD was 
obtained from RO of the original AMD until 50% of permeate (pure) water 
were removed and the total ion content was accordingly raised by a factor of 2.

The results of the study showed that DK and NF99 NF membranes suc-
cessfully treated AMD with a very high rejection (>98%) of all divalent cat-
ions and anions for both 20 and 30 bar, which confirms that the maximum 
applied pressure on the NF membrane cell should not exceed 20 bar. The 
results indicate the suitability of NF membranes in treating AMD in a more 
environmentally friendly process. Moreover, the results showed that NF 
membranes are capable of reducing the heavy metals concentration found 
in AMD to low levels that are accepted by many international organisations 
especially for industrial and agricultural use. Detailed analysis of the results 
showed that the DK membrane is preferable for high concentration of AMD, 
while NF99 is used, when high permeate flux is required. The GE had the 
lowest rejection and permeate flux at all investigated conditions indicating 
its inappropriateness in treating AMD solution.

Andalaft et al. (2018) analysed, evaluated, and modelled the behaviour of 
two commercial spiral-wound NF membranes (NF270 and NF90) in the treat-
ment of real AMD. A 150-L sample of AMD was made available by a large 
copper mining company in central Chile. The sample was micro-filtered with 
a 0.10-μm cut-off ceramic membrane to remove any existing colloidal solids. 
The results revealed that both membranes showed operational differences 
regarding the effect of pH, temperature, continuous operation, concentration 
polarisation, and fouling. However, the suitability of NF in treating AMD 
was confirmed, as the two tested membranes succeeded at removing almost 
all of the dissolved ions. Specifically, both NF90 and NF270 indicated a high 
rejection of divalent ions (∼100%). However, the permeate flux modelling 
detected the occurrence of surface fouling on the NF90 membrane by colloid 
particles due to its elevated roughness, a theory supported by the elevated 
physically reversible resistance in the resistance model. The modelling of the 
permeate flux at various recoveries enabled the researchers to distinguish 
between the decline in permeate flux resulting from the increase in osmotic 
pressure and that caused by membrane fouling. As a result, the study was 
able to identify the maximum design recovery at which fouling begins to 
occur (∼75%). Following this value, gypsum (CaSO4·2H2O) was considered 
to be the only foulant, and its potential fouling on the tail elements of an 
industrial system could be controlled with antiscalants. Furthermore, it was 
also noted that adjustments of pH in the continuous tests reduced the pre-
cipitation of aluminium, and gypsum was identified as the main compound 
generating a significant decrease in the permeate flow in the membrane.

Sierra et al. (2013) studied the treatment of AMD from an abandoned mer-
cury mine in Spain using NF270-2540 NF membrane (Filmtec). The sediment 
geochemistry and the origin of acid waters were analysed in order to under-
stand the geochemical factors involved in NF. The study showed that 99% of 
the dissolved solids such as As, Fe, and Al could be removed. In particular, 
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the researchers found that NF has the capability of rejecting up to 99% of 
aluminium, arsenic and iron content, and 97% of sulphate content. The stud-
ied NF membrane was found to be effective in the treatment of metallic acid 
drainage contaminants, even at low pH and low pressures, which, without 
doubt, can decrease the costs associated with the process at industrial scale.

A comparative study of the performance of the commercially available 
polyamide ultra-low-pressure RO (RE-4040-BL) and NF (DK4040F) processes 
for AMD treatment and reuse was investigated by Zhong et al. (2007). Samples 
of AMD for the study were collected from the Dong Gua Shan copper mine 
in Anhui province, China. The evident property of the AMD was the high 
conductivity that resulted from various ions such as sodium, chloride, sul-
phate, nitrate, heavy metal, and many others. Effects of operation pressure, 
pH, temperature, water recovery efficiency, and operation time on ultra-low-
pressure RO and NF performance were studied. The experimental results 
showed that the removal efficiency of total conductivity of AMD by NF was 
low, although the removal efficiency of the heavy metal ions was very high 
while ultra-low-pressure RO effectively removed both total conductivity and 
heavy metal ions from AMD. In addition, the results of the study showed 
that the rejection increased with an increase in feed pressure and decreased 
with an increase in feed temperature, and it was dependent on the pH of the 
feed. The pH was found to influence the rejection of heavy metals because 
the charge property of the surface of polyamide ultra-low-pressure RO and 
NF membrane changes and heavy metal ions are capable of interacting with 
OH– ions and precipitate onto the membrane surface. The effect of the feed 
temperature on the permeate flux was very sensitive, and the removal effi-
ciency kept almost constant below 25°C while it began to decrease above 
25°C. The results suggested that with the rejections of heavy metals and total 
conductivity being greater than 97% and 96%, respectively, for the ultra-low-
pressure RO, it showed that the membrane was suitable for the recovery of 
heavy metals and reclaiming of water from AMD. Compared to the ultra-
low-pressure RO, the NF process had the capability of removing close to 90% 
of the ions in the AMD with 48% reduction of the total conductivity.

Haan et al. (2018) investigated the potential of different membrane mod-
ules (UF membrane with the nominal molecular weight cut-off of 10 kDa, 
UF membrane with molecular weight cut-off of 5 kDa, and RO membrane) 
in treating mine water collected from three different places in Selangor, 
Malaysia. The UF membranes were made from polyethersulphone whilst RO  
was made from polyamide thin film composite with 95% MgSO4 and 99.4% 
NaCl rejection. The results indicated that different membrane modules dem-
onstrated different extents of removal efficiency, depending on the rejection 
capability of the membranes, which in turn was predominantly governed 
by the membrane morphology. Given its tight membrane structure, the RO 
membrane module had the best performance in producing permeate water 
of an excellent quality. However, RO produced lower permeate flux due to 
the smaller pore size of the membrane module. Unfortunately, none of the 
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water produced from the three studied single-membrane systems was able 
to meet the standard for residential use. Therefore, an integrated membrane 
filtration system with three stages of membrane filtration is required so as to 
further improve the water quality which could eventually lead to the attain-
ment of the standard of water required for residential use.

In one study, Vaclav and Eva (2005) used RO technique to recover water 
of good quality from three different sources of AMD. Günther and Mey 
(2008) evaluated different water treatment technologies including the mem-
brane technology with the view of treating AMD from a coal mine. The 
results showed that only the biological sulphate removal process and RO 
membranes could be used to produce a high water recovery, whilst being 
cost effective. Bhagwan (2012) studied the use of a high recovery precipi-
tating reverse osmosis (HiPRO) process for the recovery of low salinity 
water from mine waters. The main advantage of the developed process is 
that it makes use of RO to concentrate the water and produce supersatu-
rated brine from which the salts can be released in a simple precipitation 
process. Furthermore, Bhagwan (2012) states that the technology offers other 
key advantages including (1) very high recovery, (2) simple system configura-
tion, (3) low operating and capital costs, (4) easy operation, and (5) minimum 
waste.

9.3.2  Recovery of Water Using Other Membrane Technologies

As shown in Table 9.4, there are several other types of membrane tech-
nologies based on other driving forces instead of pressure. This section of 
Chapter 9 discusses and gives typical examples of the use of two very impor-
tant membranes in the treatment of AMD – electrodialysis and membrane 
distillation (Abhanga et al., 2013).

9.3.2.1  Concepts of Electrodialysis and Membrane Distillation Technologies

Amongst the different technologies, electrodialysis has been tested and 
proven to be an effective technology for water recovery from acidic solutions 
(Wisniewski and Wisniewska, 1999; Cifuentes et al., 2006; Agrawal and Sahu, 
2009; Cifuentes et  al., 2009). Electrodialysis is a membrane process where 
the driving force is electrochemical and ions are transported across a water 
swollen ion-exchange membrane under the influence of electrical potential 
(Mortazavi, 2008). Rodrigues et  al. (2008) define electrodialysis as a mem-
brane-separation process based on the selective migration of aqueous ions 
through ion-exchange membrane as a result of an electrical driving force. 
In this technology, the direction of transport and rate of each ion depends 
on its charge, mobility, solution conductivity, relative concentrations, applied 
voltage, etc. (Rodrigues et al., 2008; Benvenut et al., 2013). Electrodialysis pro-
vides a means of selective separation of anions and cations and is considered 
as a clean technology which does not require the addition of chemicals; it can 
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be operated in continuous mode and allows obtaining profitable by-products 
(Mortazavi, 2008; Martí-Calatayud et al., 2013).

Membrane distillation process is an over five-decade old technique which 
is emerging commercially and is currently being explored for various appli-
cations including concentrating acid and recover fresh water from acidic 
waste solutions, desalination, water and wastewater treatment, removal 
of volatile organic compounds, and food processing (Tomaszewska, 2000; 
Tomaszewska et  al., 2001; Alkhudhiri et  al., 2012; Kesieme et  al., 2012; 
Camacho, 2013; Shirazi et al., 2013; Simate and Ndlovu, 2014; Kesieme, 2015). 
Furthermore, Kesieme et al. (2012) confirm that membrane distillation has 
been used to recover water and concentrate acid and metal values from min-
ing wastewater and process solutions. Ideally, the process combines both 
the conventional distillation and membrane-separation processes (Shirazi 
et al., 2014a).

Membrane distillation is a thermally driven separation process that utilises 
hydrophobic, microporous membranes as a contactor (Shirazi et al., 2014b). The 
driving force in the membrane distillation is the vapour pressure difference 
induced by the temperature difference across the hydrophobic membrane 
(Alkhudhiri et al., 2012). In other words, the temperature difference existing 
across the membrane results in a vapour pressure difference, thus vapour 
molecules are transported from the high-vapour pressure side to the low-
vapour pressure side through the pores of the membrane (Tomaszewska, 
2000). The hydrophobicity of the membrane prevents the transport of liquid 
across the pores of the partition while water vapour can be transported from 
the warm side, and condensing at the cold surface (Kesieme et  al., 2012). 
Since the separation mechanism is based on the vapour/liquid equilibrium, 
it means that the component with the highest partial pressure will exhibit 
the highest permeation rate (Tomaszewska, 2000). Moreover, mass transfer 
in membrane distillation is controlled by three basic mechanisms – 
Knudsen diffusion, Poiseuille flow (viscous flow), and molecular diffusion 
(Alkhudhiri et al., 2012). Hull and Zodrow (2017) explain the operation of 
membrane distillation in simple terms as follows for the case of AMD. In 
membrane distillation, heated AMD is separated from a cooled distillate by 
a hydrophobic, water-excluding membrane. Due to the fact that water only 
passes through the membrane in the vapour phase, non-volatile sulphates 
and heavy metals are retained in the concentrate stream.

Membrane distillation processes have several configurations which are 
as follows (Kesieme et  al., 2012): (1) direct contact membrane distillation 
(DCMD), (2) air gap membrane distillation (AGMD), (3) sweeping gas mem-
brane distillation (SGMD), and (4) vacuum membrane distillation (VMD). The 
different membrane distillation configurations are represented in Figure 9.4 
(Foureaux et al., 2020).

Among these configurations, DCMD is the most widely used because it is 
convenient to set up, consumes relatively low energy, gives high water flux 
(Kesieme et al., 2012), and has 100% (theoretical) macromolecules rejection 
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ability, in addition to non-volatile compounds and inorganic ions (Foureaux 
et al., 2020). Membrane distillation processes, in general, have several advan-
tages including the following: (i) the ability of 100% (theoretical) rejection 
of non-volatile compounds and inorganic ions; (ii) the possibility of oper-
ating at a relatively low temperature when compared to the conventional 
distillation process; (iii) lower operating pressures when compared to the 
classical membrane-separation processes that have the pressure gradient as 
the driving force and (iv) less influence of the fouling phenomenon due to 
less chemical interaction between process solution and membrane surface 
(Wang and Chung, 2015; Manna and Pal, 2016; Biniaz et al., 2019; Foureaux 
et al., 2020). Moreover, membrane-separation processes can operate without 
pre-treatment since it is able to treat a high solute concentration in the feed 
stream and it is not so sensitive to polarisation concentration effects like 
other classical membrane-separation processes (Alkhudhiri and Hilal, 2018; 
Biniaz et al., 2019; Foureaux et al., 2020).

9.3.2.2 � Selected Typical Studies of Electrodialysis  
and Membrane Distillation Technologies

In a study of the use of electrodialysis, Buzzi et al. (2013) investigated the 
possibility of employing the technique to treat AMD generated by the min-
ing of coal for water recovery purposes. The AMD samples that were used 
in the study were collected from a carboniferous area in Criciúma, Brazil 
at different locations throughout the carboniferous area to represent dif-
ferent situations where AMD is generated. After collection, any solids in 

FIGURE 9.4
Different membrane distillation configurations (Foureaux et al., 2020). (a) direct contact mem-
brane distillation (DCMD); (b) air gap membrane distillation (AGMD); (c) sweep gas membrane 
distillation (SGMD); and (d) vacuum membrane distillation (VMD). HE01: Heat exchanger. P01: 
Vacuum pump. Hot and cold side represented as red and blue streams, respectively.
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each of the six AMD samples were allowed to settle. Thereafter, each sample 
was filtered through a membrane of 0.45-μm pores before the samples were 
chemically characterised for the following parameters: pH, conductivity, 
and levels of Na+, K+, Mg2+, Ca2+, Fe3+, Cu2+, Zn2+, Mn2+, Fe2+, F–, Cl–, NO3

–, 
and SO4

2–. The electrodialysis experiments were conducted in a laboratory 
cell with five compartments. The results of the study by Buzzi et al. (2013) 
showed that electrodialysis is suitable for recovering water from AMD, with 
contaminant (e.g., Fe, Al, Mn, Pb, Zn, Cu, etc.) removal efficiencies that are 
greater than 97%. However, the precipitation of iron at the surface of the 
cation-exchange membrane constitutes a problem for the system because it 
causes a blockage of the membrane through the scaling phenomenon, which 
reduces the process efficiency. It is proposed that the elimination of iron 
from AMD prior to electrodialysis process would facilitate smooth recovery 
of water from the AMD.

In a 2011 study, Buzzi et al. conducted experiments to ascertain the pos-
sibility of using MF membrane, as pre-treatment, followed by electrodialysis 
technique for the treatment of AMD aimed at obtaining water for reuse. The 
AMD sample used in this experiment was collected from a carboniferous 
area in Criciúma in Brazil. The pluvial drainage from the coal was a more 
diluted drainage when compared to the drainage from the percolation of 
deposits of wastewater in the same carboniferous area. The AMD sample in 
the study was analysed for the following chemical compositions: pH, con-
ductivity, total dissolved solids, Na+, K+, Mg2+, Ca2+, Fe3+, Cu2+, Zn2+, Mn2+, Fe2+, 
F-, Cl-, NO3

– and SO4
2–. One pre-treatment with MF was necessary to prevent 

fouling and scaling of the electrodialysis, so the entire AMD sample used 
in the experiment was filtered through a membrane of 0.45 μm before the 
experiments. Electrodialysis tests were conducted in a laboratory cell with 
five compartments. The results showed that pre-treatment of AMD with 
MF membrane combined with electrodialysis was efficient to extract over 
97.5% of cations and anions after 55 h when 2.6 mA∙cm−2 current density was 
applied. The results indicated that water could be recovered by electrodialy-
sis from AMD after a single pre-treatment with a MF membrane.

Zheng et al. (2015) used a laboratory scale electrodialysis system with an 
effective area of 88 cm2 to remove copper and cyanide in simulated and real 
gold mine effluents. The electrodialysis stack consisted of two electrodes 
made of a titanium plate coated with ruthenium, five anion-exchange mem-
branes, and six cation-exchange membranes. The gold mine effluent with 
a concentration of 47 mg/L and a cyanide concentration of 242 mg/L was 
provided by Zhaoyuan gold smelter plant (Shandong, China), whereas the 
simulated solutions were made from CuCN and NaCN. The concentrations 
of total copper and cyanide in simulated solutions, in mg/L, were as fol-
lows: sample 1 (Cu = 23.5, CN = 121), sample 2 (Cu = 47, CN = 242), sample 3  
(Cu = 70.5, CN = 363), and sample 4 (Cu = 94, CN = 484). The effects of  
applied voltage, initial concentration, and flux rate on the removal rate of 
copper and cyanide were investigated. The results showed that the highest 
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copper (99.41%) and cyanide (99.83%) removal rates were achieved under the 
following conditions: applied voltage of 25 V, initial concentration for  cop-
per and cyanide of 47 mg L−1 and 242 mg L−1 (sample 2 and real AMD), and 
a flux rate of 4.17 mL s−1. The results of the study also showed that the low-
est concentrations of copper (0.44 mg L−1), cyanide (0.48 mg L−1), and zinc 
(0.34 mg L−1) found in the treated effluent water were all below regulatory 
limits (copper, cyanide < 0.5 mg L−1, zinc < 2.0 mg L−1) which makes it suitable 
for reuse. In addition, ion-exchange membrane fouling was studied and the 
results showed the presence of CuCN, [Cu(CN)3]2−, Cu(OH)2, and Zn(OH)2 
in the precipitate, and the fouling of anion-exchange membranes could be 
decreased significantly via pH adjustment.

The recovery of water has also been studied in other acidic systems con-
taining various metals (Wisniewski and Wisniewska, 1999; Agrawal and 
Sahu, 2009; Cifuentes et al., 2009; Benvenut et al., 2013). In all these studies, 
electrodialysis has been found to be an effective method for water recovery. 
In fact, membrane modules on average have a water recovery rate ranging 
from 50% to 80% (West et al., 2011). However, the only major disadvantage is 
that electrodialysis membrane technologies can be very expensive in appli-
cations where the wastewater contains elevated hardness and sulphate near 
gypsum saturation (West et al., 2011). The high cost of operation is due to the 
large reagent requirement for upstream pre-treatments, high power demand, 
and expensive disposal options for the concentrated brine solution produced 
by the membranes. At a time when responsible energy and environmental 
practices are under the spotlight, technologies with high energy use and that 
produce a large volume of wastewater are becoming less appealing.

In a study published almost a decade ago, Kesieme et al. (2014) claimed to 
have carried out experiments for the first time using DCMD for acid and water 
recovery from a real leach solution generated by a hydrometallurgical plant. 
In other words, the aim of the study conducted by Kesieme et al. (2014) was to 
assess the opportunity of using DCMD to recover fresh water and acids from 
real acid leach solutions generated from hydrometallurgical plants. Two dif-
ferent real leach solutions containing HCl or H2SO4 were obtained from a 
Jervois Mining process plant in Melbourne, Australia. The membranes used 
were flat sheet polytetrafluoroethylene (PTFE) supported on polypropylene 
scrim backing. The membranes had an active area of 0.0169 m2, pore size of 
0.45 μm. A cartridge filter with filtration size of 0.5 μm was used on the hot 
loop to collect precipitated matter prior to entering the MD module. The flow 
rate into the hot and cold sides of the module was 900 mL/min. The feed 
temperature was 60°C and the cold temperature was maintained at 20°C.  
For the solution containing non-volatile substances only water vapour was 
transferred across the membrane and the non-volatile compounds such as 
H2SO4 were retained by the membrane. Solutions containing volatiles com-
pounds such as HCl and water vapour could pass through the membrane as 
permeate. The vapour (or permeate) was condensed directly into the solution 
(distillate) in which HCl was dissolved. The HCl flux was calculated from  
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the material balance of HCl in the distillate collected every hour taking into 
account the changes in volume and the acid concentration in the distillate. 
The water flux was calculated based on Equation 9.16, and recovery was cal-
culated as shown in Equation 9.17.

	
=

×
F    

mass of permeate (kg)
effective membrane area (m )   operating time (hours)water 2

	
(9.16)

	
= ×

Recovery (%)    
permeate produced (L)   100

initial feed volume (L) 	
(9.17)

The results of the test work by Kesieme et al. (2014) showed that fluxes were 
within the range of 18–33 kg/m2/h and 15–35 kg/m2/h for the H2SO4 and 
HCl systems, respectively. In the H2SO4 leach system, the final concentration 
of free acid in the sample solution increased on the concentrate side of the 
DCMD system from 1.04 M up to 4.60 M. The sulphate separation efficiency 
was over 99.9% and overall water recovery exceeded 80%. In the HCl leach 
system, HCl vapour passed through the membrane from the feed side to the 
permeate side. The concentration of HCl captured in the permeate side was 
about 1.10 M leaving behind only 0.41 M in the feed from the initial con-
centration of 2.13 M. In all the experiments, salt rejection was > 99.9%. The 
results of this study clearly showed that DCMD was viable for high recovery 
of high water quality. The concentrated H2SO4 and metals remaining in the 
feed may be selectively recovered using solvent extraction. The HCl can be 
recovered for reuse using only DCMD.

In another study by Kesieme and Aral (2015) which acted as a follow-up to 
the 2014 study, an assessment of the potential and opportunities for DCMD 
to concentrate H2SO4 and recover fresh water from acidic process solutions 
was conducted. The study was also aimed at identifying how membrane 
distillation can work in combination with solvent extraction in the mineral 
processing industry for acid recovery. Table 9.7 shows the acid and metal 
compositions to the membrane distillation and solvent extraction systems 
used in the study. Experiments were conducted in DCMD mode to confirm 
the viability of membrane distillation to concentrate a 4-L synthetic acidic 
waste solution and to recover fresh water. The membrane had an active area 
of 0.0169 m2 with pore size of 0.45 μm, and a cartridge filter with filtration 
size of 0.5 μm was used on the hot loop to collect precipitated matter prior 
to entering the membrane distillation module. The flow rate into the hot and 
cold sides of the module was 900 mL/min. The temperature on the hot side 
of the membrane distillation module was 60°C and the cold side tempera-
ture was 20°C. Permeate build-up was measured by the accumulated mass 
of water in the permeate tank.

The organic system consisting of 50% tris-2-ethylhexylamine (TEHA) 
and 10% ShellSol A150 (a 100% aromatic diluent) in octanol was used in the 
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solvent extraction system. The feed composition mimicking an acidic process 
solution after concentration using membrane distillation (see Table 9.7) was 
made by dissolving AR grade 245 g/L H2SO4 and sulphates of metals includ-
ing Fe, Ni, Zn, Mg, Co, and Cu in distilled water. All batch solvent extraction 
tests were carried out in 100-mL hexagonal glass vessels immersed in a tem-
perature-controlled water bath. The solution temperature was maintained 
at the desired temperature (±1°C) during testing. For the acid extraction test, 
the organic system was mixed with concentrated solution at an A/O ratio 
of 1:2 and a temperature of 22°C. The loaded organic solution was stripped 
twice at O/A ratios of 2:1 and 1:5 at 60°C.  The raffinate and the loaded strip 
liquors were titrated to determine acid concentrations for extraction and 
mass balance calculations.

The results of the experiments by Kesieme and Aral (2015) confirmed that 
the membrane distillation was capable of concentrating H2SO4 and recover 
fresh water from process acidic solutions. The DCMD experiment showed 
that H2SO4 was concentrated from 0.85 to 4.44 M whereas the water recov-
ery exceeded 80%. The sulphate and metal separation efficiency was >99.99%. 
After recovery of water with DCMD, over 80% of H2SO4 was extracted in the 
solvent extraction system in a single contact from the waste solution (i.e., the 
concentrated solution from the membrane distillation) containing 245 g/L 
H2SO4 and metals with various concentrations. After three stages of succes-
sive extraction, nearly 99% of acid was extracted, leaving only 2.4 g/L H2SO4 in 
the raffinate. The extracted acid was easily stripped from the loaded organic 
solution using water at 60°C. After scrubbing the loaded organic solution at 
an O/A ratio of 10 and 22°C, 98–100% of entrained metals were removed in a 
single contact with only 4.5% acid lost in the loaded scrub liquor. It was also 
found that the phase disengagement time was in the range of 2–4 min for 

TABLE 9.7

The Acid and Metal Compositions to the Membrane Distillation and  
Solvent Extraction Systems 

Species
Feed to the Membrane 
Distillation System

Feed to the Solvent Extraction 
System Mimicking Concentrate 
from Membrane Distillation

Acid (M) 0.850 2.450
Aluminium (g/L) 0.056 0.250
Cobalt (g/L) 0.071 0.289
Copper (g/L) 0.269 1.040
Calcium (g/L) 0.218 0.307
Iron (g/L) 2.780 11.350
Magnesium (g/L) 0.050 0.220
Manganese (g/L) 0.002 0.008
Nickel (g/L) 0.065 0.259

Source:	 Kesieme and Aral, 2015.
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both extraction and stripping which indicates a reasonable fast phase separa-
tion. In summary, the results from the study showed that membrane distilla-
tion and solvent extraction can be applied to recover acid and fresh water for 
reuse and metal values from mining and acidic process solutions.

Kang et  al. (2019) investigated the techno-economic feasibility of using 
membrane distillation to recover clean water from AMD employing both 
renewable and non-renewable energy sources. The bench-scale set-up was 
used in batch tests in the study to establish whether membrane distillation is 
a viable technology to treat AMD. The bench-scale set-up was later modified 
to an open-loop continuous mode operation. Five membranes (two polypro-
pylene, two polytetrafluoroethylene, and one polyvinylidene fluoride) that 
showed very high water flux of >35 kg/hm2 and high liquid entry pressures 
of 25–40 psig were used in the bench-scale set-up. The bench-scale set-up 
employed simulated AMD solution made up from soluble metal sulphates 
(Cd, Cr, Fe, and Zn), sodium arsenate, sodium selenate, and adjusted to pH 
2 with dilute sulphuric acid. The best of the five membrane distillation iden-
tified in the bench-scale set-up was investigated in an open-loop continu-
ous process. In an open-loop continuous process, fresh simulated AMD was 
introduced into a tank and concentrated AMD was withdrawn at a predeter-
mined rate so as to maintain a constant volume of the AMD feed in the tank, 
while purified water (i.e., the distillate) was also taken out at a predeter-
mined rate in order to maintain it at a constant volume in the distillate tank.

Amongst all commercial membranes tested by Kang et al. (2019), 0.45-µm 
pore polypropylene membrane exhibited the highest water flux (˜62 kg/hm2)  
and achieved 90% water recovery under optimal open-loop continuous 
membrane distillation conditions employing a realistic simulated AMD feed 
(total dissolved solids = 900 mg/L, pH = 2.4). However, the results indicated 
that the polypropylene membrane would need to be replaced once every 
150 days under real process conditions. The cost analysis of the membrane 
distillation plant was performed for two major components of cost (i.e., capi-
tal cost and annual operating cost), and for four different energy sources, 
including local utility, photovoltaic, solar thermal, wind, and natural gas. 
The capital cost was defined as the cost associated with plant construction, 
process equipment purchases, and installation charges. The operating costs 
included amortisation, fixed charges, operating and maintenance costs, and 
membrane replacement costs. The economic analysis indicated pipelined 
natural gas and local electricity to be the most economical energy sources 
for heating AMD water and resulted in the total treatment costs of $0.476/m3 
and $0.607/m3 of AMD, respectively.

In a study by Ryu et al. (2019), the performance of the following systems 
was evaluated: (1) natural and modified (heat treated) zeolite for heavy metal 
removal from AMD, (2) submerged DCMD for producing water for reuse 
from AMD, and (3) integrated submerged DCMD/sorption system for simul-
taneously removing heavy metals and producing water for reuse from AMD. 
The synthetic AMD solution used in the study was prepared by dissolving  
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analytical grade CaSO4, MgSO4∙(3H2O), NaOH, FeO(OH), Fe(SO4)∙7H2O, 
ZnSO4∙7H2O, CuSO4∙5H2O, Al2(SO4)3∙18H2O, and Ni(NO3)2∙6H2O in Milli-Q 
water. The pH of the solution was adjusted using concentrated H2SO4 (10 M).  
The natural zeolite in powder form (particle size < 75 mm) used in the 
experiments had a bulk density of 2.7g/cm3 and was mainly composed 
of clinoptilolite (~85 wt%) with minor quantities of quartz and mordenite  
(~15 wt%). Heat treatment method carried out at four different tempera-
tures of 300, 400, 500 and 600°C for 24 h was used to potentially enhance 
the performance of natural zeolite. Heat treatment was chosen as it requires 
no additional chemicals and complex modification processes. The set-up of 
the DCMD consisted of a double-walled feed tank containing AMD solution 
with a submerged hollow fibre membrane made of polyvinylidene fluoride. 
The membrane pore size, inner and outer diameters, wall thickness, and con-
tact angle were 0.1 μm, 0.7 mm, 1.2 mm, 250 μm, and 106 ± 2°, respectively. 
The membrane module was made of 18 fibres of 0.2-m length (active mem-
brane area of 0.0136 m2). The outer wall of the double-walled feed tank was 
circulated with heated water connected to a heating system, thus enabling 
an AMD feed solution to be maintained at a temperature of 55.0 ± 0.5°C. The 
permeate solution was maintained at 22.0 ± 0.5°C using a cooling system.

The results of a study by Ryu et  al. (2019) showed that modified (heat 
treated) zeolite achieved 26–30% higher removal rate of heavy metals com-
pared to natural untreated zeolite. Heavy metal sorption by heat treated zeo-
lite followed the order of Fe > Al > Zn > Cu > Ni and the data fitted well to 
Langmuir and pseudo second-order kinetics model. A slight pH adjustment 
from 2 to 4 significantly increased Fe and Al removal rate (close to 100%) due 
to a combination of sorption and partial precipitation. An integrated system 
of submerged DCMD with zeolite for AMD treatment enabled to achieve 50% 
water recovery in 30 h. The integrated system provided a favourable condi-
tion for zeolite to be used in powder form with full contact time. Likewise, 
heavy metal removal from AMD by zeolite, specifically Fe and Al, mitigated 
membrane fouling on the surface of the hollow fibre submerged membrane. 
The integrated system produced fresh water of high quality while concen-
trating sulphuric acid and valuable heavy metals (Cu, Zn, and Ni).

9.3.3 � Selected Commercially Developed Projects for 
Recovery of Water from Acid Mine Drainage

This section discusses a few selected commercially developed projects that 
are either in operation, being piloted or under evaluation. These processes 
were also discussed by Simate and Ndlovu (2014) in detail.

The Council for Scientific and Industrial Research (CSIR) of South devel-
oped the CSIR ABC (alkali-barium-calcium) process. The CSIR ABC desali-
nation process, developed for AMD neutralisation and the removal of total 
dissolved solids from 2 600 to 360 mg/L, was demonstrated at a pilot plant in 
2010. This precipitation process developed by CSIR uses barium carbonate to 
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precipitate dissolved sulphate from AMD. It consists of the following three 
stages: pre-treatment, treatment with barium carbonate, and the waste pro-
cessing stage as shown in Figure 9.5 (de Beer at al., 2010; Maree et al., 2012). 
In the pre-treatment stage the feed water is treated with CaS, Ca(HS)2, or 
Ca(OH)2 to remove free acid and metals. Ideally, metals are precipitated to 
low values as either hydroxides or sulphides, depending on the precipita-
tion agent used. During this stage, the sulphate content is lowered from 
about 4500 mg/L to 1250 mg/L (de Beer et al., 2010; Maree et al., 2012). In the 
water treatment stage, BaCO3 is added into the water thus producing barium 
sulphate as the solid waste and clean water. The alkalinity of the calcium 
bicarbonate-rich water was reduced from 1000 to 110 mg/L (as CaCO3). The 
water treatment stage is integrated with a sludge processing stage to recover 
the alkali, barium, and calcium (ABC) from the sludge through reduction 
in a coal-fired kiln. In this process, good quality water containing less than 
100  mg/L of sulphate was obtained in a cost-effective way from polluted 
mine water (de Beer et al., 2010; Maree et al., 2012). This process is a strong 
candidate for cost-effective treatment of mine water. However, the major lim-
itation of this technology is the amount of sludge produced which is expen-
sive to dispose. High capital and operating costs associated with the thermal 
reduction of waste to produce CaS, gypsum, and other solids for disposal 
also make the technology less cost-effective.

THIOPAQ process developed by PAQUES company is a biotechnologi-
cal process which uses two distinct microbiological populations and stages 
(Boonstra et al., 1999): (1) conversion of sulphate to sulphide by using hydro-
gen gas (from the conversion of ethanol/butanol to acetate and hydrogen) 
as the electron donor and precipitation of metal sulphides, and (2) conver-
sion of any excess hydrogen sulphide produced to elemental sulphur, using 
sulphide-oxidizing bacteria. In this way sulphate is removed from AMD to 
produce water of reusable quality. This process has lost attractiveness over 
the years due to an increase in the price of ethanol and butanol which are 
energy sources for the process (Boonstra et al., 1999).

FIGURE 9.5
Process flow diagram for the CSIR-ABC process. (From Maree et al., 2012; Simate and Ndlovu, 
2014.)
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The SAVMIM process was developed by the Council for Mineral Tech
nology (Mintek) of South to treat polluted mine water (Smith, 1999; Sibiliski, 
2001; Naidoo, 2018). The process was patented by Mintek in 1998 (Naidoo, 
2018). Figure 9.6 shows the process flow diagram, and the main process 
stages are as also discussed below (Smith, 1999; Sibiliski, 2001; INAP, 2003; 
Simate and Ndlovu, 2014).

Stage 1 – Metal precipitation: Using lime, the pH of the feed water is raised 
to between 12.0 and 12.3 to precipitate metals (trace) and magnesium.

Stage 2 – Gypsum “de-supersaturation”: Using gypsum seed crystals, gyp-
sum is precipitated from the supersaturated solution and removed.

Stage 3 – Ettringite precipitation: Using aluminium hydroxide, dissolved 
calcium and sulphate are removed from the solution by the precipitation of 
ettringite (a calcium-aluminium sulphate mineral).

Stages 4 and 5 – Recycling of aluminium hydroxide: Using sulphuric acid, 
the ettringite slurry from stage 3 is decomposed at pH 6.5 in a solution super-
saturated with gypsum (no precipitation). The resulting aluminium hydrox-
ide is recycled to the third stage and the solution that is supersaturated with 
gypsum is contacted with seed crystals (stage 2) to precipitate and remove 
gypsum. The remaining solution saturated with gypsum is recycled.

Stage 6 – Carbonation and calcite precipitation: Using carbon dioxide, the 
pH of the solution from the third process stage (pH 11.2–12.4) is lowered to 
precipitate and remove calcite.

The end products of the SAVMIN process are potable water and a number 
of potentially saleable by-products (metal hydroxides, gypsum, and calcite). 
One of the major advantages of SAVMIN process is that high quality prod-
ucts can be obtained (Smith, 1999). A major disadvantage of this process is 
the vast amount of sludge produced which is expensive to dispose (Smith, 
1999; INAP, 2003).

A process developed by Aveng Water called HiPRO (high-pressure reverse 
osmosis) process is capable of consistently achieving greater than 97% water 

FIGURE 9.6
SAVMIN process flow diagram. (From Smith, 1999; Sibiliski, 2001; INAP, 2003; Simate and 
Ndlovu, 2014.)
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recovery (Aveng Water, 2009). The final products from this process are por-
table water, a liquid brine solution (less than 3% of the total feed), and solid 
waste. The solid waste products are saleable grades of calcium sulphate and 
less pure calcium sulphate and metal sulphates (Aveng Water, 2009). The 
main disadvantages of this process are that it produces waste brine and 
sludge which are expensive to dispose.

9.3.4 � Proposed Integrated Processes and Technologies  
for Recovery of Water from Acid Mine Drainage

In a study by Simate and Ndlovu (2014) it was suggested that the best way 
to working towards a sustainable solution of the AMD challenge is to take 
a business approach and consider the integration of existing technologies as 
well as technologies under development so as to come up with a solution that 
has the potential to address the problem in a holistic and sustainable manner. 
In other words, coupling different processes together as two- or three-stage 
processes would be more appropriate. Such measures would possibly include 
the integration of both the active and passive water treatment systems. In 
fact, previous studies have shown that combinations of physico-chemical 
treatments may be able to partially or completely remove some organic and 
inorganic contaminants (Dobias, 1993; Harrelkas et al., 2009). The first pro-
posed option is to couple the AMD fuel cell with the cyclic electrowinning/
precipitation (CEP) process. The first part of the process consists of the fuel 
cell where ferrous iron is completely removed through oxidation to insoluble 
Fe(III), forming a precipitate in the bottom of the anode chamber and on the 
anode electrode (Cheng et al., 2007). The iron contained in the precipitate or 
sludge could be marketed as a pigment for paint (Hedin, 2003), cosmetics, and 
possibly other uses. The electricity produced could be used to supplement 
the power in the electrowinning stage. The second part of the integrated pro-
cess would consist of the CEP process. A pH swing (using NaOH or H2SO4) 
would be applied to the water coming from the fuel cell so as to precipitate the 
heavy metals such as cadmium, nickel, copper, etc. The precipitation and re-
dissolution of metals would be repeated until the concentration of the heavy 
metals (<100 ppm) has reached a point where electrowinning can be efficiently 
done (Brown University, 2011). In electrowinning stage, heavy metal ions are 
converted using electric current to stable metal ions which can be recovered 
and separated from water. However, the metal barren solution would still 
contain high amount of sulphate ions. The solution could be concentrated 
and then reacted with sodium monochromate (from roasting and leaching of 
chromite ore) to form a mixture of sodium dichromate and sodium sulphate. 
This mixture can then be recovered and separated from the water. Depending 
on the purity, the product can be marketed as a fertiliser or as a metal finish 
and other uses. The proposed integrated process flow diagram is shown in 
Figure 9.7.

The second proposed integrated process by Simate and Ndlovu (2014) is 
shown in Figure 9.8. In this process the AMD is fed to the first part of the 
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process in which the CH-collector (e.g., amino bisphosphonate adsorbent) 
adsorbs some of the heavy metals directly from the wastewater. The result-
ing solution is then passed through a vacuum evaporator where the water 
component is vaporised thus producing re-usable water while sulphuric acid 
remains in solution. A vacuum evaporator is used because it has the advan-
tage of producing a large separation factor in the sulphuric acid/water sys-
tem (Nleya et al., 2016). The remaining solution from the vacuum evaporator 
that contains dilute sulphuric acid and some remaining heavy metals such 
as ferrous iron is fed to a fuel cell that produces electricity, iron oxide and 
metal-barren dilute sulphuric acid.

9.4  Recovery of Acid

9.4.1  Introduction

The AMD is inherently acidic due to high concentrations of sulphuric acid 
(Simate and Ndlovu, 2014). Two predominant theories, (1) Arrhenius theory, 
and (2) Brønsted-Lowry theory, give two interrelated definitions of an acid 

FIGURE 9.8
Second proposed integrated process for the recovery of water from acid mine drainage. (From 
Simate and Ndlovu, 2014.)

FIGURE 9.7
First proposed integrated process for the recovery of water from acid mine drainage. (From 
Simate and Ndlovu, 2014.)
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and a base (Razzaq and Khudair, 2018). An Arrhenius acid is any species that 
increases the concentration of H+ in aqueous solution. An Arrhenius base is 
any species that increases the concentration of OH− in aqueous solution. In 
the Brønsted-Lowry definition, acids are proton donors, and bases are pro-
ton acceptors.

The predominantly acidic nature of AMD has made it to be extremely cor-
rosive and polluting in nature (Agrawal and Sahu, 2009). The hazards asso-
ciated with acidic pH in AMD on the environment and health have already 
been discussed in Chapter 5. Therefore, there is a need to develop techniques 
to recover acid from AMD and/or minimise its environmental and health 
effects. Actually, over the past half a century, meticulous efforts have been 
aimed at remediating AMD through acid removal so as to reduce the impact 
of the acidic water on the environment and produce water suitable for reuse 
(Johnson and Hallberg, 2005; Simate and Ndlovu, 2014; Nleya et  al., 2016; 
Nleya, 2016). Indeed, apart from the production of reusable water and sale-
able metals, the recovery of sulphuric acid from AMD would also be used 
to offset its treatment costs (Simate and Ndlovu, 2014). Table 9.8 is a sum-
mary of the methods used to recover sulphuric acid from various waste-
water solutions including AMD showing the recoveries, advantages, and 
disadvantages of the processes (Nleya et al., 2016). Furthermore, a study by 
Nleya et al. (2016) critically evaluated the technical and economic feasibilities 
of the processes in Table 9.8 for application to AMD, and the results of the 
study are given in Table 9.9. Based on the technical and economic feasibility 
results in Table 9.9, the freeze crystallisation and acid retardation processes 
are expected to be the most suitable technologies for acid recovery from 
wastewater solutions.

9.4.2 � Selected Typical Studies of Recovery  
of Acid from Acid Mine Drainage

Several studies on processes shown in Table 9.8 have been conducted in the 
past and their fundamentals are well documented (Etter and Langill, 2006; 
Kim, 2006; Özdemir et al., 2006; Tjus et al., 2006; Agrawal and Sahu, 2009). 
This section only gives typical studies of recovery of acid from AMD only.

A study by Nleya (2016) focused on the removal of toxic heavy metals as 
well as the recovery of acid using low-cost adsorbents and acid retardation 
process, respectively. In the first part of the study, the adsorption efficien-
cies of zeolite and bentonite were found to be less than 50% for most metal 
ions, which were lower compared to the 90% efficiency obtained with cas-
sava peel biomass. The second aspect of the study involved testing the fea-
sibility of using a process known as acid retardation to recover sulphuric 
acid from metal-barren AMD. Acid retardation can be defined as a process 
which employs ion-exchange resins to selectively adsorb acids from solution 
while dissolved metal salts are rejected (Nleya, 2016). The term retardation 
emanates from the fact that the preferential adsorption of the acid causes 
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the movement of the acid on the resin bed to be retarded (slowed down), 
relative to the movement of the salts, resulting in the separation of the two 
entities (Sheedy, 1998; Sheedy and Parujen, 2012). The process is reversible 
and the acid can be recovered by water elution. In the study by Nleya (2016), 
sulphuric acid recovery from the metal barren solution was evaluated using 
Dowex MSA-1 ion-exchange resins. A column with inside diameter of 1.0 cm 
and 30 cm height was used in the tests. Sufficient resins were placed into 
the column to the required height. The AMD solution was fed in an upward 

TABLE 9.8

Summary of Methods Used for Sulphuric Acid Recovery

Method
Solution 
Content

H2SO4 
Recovery Advantages Disadvantages

Rectification H2SO4, nitro 
compounds

R = 98.3% Recovery of 
high-purity acid

High energy 
consumption

High operating cost
Diffusion 
dialysis

H2SO4, Al
H2SO4, Fe, V
H2SO4, Ni
H2SO4, rare earth 
sulphates

R = 82–90%
R = 84%
R = 80%
R = 70–80%

High acid recovery
Low pay back 
period

Strong salt rejection

Not efficient at low 
acid concentration

Electrodialysis H2SO4, Ni
H2SO4, Fe
H2SO4, Cu, Sb, As
H2SO4, Fe, Na

R = 80–90%
R = 90%
R = Up to 99%
–

Clean acid product
Reduced solid 
waste for disposal

High operating 
cost

Membrane fouling

Acid 
retardation

H2SO4, Fe
H2SO4, Fe
H2SO4, Ni

R = 74–96%
R = 96%
R = 70–95%

Low operating cost
High acid recovery
Small equipment 
size and space

Increases product 
volume

High consumption 
of fresh water

Dilute acid product
Crystallisation H2SO4, Fe Low cost

Reduced waste for 
disposal

Risk of scale 
formation in 
crystalliser.

Increased energy 
consumption

Solvent 
extraction

H2SO4, Cu
H2SO4, Fe, Mn
H2SO4, Zn

E = 75–79%
E = 90%
E = 90%

Can manage great 
volumes of 
solutions with 
high content of 
toxic solutes

Clean acid product
Only physical 
separation

High throughput 
with compact 
equipment

Chemicals used are 
hazardous

Pre-treatment is 
required to 
remove impurities

Difficulties in 
stripping from 
Cyanex 923

Co-extraction of Fe 
and Zn

R = recovery, E = percentage extraction
Source:	 Nleya et al., 2016.
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flow direction and samples were collected from the top of the column at 
different time intervals, and analysed for metal, sulphate, and acid content. 
The results of the study showed that sulphuric acid can be recovered by the 
resins via the acid retardation process and could subsequently be upgraded 
to near market values of up to 70% sulphuric acid using an evaporator. Water 
of reusable quality could also be obtained during the acid upgrade process. 
Ideally, the process was stopped at approximately 70% acid (when approxi-
mately 98% of the water was evaporated) concentration, because almost no 
sulphuric acid could be detected in the water vapour up to an acid concentra-
tion of 70% (Nleya, 2016). An economic evaluation of the proposed process 
also showed that it was possible to obtain revenue from sulphuric acid which 
could be used to offset some of the operational costs in AMD remediation 
processes.

Martí-Calatayud et al. (2013) studied the recovery of sulphuric acid from 
AMD using an electrodialysis cell with three compartments. The ion-
exchange membranes used in the study were heterogeneous HDX mem-
branes (provided by Hidrodex®). The anion-exchange membrane (AEM, 
HDX 200) contained quaternary amine groups that were attached to the 
membrane matrix. The cation-exchange membrane (CEM, HDX 100) was 
charged with sulphonic acid groups and had a similar morphology to that 
of HDX 200. Both membranes had remarkably high ion-exchange capaci-
ties, which were 1.8 and 2.0 mmol/g for the AEM and the CEM, respectively 
(Buzzi et al., 2013). The structure of both membranes was reinforced with 
two nylon fabrics with the function of increasing their mechanical stabil-
ity. The composition of AMD varied substantially depending on the source 
from which samples were collected. However, the AMD solution with the 

TABLE 9.9

A Summary of Capital and Operating Expenditures of Proposed Process Routes

Cost (US$)
Recti
fication

Diffusion 
Dialysis

Electro
dialysis

Solvent 
Extraction

Crystal
lisation

Acid 
Retardation

Fixed 
capital 
cost

1 193 165 381 780 1 523 478 442 956 407 268 307 973

Total 
estimated 
CAPEX

1 372 140 439 047 1752 000 509 399 468 368 354 169

Total 
estimated 
annual 
OPEX

427 789 247 752 266 809 125 124 154 798 124 810

Estimated 
annual 
revenue

≈9800 ≈9800 ≈9800 ≈9800 ≈10 320 ≈9800

Source:	 Nleya et al., 2016.
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highest concentration of sulphates was selected as a basis for the study, since 
the principal aim of the work was the recovery of sulphuric acid from AMD. 
Synthetic solutions with a composition approximate to that of the original 
AMD solution were prepared by mixing 0.02-M Fe2(SO4)3 and 0.01-M Na2SO4. 
Distilled water was used to prepare the synthetic solutions. The content of 
the most concentrated species in the original AMD source is summarised 
in Table 9.10, together with the concentrations and pH value of the synthetic 
solutions.

The results of the study conducted by Martí-Calatayud et al. (2013) showed 
that the recovery of sulphuric acid from AMD can be achieved by means of 
an electrodialysis cell. Significant increases in sulphuric acid concentration 
were obtained with the proposed scheme consisting of a three-compartment 
electrodialysis cell with cation-exchange membrane and anion-exchange 
membrane. An effective recovery of sulphuric acid free from Fe(III) species 
was obtained in the anodic compartment as a result of the co-ion exclusion 
mechanism in the membranes. The difference in the pH and pSO4

2− values 
between the membrane phase and the external electrolyte promoted the 
dissociation of complex species inside the membranes. This phenomenon 
impeded the transport of Fe(III) and sulphates in the form of complex ions 
towards the anodic and cathodic compartments, respectively. The current 
efficiency values of the anion-exchange membrane at different current den-
sities were approximately constant with time. However, the increase in the 
recovery of acid decreased as the current increased. This result is explained 
by the shift in the equilibrium at the membrane/solution interface as more 
SO4

2− ions cross the anionic membrane and by the enhancement of the dis-
sociation of water when the limiting current density is exceeded. The main 
limitation of the process was related to an abrupt increase in the cell volt-
age due to the formation of precipitates at the surface of the cation-exchange 
membrane.

In a study by Kesieme and Aral (2015) that has already been discussed 
under the recovery of water from AMD (Section 9.3.2.2), the researchers 
studied the potential and opportunities for DCMD to concentrate H2SO4 
and recover fresh water from acidic process solutions. The study was also 

TABLE 9.10

Composition of the Original Source of Acid Mine Drainage and the Synthetic 
Solutions Used in the Electrodialysis Experiments 

Solution Fe(III) (mol L−1) Na(I) (mol L−1) SO4
2− (mol L−1) pH

Acid mine 
drainage source

0.037 0.017 0.082 2.48

Synthetic solution: 
0.02-M Fe2(SO4)3 + 
0.01-M Na2SO4

0.040 0.020 0.070 1.68

Source:	 Martí-Calatayud et al., 2013.
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aimed at identifying how membrane distillation can work in combination 
with solvent extraction in the mineral processing industry for acid recovery. 
After recovering water through the membrane distillation unit, the remain-
ing concentrated acidic solution (see Table 9.7) was processed using solvent 
extraction so as to recover sulphuric acid. The organic system consisting 
of 50% TEHA and 10% ShellSol A150 (a 100% aromatic diluent) in octanol 
was used in the solvent extraction system. In the solvent extraction tests, the 
organic system was mixed with concentrated acidic solution at an A/O ratio 
of 1:2 and a temperature of 22°C. The loaded organic solution was stripped 
twice at O/A ratios of 2:1 and 1:5 at 60°C. The raffinate and the loaded strip 
liquors were titrated to determine acid concentrations for extraction and 
mass balance calculations. The results indicated that over 80% of H2SO4 was 
extracted in the solvent extraction system in a single contact from the waste 
solution (i.e., the concentrated solution from the membrane distillation) con-
taining 245 g/L H2SO4 and metals with various concentrations. After three 
stages of successive extraction, nearly 99% of acid was extracted, leaving only 
2.4 g/L H2SO4 in the raffinate. The extracted acid was easily stripped from 
the loaded organic solution using water at 60°C. After scrubbing the loaded 
organic solution at an O/A ratio of 10 and 22°C, 98–100% of entrained metals 
were removed in a single contact with only 4.5% acid lost in the loaded scrub 
liquor.

Three different types of NF membranes, namely, (1) a poly(piperazinamide) 
active layer (NF270), (2) a double active layer (poly(piperazinamide)/
proprietary polyamide) (Desal DL), and (3) a sulphonated poly(ethersulphone) 
active layer (HydraCoRe 70pHT), were evaluated by López et al. (2019a) for 
the recovery of sulphuric acid from acidic mine waters and simultaneously 
increasing the concentration of valuable elements for further valorisation 
after the removal of iron. The NF270 and Desal DLmembranes had the same 
top active layer based on a semi-aromatic poly(piperazineamide). However, 
Desal DL incorporates an additional proprietary second layer that approaches 
a tight UF and that was made of a material comparable to a polyamide. Both 
NF270 and Desal DL membranes possessed ionogenic amine (R-NH2) and 
carboxylic (R-COOH) groups, which were responsible for the membrane 
charge. The IEPs for the two membranes were 2.5 and 4.0, respectively. The 
HydraCoRe 70pHT incorporated a sulphonated polyethersulphone as the 
active layer on a standard thin film composite membrane structure with poly-
sulphone and polyester on the backside. The membrane charge was caused 
by the presence of sulphonic groups (R-SO3H). Experiments were performed 
with a synthetic solution simulating the supernatant of a pre-treated acidic 
mine water from La Poderosa Mine at the Iberian Belt (Huelva, Spain). The 
synthetic solution was prepared by dissolving appropriate amounts of the 
metal-sulphate, nitrate, chloride and oxide salts in sulphuric acid.

The results of the study by López et al. (2019a) showed that NF technology 
offers a good chance to recover acids in the permeate and, at the same time, to 
concentrate metals in the retentate when treating acidic mine waters. Among 
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the different membranes tested, NF270 showed the best performance, as it 
yielded negative H+ rejections (i.e., permeate was more acidic than the feed 
solution), high metal rejections (>98%), and higher trans-membrane fluxes. 
The separation was highly influenced by the feed composition and the mem-
brane chemistry of the active layer. Indeed, the membrane chemistry of 
the active layer (nature and acid-base membrane properties) and structure 
(single/double layer) were found to be strong parameters in the membrane-
separation performance. The effect of the composition of active layer was 
observed when the same solution was filtered with different kinds of mem-
branes. The composition of the active layer mainly influenced the solvent trans-
port across the membrane and the superficial charge of the membrane. For 
example, polyamide membranes (NF270 and Desal DL) exhibited a positively 
charged surface leading to low anion rejections and high metal rejections. 
However, sulphonated polyethersulphone membrane (HydraCoRe 70pHT)  
was expected to exhibit a negative surface charge, leading to lower cat-
ion rejections and higher anion rejections than the other two membranes. 
Moreover, the fact that NF270 and Desal DL reached negative rejections of H+,  
it made them suitable NF membranes to remove acidity from the feed solu-
tion. It must be noted that an increase in the pH in the feed solution, due to 
the negative rejections of H+, could lead to a decrease in operational costs if 
any alkaline reagent is added downstream.

When the solution-electro-diffusion model coupled with reactive transport 
was applied to the study by López et al. (2019a), it was able to fit ions rejec-
tions properly by determining the membrane permeance values for each ion. 
Permeance values for different species of a given element were in agreement 
with the dielectric exclusion phenomenon. When the values of each element 
are compared, they could give information of the membrane charge. For 
instance, NF270 membrane permeances for Fe species followed the trend: 
Fe(SO4)2− > FeSO4

+ > FeHSO4
2+ > Fe3+, while for HydraCoRe 70pHT followed 

FeSO4
+ > Fe(SO4)2

2– > FeHSO4
2+ > Fe3+. The fact that Fe(SO4)2− was the most 

permeable ion of Fe species for NF270 suggested that the membrane presents 
a negative charge at pH 1. As for the HydraCoRe 70pHT membrane, the fast-
est ion was FeSO4

+ due to a negatively charged surface. Moreover, membrane 
permeance values were found to depend not only on the salt composition, 
but also on the total concentration (ionic strength).

López et  al. (2019b) investigated the performance of a semi-aromatic 
poly(piperazine amide) NF membrane (NF270) in the treatment of streams 
generated from the off-gases treatment step of copper metallurgical industry. 
The streams contained a mixture of H2SO4/HCl/H3AsO4 and metallic spe-
cies (Fe, Cu, Zn, Ni, Co, Cd) and alkaline metals (Na, K, Ca, Mg). The mem-
brane performance was evaluated in terms of acid recovery and metal ions 
rejection taking into account their aqueous speciation in strong acid media. 
Transport of acids and metallic species through the membrane was evalu-
ated under three different total acidity scenarios with pH values from 0.2 
to 0.7 and modelled according to solution-electro-diffusion model coupled 
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with reactive transport to determine the membrane permeances to species. 
The transport behaviour implications of both fully dissociated strong acids 
(H2SO4 and HCl) and weak acids (H3AsO4) with non-dissociated forms in 
the working conditions (0.2 < pH < 0.7) were critically evaluated in detail. 
The experiments were carried out in a cross-flow experimental set-up with 
flat-sheet membranes (0.014 m2) placed in a test cell (GE SEPA™ CF II) with 
a spacer-filled feed channel. The set-up had a needle and a by-pass valve 
which allowed the variation of the cross-flow velocity and the trans-mem-
brane pressure. The feed solution was kept in a thermostatic 30 L tank at a 
constant temperature (25 ± 2°C) and was pumped into the membrane cell by 
a high-pressure diaphragm pump. The two outputs of the cell (permeate and 
concentrate) were recycled back to the tank to keep the same composition in 
the feed solution.

The experimental data of the study by López et al. (2019b) demonstrated 
that it was possible to recover strong acids (H2SO4, HCl) from hydrometallur-
gical streams by using a semi-aromatic poly(piperazine amide) membrane. 
The NF270 exhibited a positive surface charge at pH < 1.0, which favoured 
the transport of anions, while impeded the transport of metallic species that 
were present as cations. With the different solutions tested, the membrane 
exhibited negative chloride rejections and moderate sulphate rejections. 
Design of processes using more than one NF stage may allow the recovery of 
up to 90% of the total content of the strong acids. In addition, the membrane 
favoured the transport of non-metallic species (As) due to their presence as a 
non-charged species (H3AsO4) and not limited by the dielectric and Donnan 
exclusion. As a result, the levels of As are likely to limit the application of 
the technology. However, a pre-treatment stage if applied, such as using a 
reducing agent (e.g., H2S or S2O3

2−) to obtain As(III) and then precipitate As as 
As2S3(s) or as a mixture of S(s) and As2O3(s), will maximise the recovery of the 
total content of the strong acids. The solution-electro-diffusion model cou-
pled with reactive transport fitted the experimental ions rejections properly, 
and the calculated membrane permeances could be used to design stages in 
full-scale applications.

A comprehensive study by Nleya et al. (2016), which was briefly mentioned 
in Section 9.4.1, proposed a number of flowsheets in which acid could be 
recovered from AMD. These flowsheets are integrated to pre-existing tech-
nologies (see Table 9.8) that are used to recover various acids from other 
industrial waste streams. A first possible flow diagram for the recovery 
of sulphuric acid from AMD through rectification is shown in Figure 9.9. 
Rectification also known as slow distillation is a promising process for the 
recovery of high-purity sulphuric acid from waste acid solutions (Song et al., 
2013). The rectification process which works by separating mixtures based 
on differences in volatilities of components in a boiling liquid mixture can 
concentrate and purify products in one step (Qian et al., 2011). It can be seen 
from Figure 9.9 that large quantities of heat energy are required for both 
pre-heating and rectification processes. In the rectification unit, the water 
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component is vaporised while sulphuric acid remains in solution and is 
recovered separately. Nleya et al. (2016) argued that when the rectification 
process is considered in the context of AMD, it might not be a suitable recov-
ery process because the sulphuric acid content in AMD might be too low for 
any substantial economic benefits.

Figure 9.10 and Figure 9.11 are proposed flow diagrams for the recovery of 
acid from AMD using diffusion dialysis and electrodialysis, respectively. The 
concept of electrodialysis has been extensively discussed in Section 9.3.2.1. 
Diffusion dialysis makes use of a series of anion-exchange membranes to 
selectively attract the anion in the acid while electrodialysis uses an elec-
tric field to allow ions of one electrical charge to enter and pass through 

FIGURE 9.10
Proposed flow diagram for the recovery of sulphuric acid from acid mine drainage using dif-
fusion dialysis method. (From Nleya et al., 2016.)

FIGURE 9.11
Proposed flow diagram for the recovery of sulphuric acid from acid mine drainage using elec-
trodialysis method. (From Nleya et al., 2016.)

FIGURE 9.9
Proposed flow diagram for the recovery of sulphuric acid from acid mine drainage using the 
rectification process. (From Nleya et al., 2016.)
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(perm-selectivity) (Nleya et al., 2016). In both flow diagrams (Figure 9.10 and 
Figure 9.11), the pre-filtered AMD solution is passed through a membrane 
unit where a clean acid and an acid barren water product can be obtained. 
In general, it can be seen that most of the membrane-separation processes 
are environmentally attractive. Apart from significantly reducing the solid 
waste, high-purity acid product can be obtained in most cases.

Figure 9.12 shows the proposed flowsheet for the recovery of sulphuric 
acid from AMD using solvent extraction method (Nleya et al., 2016). Solvent 
extraction process has long been used in the recycling and/or recovery 
of waste acids (Gottliebsen et  al., 2000; Agrawal et  al., 2008; Haghshenas 
et al., 2009; Shin et al., 2009), and is it a promising technology that can be 
extended to the recovery of sulphuric acid from AMD (Nleya et al., 2016). It is 
a clean and proven technology (Gottliebsen et al., 2000). The organic extract-
ants tested have good selectivity for the acid; hence high recoveries can be 
expected (Gottliebsen et al., 2000; Agrawal et al., 2008).

Another promising technique for sulphuric acid recovery from AMD is 
freeze crystallisation. In addition to the acid, AMD also contains high quan-
tities of ferrous ions which can also be recovered as crystals, purified and 
marketed as a commodity using the freeze crystallisation technique. A pro-
posed flow diagram for the recovery of sulphuric acid via freeze crystallisa-
tion is shown in Figure 9.13. In the flow diagram, pre-filtered AMD solution 
is chilled in a heat exchanger unit using the cold sulphuric acid product. 
After the solution is pre-chilled, it enters the reactor where it is agitated and 

FIGURE 9.12
Proposed flow diagram for the recovery of sulphuric acid from acid mine drainage using sol-
vent extraction method. (From Nleya et al., 2016.)

FIGURE 9.13
Proposed flow diagram for the recovery of sulphuric acid from acid mine drainage using 
freeze crystallisation technology. (From Nleya et al., 2016.)
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chilled further until the ferrous sulphate heptahydrate crystals are formed. 
The settled crystalline solution is pumped to the centrifuge, where the crys-
talline product and the sulphuric acid solution are separated. The cooled sul-
phuric acid product is pumped back to the primary heat exchanger where it 
cools the incoming AMD solution and then collected for storage.

In addition to a study by Nleya (2016) that tested the feasibility of using 
acid retardation technique to recover sulphuric acid from metal-barren 
AMD, Nleya et  al. (2016) proposed a flowsheet for the application of acid 
retardation process in the recovery of sulphuric acid from AMD as shown in 
Figure 9.14. In the proposed flow diagram a dilute stream of acid is obtained 
in the acid retardation process which can then be concentrated using a vac-
uum evaporator. Water of a quality suitable for recycling back to the system 
can also be obtained. A vacuum evaporator has the advantage of produc-
ing a large separation factor in the sulphuric acid/water system, and that it 
reduces the boiling point of the mixture which, subsequently, minimises the 
cost of heating (Nleya et al., 2016).

Simate and Ndlovu (2014) proposed an integrated process shown in 
Figure  9.15 that starts off with an AMD fuel cell where iron would be 

FIGURE 9.14
Proposed acid retardation set-up for sulphuric acid recovery from acid mine drainage. (From 
Nleya et al., 2016.)

FIGURE 9.15
Proposed integrated process for the production of sulphuric acid from acid mine drainage. 
(From Simate and Ndlovu, 2014.)
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precipitated as iron oxide at the anode. The water that contains most of the 
heavy metals would then be pumped to the adsorption circuit where the 
CH-collector (e.g., amino bisphosphonate adsorbent) would adsorb heavy 
metals directly from the wastewater (Turhanen and Vepsäläinen, 2013). The 
resulting water that is barren of metals is then pumped to the electrodialysis 
circuit where a more pure form of sulphuric acid and other residual metals 
are recovered (Martí-Calatayud et al., 2013). The electrodialysis process effi-
ciency is expected to be high as metals which might cause membrane fouling 
would have been removed in the fuel cell and by the CH-collector. The prod-
ucts from this integrated process are expected to be iron oxide which could 
be sold as a pigment for paint (Hedin, 2003), cosmetics, and possibly other 
uses. The electricity produced from the fuel cell can act as a power source 
for the electrodialysis. The sulphuric acid also produced could be used in the 
leaching of metal ores.

9.5  Generation of Electricity from Acid Mine Drainage

9.5.1  Introduction

Over the years, microbial fuel cells (MFCs) have emerged as a promising yet 
challenging technology for converting organic waste including low-strength 
wastewaters and lignocellulosic biomass into electricity through the meta-
bolic activities of the microorganisms that act as catalysts (Pant et al., 2010; 
Simate et al., 2011). In other words, MFC-based wastewater systems employ 
bioelectrochemical catalytic activities of microbes to produce electricity 
from the oxidation of organic and in some cases inorganic substrates pres-
ent in urban sewage, agricultural, dairy, food, and industrial wastewaters 
(Gude, 2016). In principle, the MFC can enable the simultaneous treatment of 
wastewater such as AMD while generating electricity from organic matter 
in the wastewater. In other words, the MFCs treat wastewater and generate 
electricity at the same time (Bennetto, 1984; Habermann and Pommer, 1991). 
The MFC is a combined system with anaerobic and aerobic characteristics 
(Simate et al., 2011). The MFCs are designed for anaerobic treatment by bacte-
ria in the solution near the anode, with the cathode exposed to oxygen (or an 
alternative chemical electron acceptor). Electrons released by bacterial oxida-
tion of the organic matter are transferred through the external circuit to the 
cathode where they combine with oxygen to form water (Feng et al., 2008). It 
is noted that a combination of anaerobic-aerobic process can be constructed 
using a double-chamber MFC, in which effluent of anode chamber could 
be used directly as the influent of the cathode chamber so as to be treated 
further under aerobic condition to improve wastewater treatment efficiency 
(Wen et al., 2010).
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The MFC is considered to be a promising and sustainable technology that 
would meet increasing energy needs, especially when using wastewaters as 
substrates (Du et al., 2007; Lu et al., 2009). Since it results in the production 
of electricity and clean water as final products, it may offset the operational 
costs of wastewater treatment plants (Lu et al., 2009).

9.5.2 � Selected Typical Studies of the Generation  
of Electricity from Acid Mine Drainage

A study by Cheng et al. (2007) used fuel cell technologies to generate elec-
tricity while removing iron from the AMD. The AMD fuel cell (AMD-FC) 
was constructed from two plastic (Plexiglas) cylindrical chambers each  
2 cm long by 3 cm in diameter separated by an anion-exchange membrane. 
The anode was a carbon cloth (non-wet-proofed) with a projected surface area 
of 7 cm2 (one side). The cathode electrode was made by applying platinum  
(0.5 mg/cm2) to a commercially available carbon cloth (30 wt% wet-proofed). 
The membrane was held between the two cylindrical chambers with a rub-
ber O-ring to prevent leakage. The anode electrode was located at the end of 
one chamber and covered with a plastic end plate (5 × 5 × 0.6 cm). The cath-
ode electrode was placed at the end of another chamber and covered with 
another end plate with a centre hole (3 cm in diameter), with the platinum-
catalyst side facing the solution and another side facing the air (Figure 9.16). 
Platinum wires (1 mm in diameter) were used to connect both electrodes and 
used as terminals of the cell. The reactor was operated in open circuit mode 
for 0.5 h before connecting an external resistor (1000 Ω) to measure electricity 
generation.

The AMD-FC operated in fed-batch mode generated a maximum power 
density of 290 mW/m2 at a Coulombic efficiency greater than 97%; and elec-
tricity generation was reported to be abiotic in nature. In the fuel cell sys-
tem, ferrous iron (Fe2+) was oxidised to ferric iron (Fe3+) at the anode, and 
oxygen from the air was reduced to water at the cathode. In the best possible 
way, ferrous iron was completely removed through oxidation to insoluble 
Fe3+, forming a precipitate at the bottom of the anode chamber and on the 
anode electrode. Several factors were examined to determine their effect on 
operation, including pH, ferrous iron concentration, and solution chemis-
try. Optimum conditions were reported at a pH of 6.3 and a ferrous iron 
concentration above 0.0036 M. These results suggested that fuel cell tech-
nologies can be used not only for treating AMD through removal of metals 
from solution, but also for producing useful products such as electricity and 
recoverable metals.

In a related study, Cheng et al. (2011) showed that fuel cell technologies 
are not only used for simultaneous treatment of AMD and power genera-
tion, but also they can generate useful products such as iron oxide particles 
having sizes appropriate for use in pigments and other applications. In the 
study, Cheng et  al. (2011) used AMD-FC technique to generate spherical 
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nanoparticles of iron oxide that, upon drying, were transformed to goethite 
(a-FeOOH). This approach, therefore, provided a relatively straightforward 
way to generate a product that has commercial value. In other words, the 
results provided a method that could easily produce iron oxide particles that 
are essentially used in pigments and other products.

Hai et  al. (2016) coupled membrane-free MFC with permeable reactive 
barrier (PRB) to treat AMD and generate electricity. The MFC-PRB system 
was carried out by employing parallel acrylic material columns, which were 
separated by a plate with a centre hole (3 cm inside diameter). The exterior 
chamber was used as PRB packed with corn cob media and inoculated with 
sulphate-reducing bacteria, and the cathode electrode was placed at the 
end of an exterior chamber and covered with another end plate. The inner 

FIGURE 9.16
Laboratory scale prototype (A) and schematic (B) fuel cell system used to generate electricity. 
(From Cheng et al., 2007.)
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chamber was directly used as an anode area that was filled with excess 
sewage sludge. In general, AMD lacks organic matter, therefore, additional 
organic substrate such as sewage sludge would need to be added so that 
it serves as microbial carbon sources for AMD treatment by MFCs (Jiang 
et al., 2009; Zhang et al., 2012; Peng et al., 2017). Sewage sludge is a by-product 
of biological wastewater treatment that requires treatment and disposal, 
but it contains high concentrations of organic matter, mainly protein and 
carbohydrate (Jiang et  al., 2009; Zhang et  al., 2012; Peng et  al., 2017). The 
anode and cathode electrodes were made from a piece of 43.4-cm carbon 
rod and carbon felt without any pre-treatment and which were connected 
through a 1000 Ω resistor. The MFC-PRB system was continuously fed with 
synthetic AMD in a down flow mode using multiport peristaltic pumps, and 
it was operated for five periods at room temperature of 25 ± 3°C. The results 
showed that the MFC-PRB could continuously generate electricity from 
AMD, and the average sulphate removal rates of 51.2%, 39.8%, and 33.1% 
were obtained in effluents of 1000, 2000, and 3000 mg/L, respectively. High 
Cu2+, Pb2+, and Zn2+ removal efficiencies (99.5%) were also obtained during 
the operation, with most of the results being in the range of 0.01–0.05 mg/L 
which are far below the discharge level required by the Chinese government 
legislation of 0.5 mg/L, for example.

Peng et al. (2017) made use of the MFC to remove metals and sulphate from 
AMD using sewage sludge organics and simultaneously generated electric-
ity. A total of six identical MFC reactors consisting of a vertical cylinder built 
using plexiglass were operated simultaneously and the reactors were closed 
during operation. To start up the MFC, 300-mL sludge was used to inoculate 
the MFC containing 700-mL AMD. To accelerate microbial growth, sodium 
acetate was added once into the reactors with an initial concentration of 2.0 
g/L at the beginning of the start-up phase. After start-up, experiments were 
conducted in fed-batch mode at room temperature (25 ± 2°C), and the reac-
tors were replenished with fresh sludge and AMD every 10 days to initiate 
a new cycle. The results showed that under anaerobic conditions, 71.2% sul-
phate (from 2100 to 605 mg/L), 99.7% heavy metals, and 51.6% total chemi-
cal oxygen demand were removed at an electrode spacing of 4 cm and a 
sludge concentration of 30% (v/v) after 10-day treatment. A maximum power 
density of 51.3 mW/m2 was obtained. Approximately 79.5% of the dissipated 
sulphate was converted to elemental sulphur or polysulphides. The sulphide 
concentration was kept below 20 mg/L. The concentrations of heavy metals 
were in the range of 0.02–0.06 mg/L in the effluent, which were far below the 
levels required by the Chinese government legislation. This study was one 
of many studies that showed the potential of synchronous degradation of 
residual sludge and treatment of AMD with electricity harvesting.

Lefebvre et  al. (2012) investigated the bioelectrochemical treatment of 
AMD dominated by iron using acetate solution (as substrate component of 
the reactive mixture) in the anode compartment and simulated AMD (FeCl3 
solution) in the cathode compartment. The study was performed with two 
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different MFC designs: a salt bridge MFC and a membrane MFC. Overall, the 
salt bridge design – despite its rudimentary architecture – was intended to 
demonstrate the principle and feasibility of AMD bioelectrochemical treat-
ment, while the membrane design was meant to improve iron recovery, thus 
demonstrating the potential of the technology. Figure 9.17 shows the two 
types of dual-chamber MFCs used in the study which only differed in the 
nature of the separator. The reactive mixture – used as the anolyte – con-
sisted of a solution of nutrients, minerals, and vitamins, to which sodium 
acetate was added as the carbon source and electron donor (substrate). An 
artificial AMD, with 500 mg/L of Fe3+, prepared using ferric chloride hexa-
hydrate (FeCl3·6H2O), was used as the catholyte. The selected Fe3+ concentra-
tions corresponded to values found in natural AMD. The pH of the artificial 
AMD was left unadjusted at 2.4 ± 0.1. The experiment was carried out in 
batch mode. At the start of a batch test, the anode and the cathode chambers 
of the MFCs were filled with fresh solutions of anolyte and catholyte and 
the batch test was considered completed when the voltage recorded over an 
external resistance of 5 Ω dropped below 0.2 mV. The anode chamber was 
kept anaerobic throughout the batch testing, while the cathode chamber was 
constantly aerated using an aquarium air pump connected to an air diffuser.

Based on the findings from the study by Lefebvre et  al. (2012), the 
AMD showed a potential to generate substantial amount of power (up to  
8.6 ± 2.3 Wm−3) in an MFC, which could help reduce the costs of full-scale 
bioelectrochemical treatment of AMD dominated with iron. In this study, 
Fe3+ was reduced to Fe2+ at the cathode of the MFC, followed by Fe2+ re-
oxidation and precipitation as oxy(hydroxi)des. In a broader perspective, 
the treatment process developed in this study could be attractive as a sus-
tainable alternative for the treatment of AMD with high iron concentration. 

FIGURE 9.17
Schematic diagram of the (a) salt bridge and (b) membrane-microbial fuel cells. (From Lefebvre 
et al., 2012.)
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This could involve the precipitation of iron prior to other challenging metals 
(e.g., Mn) or the co-precipitation of Fe-oxy(hydroxi)des with other dissolved 
metals in AMD. The optimum conditions were found at a charge of 662 
Coulombs, which was achieved within 7 days at an acetate concentration of 
1.6 g/L in a membrane MFC. This caused the pH to rise to 7.9 and resulted in 
iron removal of 99%. Treated effluent met the pH discharge limits of 6.5–9.0.

9.6  Production of Water Treatment Raw Materials

This section gives an overview of the developments and applications of AMD 
generated materials and/or AMD itself in the water treatment and purifica-
tion processes. In particular, it covers advances in the use of AMD generated 
materials and/or AMD itself as adsorbents and coagulants or flocculants.

9.6.1  Production of Adsorbents

9.6.1.1  Introduction

A significant number of technologies for water treatment and purification 
have been developed. Of particular interest is the adsorption technology that 
offers several advantages for water treatment and purification because it can 
be operated at different scenarios besides its easy use, flexibility, versatile 
design, low-energy requirements, and cost-effectiveness (Bonilla-Petriciolet 
et al., 2017). The process exploits the ability of certain solids termed adsor-
bents to preferentially concentrate specific substances from the solution onto 
their surfaces (Bazrafshan et al., 2016). In this manner, the components which 
could be in either gases or liquid solutions can be separated from each other 
(Bazrafshan et al., 2016). There is a wide range of adsorbents used in adsorp-
tion processes and amongst them is sludge generated from AMD. The AMD 
sludge is produced from the treatment of AMD containing high amount of 
dissolved metals (Devi and Saroha, 2017). Sludge-based adsorbents are widely 
used for the removal of various pollutants from water and wastewater systems 
(Devi and Saroha, 2017). In fact, over the past years concerted efforts have been 
made to investigate the potential to use AMD sludge as adsorbents instead of 
disposing it into landfills at significant costs (Simate and Ndlovu, 2014).

9.6.1.2 � Selected Typical Studies of the Use of Acid 
Mine Drainage Sludge as Adsorbents

In view of a wide range of research studies that accomplished taking out 
phosphorous from wastewaters using iron and/or aluminium hydroxide 
sludges, Wei et  al. (2008) hypothesised that the AMD sludge containing a 
mixture of iron and aluminium hydroxide precipitates would be a suitable 
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medium for the adsorption of dissolved orthophosphate from solution. In 
other words, sludges produced by the neutralisation of AMD are suitable for 
phosphorus sequestration as it is composed of aluminium and iron hydrous 
oxides, the same chemical forms produced when alum or ferric chloride is 
added to wastewater at near neutral pH. In addition, research by Sibrell et al. 
(2009) and Sibrell and Tucker (2012) has shown that dried AMD sludge or 
residuals can be used as a low-cost adsorbent to efficiently remove phospho-
rus from agricultural and municipal wastewaters. The phosphorus that has 
been adsorbed by the AMD sludge can later be stripped from the sludge and 
recycled into fertiliser; and the mine drainage sludge can be regenerated and 
reused for a number of additional applications.

A study by Wang et al. (2014) evaluated the application of AMD sludge, coal 
fly ash, and lignite as low-cost adsorbents for the removal of phosphate from 
dairy wastewater. In order to develop an insight into the potential deploy-
ment of the three low-cost adsorbents, batch adsorption isotherms and col-
umn experiments were conducted to investigate the breakthrough curves 
and cumulative removal under steady flow-through conditions. Both batch 
and column results indicated that fly ash exhibited the highest phosphate 
adsorption capacity followed by AMD sludge, while lignite had negligible 
adsorption capacity. These results are supported by the surface characteris-
tics of the adsorbents that showed a significant presence of crystalline/amor-
phous Fe/Al/Si/Ca-based minerals and large surface areas for AMD sludge 
and fly ash. In other words, the differences were attributed to the physico-
chemical properties of the three low-cost adsorbents.

Studies by Wei and Viadero (2007a) investigated the utilisation of AMD 
sludge for the removal of Congo Red, an azo dye, from wastewater. Basically, 
the main goal was to ascertain the value-added use of AMD sludge as a 
low-cost waste material. The batch studies were carried out to examine the 
adsorption of Congo Red at different pH, temperature, dye concentration, 
contact time, and adsorbent dosage. A pre-coat filtration study was also con-
ducted to test if the dye could be removed during continuous filtration by 
a pre-coated AMD sludge layer. Pre-coat filtration experiments were con-
ducted using Buchner funnel filtration apparatus. First, a predetermined 
amount of wet AMD sludge (20–40 mL) was diluted to about 100 mL by add-
ing deionised water. Then, the AMD sludge solution was poured onto the 
Whatman No. 2 filter paper in the Buchner funnel and a vacuum (75 ± 3 kPa) 
was applied. Once the AMD sludge was coated onto the filter paper to form 
a sludge layer and about 50 mL of filtrate was observed in the graduated cyl-
inder, Congo Red solution (100, 150, or 200 mg/L) was poured into the funnel 
carefully until it was almost full. Based on batch adsorption and pre-coat fil-
tration studies, sludge from AMD treatment successfully removed dissolved 
Congo Red from solutions by adsorption. Furthermore, it was noted that 
pre-coat filtration continuously removed Congo Red from aqueous solution 
with success, and dye removal mechanism via pre-coat filtration was found 
to be adsorption. It was observed that percent dye removal decreased with 
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an increase in pH and the decrease was rapid when pH was above 8.5. The 
results also showed that the AMD sludge was effective in removing Congo 
Red over a broad temperature range. Through metal leaching tests, it was 
observed that most metals associated with AMD sludge remained insoluble 
when adsorption occurred at pH 6–10.

Studies by Edwards and Benjamin (1989) have also shown that the iron fer-
rihydrite component of AMD sludge from lime treatment plants can be used 
as a highly effective adsorbent for the removal of metals from water streams. 
Similarly, metal hydroxide sludge has also been used to remove carcinogenic 
dyes from wastewater (Netpradit et al., 2003).

The aim of a study by Cui et  al. (2013) was to determine the applicabil-
ity of coal mine drainage sludge for a wastewater treatment process. More 
specifically, the objective of the study was to elucidate the mechanism for 
Zn(II) removal using coal mine drainage sludge pre-treated at either 25 or 
550°C. The study compared the AMD generated sludge with materials such 
as goethite, hematite, and calcite. Zeta potential analysis showed that coal 
mine drainage sludge dried at 25°C and coal mine drainage sludge dried 
at 550°C had a much lower IEP of pH than either goethite or calcite, which 
are the main constituents of coal mine drainage sludge. This indicates that 
the negatively charged anion (sulphate) was incorporated into the structural 
networks and adsorbed on the surface of coal mine drainage sludge via 
outer-sphere complexation. The study found that the removal of Zn(II) by 
coal mine drainage sludge was found to be primarily caused by sulphate-
complexed iron (oxy)hydroxide and calcite. In particular, the electrostatic 
attraction of the negatively charged functional group, FeOH–SO4

2–, to the 
dissolved Zn(II) provided high removal efficiencies over a wide pH range. 
Thermodynamic modelling and Fourier transform infrared spectroscopy 
(FT-IR) demonstrated that ZnSO4 was the dominant species in the pH range 
of 3–7 as the sulphate complexes with the hydroxyl groups, whereas the 
precipitation of Zn(II) as ZnCO3 or Zn5(CO3)2(OH)6 through the dissolution 
of calcite was the dominant mechanism in the pH range 7–9.6. From all of 
the analytical and batch test results observed, the study concluded that coal 
mine drainage sludge was a promising adsorbent for the treatment of various 
types of wastewater, including industrial wastewater and AMD, particularly, 
wastewater with a low pH. In terms of economic feasibility, the preparation 
of coal mine drainage sludge by drying at a low temperature was found to be 
favourable since there was no significant effect on the drying temperature.

9.6.2  Production of Coagulants and Flocculants

9.6.2.1  Introduction

Coagulation and flocculation have remained the most widely used processes 
for water and wastewater treatment (Simate et al., 2012; Simate, 2012). As a 
result, coagulation and flocculation are considered as the two key steps which 
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often determine finished water quality (Zeta-Meter Inc., 1993). In water treat-
ment plants, coagulation and flocculation are usually accomplished by the 
addition of trivalent metallic salts such as aluminium sulphate (Al2(SO4)3) or 
ferric chloride (FeCl3) (Simate, 2012).

According to Mwewa et al. (2019), there is a huge potential to recover alter-
native coagulants from AMD for water treatment. This is because two of 
the major constituents of AMD, iron and aluminium, can be recovered and 
engineered to function as coagulants (or AMD itself can be used directly for 
coagulation and/or flocculation). In fact, the high concentration of Fe and Al 
in AMD, as high as 5 000 mg/L for Fe and 500 mg/L for Al, has led to studies 
that have focused on developing an understanding of AMD’s potential reuse 
as a coagulant in wastewater treatment. Section 9.6.2.2 gives selected typical 
examples of such studies.

9.6.2.2 � Selected Typical Studies of the Use of Acid Mine 
Drainage as Coagulants and Flocculants

In a study by Mwewa et al. (2019), the application of an AMD-derived poly-
alumino-ferric sulphate (AMD-PAFS) coagulant from coal AMD using 
chemical precipitation between pH 5.0 and 7.0 was evaluated. The efficiency 
of the AMD-PAFS was compared with conventional PFS coagulant in the 
treatment of brewery wastewater for turbidity, chemical oxygen demand 
and total dissolved solids removal. The effect of the coagulants on the elec-
tric conductivity of the wastewater was also evaluated. The results indicated 
that the recovery of Fe and Al from coal generated AMD at pH 5.0 was 99.9% 
for Fe and 94.7% for Al. With an increased pH of up to 7.0, the overall Al 
recovery increased to 99.1%. Although Al precipitation was 99.1% at pH 7.0, 
the precipitate formed at pH 5.0 was chosen for coagulant production due to 
the reduced chances of co-precipitation with other impurities should they 
exist in substantially higher concentrations. Dissolution of precipitate in 
5.0% (w/w) sulphuric acid produced a coagulant containing 89.5% Fe and 
10.0% Al. The coagulant produced had comparable characteristics to the 
commercially produced PFS coagulant. The subsequent brewery wastewa-
ter treatment tests showed that the AMD-derived coagulant was as effective 
as the conventional coagulants in the removal of chemical oxygen demand 
and turbidity. The total dissolved solids increased only slightly with an 
increase in coagulant dose for both the AMD-PAFS and PFS coagulants. In 
general, the increase in total dissolved solids is due to an increase in the 
number of solute particles or ions as a result of coagulant addition. From 
the results, it was clearly shown that the electric conductivity of the brewery 
wastewater increased as the dose of the coagulants increased. The initial 
conductivity of the original brewery wastewater sample was 3 510 μS/cm, 
but it was increased to 4 010 and 4 110 μS/cm for AMD-PAFS and PFS coagu-
lants, respectively. The sporadic rise in electric conductivity observed in all 
the samples tested could be due to the presence of the dissolved ions in the 
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wastewater coupled with the dissolved ions of the coagulants and the pH 
regulator (NaOH). The study by Mwewa et al. (2019) showed that the pro-
cess can be easily integrated in existing AMD treatment plants, which would 
provide revenue and thereby subsidise the treatment costs. Furthermore, the 
issues associated with disposal of the voluminous sludge could be avoided, 
as the coagulant recovery would reduce the sludge volume by 95.0%.

Salama et al. (2015) developed a novel application using AMD directly for 
coagulation and/or flocculation of two morphologically different microalgae 
species for biomass recovery. There is no doubt the study showed that the 
environmentally recalcitrant AMD can be used as an effective flocculating 
agent for microalgae biomass. The effect of AMD dosage, microalgal cell 
density, and media pH (7 and 9) on flocculation efficiency was investigated. 
The AMD and microalgal biomass were mixed for 2 min at 500 rpm in a 
200-mL glass beaker, followed by slow mixing for 10 min at 100 rpm to 
promote aggregation. Subsequently, the culture was transferred into a 100-
mL gravimetric cylinder. A liquid sample of 5 mL was then collected at 2 cm 
below the surface of treated microalgae in gravimetric cylinder for optical 
density analysis to monitor microalgal settling. The study confirmed that 
AMD, as metal ions rich natural source (iron and aluminium ions), could be an 
effective option for harvesting of microalgal biomass. In the study, positively 
charged Fe(III) and Al(III) hydroxides in AMD were rapidly formed leading 
to the destabilisation of microalgal suspension, and thus making AMD 
useful for coagulation/flocculation of different microalgal species (Chlorella 
vulgaris and Scenedesmus obliquus) within 20 min at initial suspension pHs of 
7 and 9. The flocculation efficiency using AMD at the optimal conditions was 
89% and 93% for S. obliquus and C. vulgaris, respectively. Scanning electron 
microscope with energy-dispersive X-ray (SEM/EDX) micrograph of the 
microalgae aggregates revealed that the sweeping floc formation was the 
dominating mechanism.

Lopes et al. (2011) used AMD directly as a coagulant for the treatment of 
sewage wastewater. This study was based on the fact that when AMD is rich 
in iron in the form of Fe³+ (and secondarily Al+³), it can be used as a coagu-
lant. In addition, the AMD can also be applied in wastewater treatment as 
Fenton’s reaction when it is rich in iron in the form of Fe2+. The sewage waste-
water treatment tests were carried out in a standard jar test apparatus using 
two different methodologies (i.e., simple coagulation and Fenton’s reaction). 
For simple coagulation, 15 mL of AMD was added to 1 L of sewage, which 
provided a concentration of 264 mg/L Fe and 38 mg/L Al. The solution was 
adjusted to a pH of 3.5 and mixed for 1 h. Thereafter, the pH was adjusted 
to 9.0 with a 2-M NaOH solution for metals precipitation. Sludge settling 
was carried out for 1 h in Imhoff’s cone. Thereafter, the sludge was filtered, 
dried for 24 h at 60°C, and weighed. In the case of Fenton’s reaction, the same 
amount of AMD and sludge were used as in the simple coagulation test thus 
obtaining the same Fe and Al concentration. The solution was initially mixed 
for 1 h before adjusting its pH to 3.5 with a 2-M HCl solution followed by the 
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addition of 1.25 mL/L of 35% (w/v) H2O2.  Fenton’s reaction was conducted 
over 3 h. Thereafter, the mixture was adjusted to pH of 9.0 with a 2-M NaOH 
solution for metals precipitation. The rest of the procedure was similar to 
the simple coagulation test. In both cases, the treated water was analysed 
by considering the following parameters: pH, total solids, suspended solids, 
dissolved solids, settleable solids, thermotolerant coliforms, total coliforms, 
total Fe, total Al, chemical oxygen demand, biological oxygen demand, total 
Kjeldahl nitrogen, phosphorus, and sulphates. The results showed that the 
AMD, especially the most concentrated ones (in terms of iron), can be used 
in wastewater treatment. The treatment by simple coagulation allowed sig-
nificant reductions in the sewage levels of suspended solids, organic matter, 
and phosphorous. The treatment by Fenton’s reaction allowed better results 
in terms of the final concentration of suspended solids, organic matter, phos-
phorous and also promoted the disinfection of the treated water.

Another study that used AMD directly as a coagulant and compared it 
with ferric chloride in the treatment of municipal wastewater was performed 
by Rao et al. (1992). The jar tests were conducted using a 6 place Phipps and 
Bird jar test apparatus. When ferric chloride or AMD was added as a sole 
coagulant to each jar, rapid mixing was done for 2 min at 100 rpm, followed 
by flocculation for 20 min at 30 rpm, and sedimentation for 30 min. Effluent 
samples (supernatants) were then analysed for turbidity, pH, suspended sol-
ids, total phosphorus, and heavy metals. The study showed that the AMD 
was as effective as the commercial ferric chloride coagulant for the removal 
of suspended solids/turbidity, and phosphorus. In some cases, on an equiva-
lent Fe3+ dose basis, AMD was even more effective than commercially avail-
able ferric chloride due to the presence of AI3+ in AMD. However, as a result 
of the presence of other heavy metals, especially Zn as in the case of a study 
by Rao et  al. (1992), it will be necessary to pre-treat the AMD before use 
as coagulants with domestic wastes so as to allow discharge of the treated 
effluent into typical receiving water bodies. The initial experimental work 
by Rao et al. (1992) led to other studies having been conducted to recover 
ferric sulphate coagulant by reacting the ferric hydroxide precipitate formed 
from AMD at pH 3.5–3.6 with sulphuric acid (Rao et al., 1992). In addition, 
the use of dodecylamine surfactant to avoid co-precipitation of other metals 
improved the purity of the precipitate, and thus the recovered coagulant was 
effective in municipal wastewater treatment and compared favourably with 
conventional coagulants (Rao et al., 1992).

Menezes et al. (2009) produced a ferric sulphate rich solution from acidic 
coal mine drainage and was assessed for its applicability as a coagulant. Iron 
was recovered from the AMD by an oxidation/selective precipitation process. 
Initially, the AMD was aerated for 24 h at pH 2.5–3.0 to convert all of the Fe2+ 
to Fe3+. Thereafter, the pH of the solution was increased to and maintained 
at 3.8 ± 0.1, with the addition of 4-N NaOH solution, in order to precipitate 
the iron as ferrichydroxide/oxyhydroxide, which was further separated from 
the AMD by centrifugation at 3000 rpm. The final precipitate was dissolved 
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in sulphuric acid to achieve a clear solution, which was used as a chemical 
coagulant. The coagulation procedure was carried out using a 1000 mL of 
raw water sample from a lake using a conventional jar test apparatus. The 
sludge generated was filtered using a quantitative filter paper, dried, and 
weighed. The treated water was analysed for: pH, suspended solids, turbid-
ity, colour, conductivity, metals (Fe, Al, Mn, Zn, Cu, Cr, Cd, Pb, and As), hard-
ness, and sulphate. Overall, the study showed that by precipitating the iron 
at pH 3.8, followed by dissolution in sulphuric acid, a coagulant consisting of 
12.4% iron and 1.3% aluminium was able to be produced. This coagulant pro-
duction process could reduce the overall volume of sludge by 70% (Menezes 
et al., 2009). The raw water treatment tests proved that the AMD generated 
coagulant was as efficient as the conventional chemical coagulants used in 
water treatment plants.

9.7  Utilisation of Acid Mine Drainage Sludge

9.7.1  Introduction

As stated in a number of chapters in this book, AMD has always been one 
of the mining problems that is difficult to avoid. The AMD that has not been 
treated before it is discarded into the water bodies can cause serious negative 
impacts to the environment because of its low pH values and higher content 
of heavy metals (Amanda and Moersidik, 2019) as discussed in Chapter 5. 
As extensively discussed in Chapter 7, the treatment of AMD can be car-
ried out by active and passive methods. Unfortunately, both AMD treatment 
methods produce sludge with various compositions depending on the treat-
ment type, the use of lime, and the quality of the water treated (Amanda 
and Moersidik, 2019). The objective of this section of the chapter is to discuss 
and illustrate the potential of AMD sludge as a valuable material. One of the 
applications of sludge – adsorbents – has already been discussed in great 
detail in Section 9.6.1 of this chapter; and the rest of the other pertinent appli-
cations of AMD sludge are discussed in Section 9.7.2. Simate and Ndlovu 
(2014), Ndlovu et al. (2017), and Rakotonimaro et al. (2017) also highlighted 
some of these applications in their publications.

9.7.2 � Selected Typical Studies of the Reuse  
of Acid Mine Drainage Sludge

9.7.2.1  Production of Fertiliser

Fertiliser is considered as a material that is produced in order to supply 
elements, in a readily available form, that are known to be essential for 
plant growth and development. Zinck (2006) argues that low metal content 
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sludges, such as sludges from coal mining operations, which have been 
found to have excess alkalinity present in the sludge, can be utilised to raise 
soil pH. A study by Dobbie et al. (2005) investigated the use of phosphorus-
enriched ochre (hydrous iron oxide sludge) as a phosphorus fertiliser. The 
AMD sludge according to Sibrell et al. (2009) is a waste product produced by 
the neutralisation of AMD and consists mainly of the same metal hydrox-
ides used in traditional wastewater treatment for the removal of phospho-
rus. Ideally, when ochre (or simply AMD sludge) is used for remediation of 
wastewaters, it adsorbs phosphorus (in the form of inorganic phosphate) 
from the solution (Heal et al., 2003; Shepherd, 2017) effectively which makes 
the resulting phosphate-enriched ochre a potential phosphorus fertiliser 
(Dobbie et al., 2005). In the study by Dobbie et al. (2005), pot and field exper-
iments were set up to assess performance and environmental acceptabil-
ity of ochre as a fertiliser, using grass and barley as test crops, as well as 
birch and spruce tree seedlings. It was noted from the study that applying 
phosphate-saturated ochre as a fertiliser increases the phosphorus status 
of soils and has a useful liming effect. Phosphate-saturated ochre is also 
less water-soluble than conventional phosphorus fertiliser, thus reducing 
the potential for diffuse pollution from agricultural land. The results in the 
study by Dobbie et al. (2005) also showed that the ochre caused no metal 
contamination, but other AMD sludge sources would need to be monitored 
to ensure that they do not contain undesirable concentrations of metals. The 
slow release of phosphorus from phosphate-saturated ochre means that 
less frequent applications would be required than when using conventional 
phosphorus fertiliser. It was found that all crops studied grew well com-
paratively when using fertiliser with phosphate-saturated ochre or with 
conventional phosphorus fertiliser.

Heal et al. (2004) state that when the phosphorus removal capacity of ochre 
is finally exhausted after removal of phosphorus from wastewater such as 
agricultural runoff and sewage effluent, the “spent” material will require 
removal and disposal, and a more sustainable alternative to landfill disposal 
is to recycle the phosphorus as a fertiliser. Pot experiments and field trials 
comparing barley and grass grown in soils amended with phosphorus-sat-
urated ochre with the plants grown with conventional phosphorus fertil-
iser studied by Heal et al. (2004) showed that ochre additions improved soil 
fertility and increased the pH of the soil whilst the same crop yields were 
maintained similar to conventional fertiliser. At the end of the growing sea-
son, the results also showed that there was more phosphorus available in the 
ochre-amended soil than in soil treated with conventional fertiliser, indicat-
ing that phosphorus-saturated ochre had a further desirable property of act-
ing as a slow-release fertiliser, thus reducing the need for future phosphorus 
fertiliser applications.

Several other studies also suggested that AMD sludge has the potential 
to adsorb phosphorus from agricultural wastewaters for possible use as a 
fertiliser (Adler and Sibrell, 2003; Fenton et al., 2009).
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9.7.2.2  Production of Iron Pigments

Studies have shown that the sludge obtained from AMD can be considered 
for the production of inorganic pigments (Hedin, 1998; Hedin, 2003; Marcello 
et al., 2008; Michalková et al., 2013) and magnetic particles like ferrites (Wang 
et al., 1996). Indeed, a range of products with various purities, phase com-
positions, and properties, including surface properties, can be synthesised 
from AMD depending on the reaction conditions (Michalková et al., 2013). 
To produce commercially usable iron oxides as raw material for production 
of pigments, additives to ceramics, etc., treatment of AMD using a two-step 
selective precipitation process was developed (Hedin, 1998; Hedin, 2003). The 
two-step process that uses magnesium oxide and sodium hydroxide resulted 
in the ferrous and ferric oxyhydroxide sludge that can be thermally trans-
formed to basic ferric pigment. A study by Hedin (2003), however, indicated 
that while the end product was of high quality, the costs associated with the 
processing made the materials more costly to produce than mined oxides 
although this may be offset when considering the high cost of hydrous ferric 
oxide disposal.

A study by Bernardin et al. (2006) used acid drainage mud from a coal mine 
to produce ceramic pigments. The raw material was collected at an effluent 
treatment station, and the mud was dried (105°C, 8 h), ground (250 µm) and 
calcined (~1 250°C). The calcined pigment was then micronised (D50~2 μm). 
After calcination and micronisation, mineralogical analyses (XRD) were 
used to determine the pigment structure at 1 250°C. Finally, the pigments 
were mixed with transparent glaze and fired in a laboratory roller kiln 
(1130°C, 5 min). The results showed that the drainage residue can be used 
as a pigment only when mixed with pure oxides or as part of a commercial 
pigment. When used alone, the residue pigment presented a faded brown 
colour, inadequate for ceramic glazes. However, when mixed with transpar-
ent glaze, the residue pigment had better results, but was still poor compared 
with a commercial pigment. Nevertheless, the AMD residue could be used in 
other ceramic applications, as filler for brick pastes and other ceramic prod-
ucts. Most importantly, the study has shown that the residue can be elimi-
nated from the environment through the production of pigments. A similar 
study was carried out by Marcello et al. (2008) who investigated the use of 
hydrous ferric oxides from active coal mine drainage treatment as pigment 
within ceramic tile glaze. Favourable results similar to the ones obtained by 
Bernardin et al. (2006) were also obtained when the ferrous hydrous oxides 
were blended with an industrial standard pigment.

Research by Cheng et al. (2007) and Cheng et al. (2011) has also shown that 
fuel cell technologies are not only used for simultaneous AMD treatment 
and power generation, but also generate iron oxide particles having sizes 
appropriate for use as pigments and other applications. As already discussed 
in Section 9.5, a fuel cell called an AMD fuel cell based on an MFC was devel-
oped and used during the studies. During the AMD treatment process in the 
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studies, ferrous iron was oxidised in the anode chamber under anoxic condi-
tions, while oxygen was reduced to water at the cathode. Ferrous iron was 
completely removed through oxidation to insoluble ferric iron and precipi-
tated at the bottom of the anode chamber. The particle diameter of the iron 
oxides could be controlled by varying the conditions in the fuel cell, espe-
cially current density, pH and initial ferrous iron concentration. Upon dry-
ing, the iron oxide particles were then transformed to goethite (α-FeOOH).

Silva et  al. (2019) evaluated several processes for purifying iron sludge  
from AMD so as to obtain a yellow pigment (goethite) of good quality. The 
study optimised the process for precipitating iron (III) selectively by assess-
ing three variables (the reagent, the number of washes, and the separation 
method). Two alkaline agents (sodium hydroxide or sodium bicarbonate) 
with different neutralisation powers and two processes for solid-liquid sep-
aration (filtration or centrifugation) were used. In other words, the experi-
ments were carried out by causing precipitation with strong (NaOH) and 
weak (NaHCO3) bases and removing other metals from the sludge by wash-
ing and filtering the sludge or by centrifugation. The results of the study 
found that high quality goethite can be produced from AMD effluent pro-
vided that the process for recovering iron can remove the contaminants, par-
ticularly aluminium which adversely affects the growth of crystals, thereby 
preventing goethite from taking an acicular form, which is characteristic 
of pigment goethite. Basically, the results showed that the colour, type, and 
morphology of the compounds formed depended on the number of contami-
nants; and that the removal of various contaminants was strongly dependent 
on the type of reagent used and less dependent on the separation process 
and the number of washes. In other words, the purification results indicated 
that it was the kind of reagent which was mainly responsible for separat-
ing iron and aluminium during neutralisation process. When the reagent 
was NaHCO3, 67% of the samples produced yellow pigment; whereas when 
the reagent was NaOH, 33% of the samples produced yellow pigment. The 
results clearly show that the weak base (NaHCO3) prevents aluminium from 
contaminating the sludge during the precipitation process.

Lottermoser (2011) states that reuse of mine wastes allows their benefi-
cial application, whereas recycling extracts resource ingredients or converts 
wastes into valuable products. In the study by Lottermoser (2011) various 
reuse and recycling options that have been proposed for mine wastes by 
numerous researchers were listed. Extraction of hydrous ferric oxides for 
paint pigments and extraction of manganese for pottery glaze were consid-
ered as two of the reuse and recycling options for AMD sludge.

9.7.2.3  Building and Construction Related Materials

When AMD is treated, dewatered and dried, the resulting sludge is com-
posed largely of inorganic components that are suitable for use in building 
materials such as in the manufacture of cement (Simate and Ndlovu, 2014; 
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Michael, 2016; Ndlovu et al., 2017; Rakotonimaro et al., 2017). Basically, many 
of the constituents of sludge are the same as those used in cement manu-
facturing (Simate and Ndlovu, 2014; Michael, 2016; Ndlovu et al., 2017). For 
example, calcite, gypsum, silica, Al, Fe, and Mn are common raw materi-
als for cement (Simate and Ndlovu, 2014; Ndlovu et al., 2017). Therefore, the 
components that make up AMD treatment sludge such as gypsum, calcite, 
and ferrihydrite can be utilised as raw materials in the manufacture of con-
struction materials and other products (Simate and Ndlovu, 2014; Ndlovu 
et al., 2017). According to Michael (2016), calcium, iron, and aluminium are 
three of the four principal components of Portland cement; therefore, the 
use of AMD sludge as a feedstock for the manufacture of cement could have 
both economical and environmental benefits. Some studies have actually 
suggested that sludge can replace up to as much as 30% Portland cement in 
blended cement (Tay and Show, 1994); thus in such cases, sludge is expected 
to lower the use of binders (Rakotonimaro et al., 2017).

In some studies it was observed that the high aluminium content in sludge 
produced from the treatment of acidic drainage at coal and gold mines could 
be used for the production of aluminous cement (Lubarski et al., 1996). The 
production of bricks by adding sludges of various compositions of inorganic 
components has also been studied by several researchers (Benzaazoua et al., 
1999; Rouf and Hossain, 2003; Weng et  al., 2003; Benzaazoua et  al., 2006; 
Mahzuz et al., 2009; Hassan et al., 2014). The studies showed that the addi-
tion of sludge coupled with high curing temperatures produced bricks of 
high quality. Some of the studies found that the bricks manufactured with 
the addition of sludge had high comprehensive strength compared to normal 
clay bricks (Rouf and Hossain, 2003). However, though there was less arsenic 
release by leaching from bricks, the presence of arsenic in sludge does not 
produce good quality bricks and hence sludge that contains arsenic in large 
quantities is not preferable for manufacturing bricks (Mahzuz et al., 2009). 
There is no doubt that sludge containing inorganic materials in reasonable 
quantities can be utilised in building and construction related materials and 
thus reduce mining of raw materials for production of building material and 
construction materials (Simate and Ndlovu, 2014; Ndlovu et al., 2017).

9.7.2.4  Material for Carbon Dioxide Sequestration

The increasing CO2 concentration in the Earth’s atmosphere, mainly caused 
by fossil fuel combustion, has led to concerns about global warming (Montes-
Hernandez et al., 2008). Without drastic market, technological, and societal 
changes, CO2 concentrations are projected to increase to alarming levels in 
the near future (Feely et al., 2004; Olajire, 2013). It is, therefore, paramount 
that carbon capture and sequestration are instituted if meaningful CO2 
reduction is to be achieved.

Among various technologies for capturing and storing CO2, mineral 
carbonation technology has been found to be a potentially attractive 
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sequestration technology for permanent and safe storage of CO2 (Olajire, 
2013). Mineral carbonation technology is a process whereby CO2 is 
chemically reacted with calcium and/or magnesium containing minerals 
to form stable carbonate materials which do not incur any long-term 
liability or monitoring commitments (Olajire, 2013). In other words, mineral 
carbonation technology stores CO2 by reacting natural minerals and 
industrial by-products containing a lot of calcium or magnesium with CO2 
and subsequently forming carbonate minerals (Lee et al., 2016). In general, 
the mineral carbonation process consists of extracting reactive calcium or 
magnesium from the raw materials, and, thereafter, the leached calcium or 
magnesium ions react with CO2 to form the carbonate minerals in high pH 
conditions (Lee et al., 2016).

According to Zinck (2006), the same mechanism that generates CO2 during 
the production of lime can be utilised to sequester CO2. In this regard, CO2 
gas can react with AMD treatment sludges and iron-rich metallurgical 
residues to produce solid calcium, magnesium, and iron carbonates while 
stabilizing the sludge/residue and its impurities. Furthermore, the extraction 
of calcium ions from the raw materials will not be necessary if neutralised 
mine drainage is utilised because calcium ions are already present in the 
AMD solution (or sludge) through the reaction between AMD and dissolved 
lime that is added during the AMD neutralisation process. In comparison 
with other common mineral carbonation processes, carbonation utilizing 
the neutralisation process of mine drainage does not need pre-treatment 
and any additional facilities to sequester CO2. There is also an additional 
advantage of short treatment time and the process can be carried out at 
ambient temperature and pressure.

A study by Lee et al. (2016) demonstrated the concept of using AMD sludge 
for CO2 sequestration at laboratory scale on both synthetic and real AMD. In 
the study, hydrated lime, as used in the process of neutralisation, was added 
to adjust the pH of AMD solution and evaluated its feasibility as a prob-
able technology for CO2 sequestration through carbonation. In the first step, 
hydrated lime was added to the mine drainage, and then the mine drainage 
was stirred for 5 min in order to increase its pH. Thereafter, CO2 gas was 
injected into the mine drainage until the pH reached 8.3, which is the mini-
mum pH level for the production of carbonate ions. To evaluate the efficiency 
of CO2 injection, two sets of experiments were carried out: (1) a carbonation 
experiment in which CO2 was injected, and (2) a non-carbonation experiment 
without any CO2 injection. The results showed that as hydrated lime was 
added into the mine drainage the overall pH increased up to about 12. In the 
carbonation treatment, the pH decreased after CO2 injection because CO2 gen-
erates H+ ions when dissolved in water (i.e., + ↔ ++ −CO  H O    H     HCO2 2 3 ).  
In the non-carbonated study in which there was no CO2 injection, the pH 
remained high at about 12. In the case of real AMD, 1 kg of mine drainage 
could retain CO2 of up to 0.54 g through carbonation treatment using 
the neutralisation process. Undoubtedly, CO2 sequestration using the 
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neutralisation process of mine drainage can be considered as a positive 
technique in terms of sustainable development.

Merkel et al. (2005) developed a sustainable low risk concept – CDEAL – 
on how to incorporate CO2 into the subsurface and thus exclude it from the 
atmosphere. However, the results of the concept do not seem to have been 
published. The overall goal of CDEAL was twofold: (1) reduce the CO2 emis-
sions into the atmosphere, and (2) rehabilitate contaminated, acidic mine 
waters using carbonation. As the storage of CO2 would be in the form of 
carbonate, it would, therefore, be sustainable. Thus, in this case, CDEAL 
would have positively contributed to the reduction of greenhouse gas emis-
sions by CO2 sequestration. The details of the concept indicate that CDEAL 
would only use pre-treated mine water and mine water with elevated CaO-
contents, where an excess of CaO existed and can be used to react with CO2 
to form CaCO3. In addition, where iron-hydroxide sludge is available in great 
amounts in some parts of the open pit lakes and the waste rock piles, it could 
be used as a reacting material as well.

Unger-Lindig et  al. (2010) conducted a study that investigated whether 
alkaline cations in both the deposited sludge and the pore water can be used 
to improve the alkalinity in lake water, when CO2 was added. The batch 
test results showed that addition of low-density sludge to acidic water (from 
mining lake) increased the pH of the water and the injected CO2 could be 
captured mainly in the form of metal-bicarbonate complexes. According to 
Rakotonimaro et al. (2017), this was associated with the availability of oxy-
hydroxides contained in the AMD sludge. Rakotonimaro et al. (2017) state 
further that the advantage of sludge incorporation in an acidic pit lake, for 
CO2 sequestration, is its capacity to be employed as a neutraliser because 
it still contains unreacted hydrated lime (or calcite if dried), thus reducing 
the acidity of the lake by up to 30% and stabilise the sludge itself. However, 
depending on the concentration of the elements and mineral solubility in the 
AMD sludge, the possibility of contaminant release into the surrounding 
environment is a serious risk (Rakotonimaro et al., 2017).

9.7.2.5  Stabilisation of Contaminated Soil

Soils may become contaminated by the accumulation of heavy metals and met-
alloids through emissions from the rapidly expanding industrial areas, mine 
tailings, disposal of high metal wastes, leaded gasoline and paints, application 
of fertilisers on land, animal manures, sewage sludge, pesticides, wastewater 
irrigation, coal combustion residues, spillage of petrochemicals, and atmo-
spheric deposition (Khan et al., 2008; Zhang et al., 2010; Wuana and Okieimen, 
2011). Immobilisation, soil washing, and phytoremediation techniques are fre-
quently listed among the best demonstrated available technologies for reme-
diation of heavy metal-contaminated soils (Wuana and Okieimen, 2011).

At the moment, research has shown that AMD sludge which is found in 
abundance contains lots of metal oxides (or hydroxides) that may be useful 
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for heavy metal stabilisation in soils (Kim et al., 2014). For example, Tsang 
et  al. (2013) explored the potential use of AMD sludge and carbonaceous 
materials (green waste compost, manure compost, and lignite) for min-
imizing the environmental risks of As and Cu in the soil. After 9-month 
soil incubation, significant sequestration of As and Cu in soil solution was 
accomplished by AMD sludge, on which adsorption and co-precipitation 
could take place. However, in a moderately aggressive environment, AMD 
sludge only suppressed the leachability of As, but not Cu. Therefore, the 
provision of compost and lignite augmented the simultaneous reduction of 
Cu leachability, probably via surface complexation with oxygen-containing 
functional groups. Under continuous acid leaching in column experiments, 
combined application of AMD sludge with compost proved more effective 
than AMD sludge with lignite. This was attributed to the larger amount of 
dissolved organic matter with aromatic moieties from lignite, which may 
have enhanced Cu and As mobility.

The main objective of a study by Lee et al. (2013) was to investigate the 
effectiveness of soil stabilisation treatments using waste resources such as 
calcined oyster shell and coal mine drainage sludge. The study focused, par-
ticularly, on the feasibility of the simultaneous stabilisation of As and other 
heavy metals using mixed stabilizing agents. Both batch and column-leach-
ing tests were used as evaluation methods, and the free and easy movement 
(or mobility) of As and other heavy metals after stabilisation treatments was 
compared to that of the control samples. The overall results of both the batch 
and column tests indicated that a combination of calcined oyster shell and 
coal mine drainage sludge was effective for stabilizing As and the other 
heavy metals. More specifically, in the acid extraction experiments, after the 
batch wet-curing process, the stabilisation efficiencies of As, Pb, and Cu were 
more than 90%, compared to the control experiments. In addition, in the col-
umn tests, the stabilisation process successfully prevented the migration of 
contaminants by leachate infiltration into the lower part of the soil samples, 
which suggested the feasible application of oyster shell and coal mine drain-
age sludge waste resources for stabilisation of As and other heavy metals 
in the soil. A similar study to that of Lee et al. (2013) in which calcined oys-
ter shell was combined with coal mine drainage sludge was performed by 
Moon et al. (2016). The results also showed a good retention of As (>93%),  
Cu (>99%), and Pb (>99%). However, it is noted that the calcined oyster shell 
wastes mixed with mine sludge might raise calcium content in the soil, thus 
inducing a potential increase of hardness in the surrounding water in case 
of any leaching (Rakotonimaro et al., 2017).

Kim et al. (2014) studied stabilisation of heavy metals in agricultural soils 
affected by the abandoned mine sites nearby using AMD sludge. The results 
indicated that AMD sludge could be applied to soil contaminated with heavy 
metals as an alternative for reducing heavy metal mobility and bioavailabil-
ity. Ko et al. (2012) investigated the stability of arsenic in solution and soil 
using various additives, such as limestone, steel mill slag, granular ferric 
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hydroxide, and AMD sludge. The total concentrations of arsenic in the area 
where soil used in the study was collected ranged up to 145 mg/kg. After the 
stabilisation tests, the removal percentages of dissolved As(III) and As(V) 
were found to differ depending on the additives employed. Approximately 
80% and 40% of the As(V) and As(III), respectively, were removed with the 
use of steel mill slag. The addition of limestone had a lesser effect on the 
removal of arsenic from the solution. However, more than 99% of arsenic 
was removed from solution within 24 h when using granular ferric hydrox-
ide and AMD sludge, and similar results were observed when the contami-
nated soils were stabilised using granular ferric hydroxide and AMD sludge. 
These results suggested that granular ferric hydroxide and AMD sludge may 
play a significant role on the arsenic stabilisation. Moreover, the result in the 
study by Ko et al. (2012) showed that AMD sludge can be used as a suitable 
additive for the stabilisation of arsenic.

9.7.2.6  Covers in the Prevention of Acid Mine Drainage

In Chapter 6, several techniques for preventing the generation of AMD 
have been discussed. One of the methods involves the creation of physical 
separation barriers for water and oxygen such as the use of dry covers that 
have a number of roles (Pozo-Antonio et  al., 2014). The AMD sludge was 
given as an example of alternatives for covering materials in place of natural 
soil in the prevention of AMD generation (Demers et al., 2017). This section 
gives an in-depth discussion of studies where AMD sludges have been used 
as covers for acid-generating waste materials.

A number of studies have been performed by Demers et al. with the view 
of using AMD sludge to control AMD produced by tailings and waste rocks 
(Demers et al., 2015a,b; Demers et al., 2017). In the first study by Demers et al. 
(2015a), the possibility of using AMD treatment sludge as a cover component 
for controlling AMD generation by tailings and waste rocks was investigated 
in the laboratory. Column experiments were conducted in order to identify 
the potential mixtures that could reduce acid generation when placed over 
acid-generating tailings and waste rock. The sludge-waste rock mixtures, 
when placed on waste rock, were not able to limit the transport of gaseous 
oxygen. However, the tests on the use of sludge-waste rock mixtures placed 
over waste rock demonstrated the capacity of the sludge to neutralise part of 
acid generated by waste rocks. In addition, the sludge waste rock mixtures 
significantly reduced metal loading in the effluents. Covers made of sludge 
and tailings mixture were able to reduce the generation of copper, zinc, cal-
cium, and sulphur from the tailings; and acidic conditions were not observed 
for any test that was conducted, including the control conditions. The sec-
ond study by Demers et  al. (2015b) involved field work in order to evalu-
ate the effectiveness of waste rock-sludge and tailings-sludge mixtures. The 
field results showed that waste rock-sludge mixture placed over waste rock 
was able to reduce the generation of AMD from the waste rock, therefore, 
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confirming laboratory results, and was able to produce a neutral effluent 
with low concentrations of dissolved metals. The tailings-sludge mixture 
placed over tailings, with an evaporation protection layer, maintained a high 
volumetric water content and reduced sulphide oxidation from the tailings 
as exhibited by a neutral effluent. The two studies by Demers et al. (2015a,b) 
highlighted two sludge valorisation options as follows: (1) the use of waste 
rock-sludge mixture to reduce, at least temporarily, acidity and metal loads 
from a waste rock pile effluent, and (2) the use of tailings-sludge mixtures as 
cover to limit oxygen transport towards acid-generating tailings.

Mbonimpa et  al. (2016) investigated the geotechnical properties of silty 
soil–sludge mixtures as possible components for covers with capillary bar-
rier effects to prevent AMD generation from mine waste. It must be noted 
that both the soil and sludge used in the study were non-acid-generating. 
The silty soil–sludge mixtures with β values of 10%, 15%, 20%, and 25% 
sludge (β = wet sludge mass/wet soil mass) were studied. Two water contents 
were considered for each of the mixture components: 175% and 200% for the 
sludge and 7.5% and 12.5% for the soil. The results indicated that adding up 
to 25% of sludge to a silty soil can provide a mixture with appropriate satu-
rated hydraulic conductivity (about 10−5 cm/s) and water retention properties 
(air-entry value about 30 kPa) for the mixture to be used in the moisture 
retention layer for covers with capillary barrier effects. This understanding 
was based on the comparison with existing efficient covers with capillary 
barrier effects. The impact of sludge addition to the silty soil on freeze-thaw 
behaviour was relatively limited. Volumetric shrinkage at complete drying 
of the mixtures (worst-case scenario) increased with the sludge content, but 
shrinkage can be reduced by covering the mixture with a layer of coarse 
material (the drainage and protection layer of the covers with capillary bar-
rier effect) to control evaporation. The study indicated that the sludge mass 
that can be reused in the moisture retention layer of covers with capillary 
barrier effects could be significant, which consequently reduces the mass (or 
volume) of soil required as well.

Previous research, as indicated already, showed that AMD sludge has geo-
technical and geochemical properties that can be used in combination with 
silty soil to be part of covers (oxygen barriers) that can prevent AMD genera-
tion from waste rock and tailings impoundments (Mbonimpa et al., 2016). 
On this basis, Demers et al. (2017) studied the use of sludge as a replacement 
for a portion of natural soil used for cover systems. Mixtures of sludge and a 
natural silty soil were tested in the laboratory (for over 500 days) and in field 
experiments (4 years) as an oxygen barrier cover placed over acid-generating 
tailings and waste rock. Field cell experiments were conducted in order to 
validate the results obtained in the laboratory and to evaluate the effect of a 
protective sand-gravel layer placed over the sludge-soil mixture. Data from 
the test work included monitoring of leachate geochemical parameters (e.g., 
pH, conductivity, metal and sulphate content) and hydrogeological param-
eters (water content, suction, effluent flow rate). The results of the laboratory 
column experiments showed that the sludge-soil mixture was efficient to 
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prevent AMD generation, as long as the cover maintains its integrity. The 
results for the four monitoring seasons, in the field experiments, indicated 
that the sludge-soil mixture covers are effective in limiting AMD generation 
and reduce dissolved metal concentration in the cells effluents. Volumetric 
water content and suction measurements confirmed that the covers main-
tained a high degree of saturation, which made them efficient oxygen barriers. 
The presence of the sand-gravel layer possibly helped to reduce evaporation.

It is well known that Portland cement is an effective, but expensive option 
for source control of AMD (Sephton and Webb, 2017); but the cost could be 
reduced by blending the cement with cheap waste materials such as fly ash 
from coal combustion and sludge produced from neutralisation of AMD with 
lime (Sephton et al., 2019). To test how the two additives affect cement perfor-
mance in reducing AMD generation, a study was carried out by Sephton et al. 
(2019). In the study, blended cement slurries were applied to sulphidic waste 
rocks in leaching columns that were monitored for about a year. The study 
found that applications of fly ash-blended cements and AMD sludge-blended 
cements to acid-producing sulphidic waste rocks in leaching columns consid-
erably reduced AMD generation, decreased acidity, metal and sulphate loads 
in column leachates by 80–95%, similar to the effects of unblended cements. 
The AMD sludge showed no evidence of releasing its adsorbed heavy met-
als, but the fly ash released some silicon, indicating that it is not chemically 
stable in the cement. The overall analysis of the long-term effectiveness of the 
blended cement applications shows that cement placed as a surface cap on 
top of the waste rock provides more value, because the slower cement dis-
solution rates ensure continued effectiveness for many years.

9.8  Production of Nanoparticles from Acid Mine Drainage

9.8.1  Introduction

Nanoparticles represent an active area of research and a techno-economic 
sector with full expansion for applications (Jeevanandam et  al., 2018). 
Nanoparticles are solid particles ranging in size from 1 to 100 nm (Yah et al., 
2012; Ansari et al., 2019). Of particular interest in this section of the chapter 
are metallic nanoparticles which are regarded as nano-sized metals with 
dimensions (length, width, thickness) within the size range of 1 to 100 nm 
(Kumar et  al., 2018). In general, nanoparticles have gained prominence in 
technological advancements due to their tunable physicochemical character-
istics such as melting point, wettability, electrical and thermal conductivity, 
catalytic activity, light absorption and scattering resulting in enhanced per-
formance over their bulk counterparts (Jeevanandam et al., 2018). The sub-
sequent section gives a number of examples of nano-metallic particles that 
have been generated from AMD.
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9.8.2 � Selected Typical Studies of Production  
of Nanoparticles from Acid Mine Drainage

Nanoscale zerovalent iron (nZVI) particles were investigated by Crane and 
Sapsford (2017) for the extent at which the particles could be used for the 
selective formation of Cu bearing nanoparticles from AMD. A methodology 
by Wang and Zhang (1997) was used to synthesise pure nZVI by dissolving 
7.65 g of FeSO4·7H2O into 50 mL of Milli-Q water (>18.2 MΩ cm) and the pH 
was adjusted to 6.8 using 4-M NaOH. The NaOH was added drop-wise to 
avoid the formation of hydroxo-carbonyl complexes. The salts were reduced 
to nZVI by the addition of 3.0 g of NaBH4. The nanoparticle products were 
separated by centrifugation, rinsed with absolute ethanol and then centri-
fuged again. This step was repeated three times. Thereafter, the nanoparticles 
were dried in a vacuum desiccator for 72 h and then stored in an argon filled 
(BOC, 99.998%) MBraun glovebox until required for use. Prior to conducting 
any nZVI-AMD experiments, the AMD that was collected from a disused 
open cast Cu-Pb-Zn mine in Wales (UK) was removed from the refrigerator 
and allowed to equilibrate at the ambient laboratory temperature of 20.0 ± 1°C 
for 24 h. All batch experiments comprised adding 200 mL of the AMD into  
250-mL glass jars, and after the addition of nZVI, the batch experimental 
systems were sonicated for 120 s using an ultrasonic bath. Basically, batch 
experiments were conducted containing unbuffered (pH 2.67 at t = 0) and pH 
buffered (pH < 3.1) AMD which were exposed to nZVI of about 0.1–2.0 g/L. 
Each system was then sealed and placed on the benchtop. About 5 mL of aque-
ous-nZVI suspensions were periodically taken out using an auto-pipette. The 
extracted suspensions were centrifuged at 4000 rpm for 240 s after which the 
supernatant became clear (i.e., all of the nZVI were centrifuged to the bottom 
of the vial). The solid nZVI at the base of each centrifuge vial was collected 
and analysed using X-ray diffraction (XRD), energy dispersive spectroscopy 
(EDS), X-ray photoelectron spectroscopy (XPS), and high resolution transmis-
sion electron microscopy (HRTEM). The results of the study by Crane and 
Sapsford (2017) demonstrated that nZVI was selective for Cu, Cd, and Al 
removal (> 99.9% removal of all metals within 1 h when nZVI ≥ 1.0 g/L) from 
unbuffered AMD despite the co-existence of numerous other metals in the 
AMD such as Na, Ca, Mg, K, Mn, and Zn. Basically, the addition of nZVI 
concentrations of ≥1 g/L to the AMD leads to rapid and near total selective 
removal of Cu, Al, and Cd from the solution through a combination of mech-
anisms including cementation (for Cu), precipitation and sorption to corro-
sion products (for Al and Cd). The selectivity of nZVI for Cu can be further 
enhanced by the application of an acidic pH buffer due to the restriction of Zn, 
Cd sorption onto nZVI corrosion products along with the concurrent preven-
tion of hydrolysis and precipitation of Al as Al(OH)3. For example, an acidic 
pH buffer enabled a similar high Cu removal, but maximum removal of only < 
1.5% and < 0.5% Cd and Al, respectively. The HRTEM-EDS confirmed the for-
mation of discrete spherical nanoparticles comprised of up to 68% weight Cu,  
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with a relatively narrow size distribution (typically 20–100-nm diameter). 
On the other hand, the XPS confirmed such nanoparticles as containing Cu°, 
with the Cu removal mechanism, therefore, likely to have been via cementa-
tion with Fe°. Overall the results demonstrate that nZVI is effective for the 
selective formation of Cu°-bearing nanoparticles from acidic wastewater. 
Therefore, this technique has proven to be a highly useful mechanism for 
the valorisation of Cu-bearing AMD, thereby unlocking a new economic 
incentive for AMD treatment. It is also noted that the Cu°-bearing nanopar-
ticles from acidic wastewater such as AMD have a wide range of applications 
including catalysis, optics, electronics, and as antifungal/antibacterial agents.

Wei and Viadero (2007b) studied the recovery of ferric iron from AMD 
via an oxidation selective precipitation process and used it as a feed stock 
to synthesise magnetite nanoparticles by co-precipitation of ferric and fer-
rous iron at the pH of 9.5 under an inert atmosphere. Raw AMD pumped 
from abandoned underground coal mines in North Central West Virginia 
was collected and sealed in high-density polyethylene bottles. At the labora-
tory, the solids and debris in the water samples were removed by settling 
and the remaining suspended solids were removed by filtration through a 
0.45-μm membrane. Thereafter, the samples were stored at 4°C prior to metal 
recovery experiments. Iron recovery from AMD was achieved by an oxida-
tion selective precipitation process as described by Wei et al. (2005). Initially, 
raw AMD was oxidised with hydrogen peroxide. Thereafter, the pH of the 
solution was raised to 3.5–4.0 with the addition of 4-N sodium hydroxide 
solution, where iron was precipitated as ferric hydroxide/oxyhydroxide 
which was separated from AMD by centrifugation. The ferric hydroxide/
oxyhydroxide solids recovered were resolubilised with sulphuric acid to 
achieve a clear solution, which was used as feed stock to synthesise mag-
netite nanoparticles. As discussed in a study by Wei et al. (2005), the super-
natant from centrifugation was further neutralised with sodium hydroxide 
to pH 6.0–7.0 and an aluminium-rich precipitate was obtained after settling.

Wei and Viadero (2007b) state that the magnetite nanoparticles were syn-
thesised through co-precipitation at room temperature, which required the 
presence of both ferric and ferrous iron at a ratio of 2:1. Resolubilised ferric 
iron from the iron recovery process was used as the ferric iron source for the 
generation of magnetite nanoparticles from AMD. A typical synthesis pro-
cess was as follows: a solution of [Fe3+]:[Fe2+] = 2:1 of which the concentrations 
of Fe3+:Fe2+ ranged from 0.02 M:0.01 M, 0.04 M:0.02 M, to 0.08 M:0.04 M was 
prepared and mixed for 30 min under a N2(g) atmosphere to prevent oxida-
tion by completely removing dissolved oxygen from solution as previously 
discussed by Kim et al. (2001). Thereafter, a solution of 6.4-M NH4OH was 
added to raise the pH to 9.5. The crystals of magnetite were allowed to grow 
for 30 min, under vigorous mixing and N2 bubbling. The black precipitate 
(magnetite) was then isolated from solution using an external superconduct-
ing high gradient magnetic separation system. The magnetite nanoparticles 
were then washed three times with deoxygenated deionised water until the 
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pH was near neutral (∼7.5). Lastly, the nanoparticles were vacuum-dried 
and later characterised. The synthesis test results from the study by Wei 
and Viadero (2007b) demonstrated that it was feasible to prepare magnetite 
nanoparticles via the co-precipitation method with the recovered ferric iron 
from AMD. Based on X-ray diffraction analysis, the iron oxide phase in the 
black precipitate was magnetite. Through scanning and transmission elec-
tron microscopic studies, it was demonstrated that most of the magnetite 
particles ranged from 10 to 15 nm and were spheroidal or cubic in shape. The 
results of this study have shown that the synthesis of magnetite nanoparti-
cles from AMD with the iron recovered from AMD was technically feasible.

Silva et al. (2017) assessed the feasibility of iron recovery by selective pre-
cipitation and the synthesis of goethite particles for use as pigment. The 
AMD was collected from a drainage channel near a coal tailings deposit in 
the state of Santa Catarina (Brazil). Iron recovery was achieved by selective 
precipitation of 1 L of AMD at a pH of 3.6. In this study, the method used 
for iron precipitation was similar to the methods used by Wei et al. (2005) 
and Menezes et  al. (2009). The pH of the AMD was increased and main-
tained at 3.6 ± 0.1, with the addition of a 4-M NaOH solution to precipitate 
the iron as ferric hydroxide/oxyhydroxide. The ferric hydroxide/oxyhydrox-
ide precipitate was separated from the remaining solution by centrifuga-
tion at 3 000 rpm. After centrifugation, the ferric hydroxide/oxyhydroxide 
precipitate obtained at pH 3.6 was washed with distilled water at pH of 
3.6 ± 0.1, re-suspended, and centrifuged, and the cycle was repeated three 
times. The final precipitate was dissolved in nitric acid so as to achieve a 
clear acidic iron solution which subsequently formed an iron-hexa-aqua-ion  
complex [ ] +Fe(H O)2 6

3 . The solution of an iron-hexa-aqua-ion complex was 
alkalised with potassium hydroxide to a pH of 12.0 so as to form ferrihy-
drite. Thereafter, the mixture was diluted with water and heated to 70°C for 
60 min for goethite crystallisation. The synthesised goethite particles were 
prepared in two different forms: (1) as a paste – the goethite particles were 
centrifuged and prepared as a water suspension containing about 50% sol-
ids, and (2) as a powder – the goethite particles were dried at 60°C. The solids 
were further analysed for particle size (laser diffraction, in aqueous solution 
with 1% sodium polyacrylate dispersing agent), specific surface area (BET), 
crystalline compounds (X-ray diffraction) and elemental chemical composi-
tion (atomic absorption spectroscopy). Thereafter, the coloured pastes were 
produced with commercial white Portland cement in a water/cement ratio of 
1:2.5 to which goethite powder was added at a powder/cement mass ratio of 
1:10. The results showed that the study was able to recover iron from AMD 
using a selective precipitation process at pH 3.6, and the iron was used to 
synthetise goethite particles. Furthermore, the results showed that goethite 
particles were successfully produced. The goethite particles varied from 0.04 
to 5.0 μm when produced as paste suspension and 0.04 to 25.0 μm when dried 
at 60°C and converted to a solid powder. The pigment was also successfully 
used in a 10% pigment/cement paste mixture to colour a white cement paste 
giving it a yellow ochre colour.
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The study by Kwon et al. (2016) focused on the formation of iron oxide from 
AMD and used it for the adsorption of heavy metals. The AMD used in the 
study was collected from the abandoned mine in Korea. The iron oxide recov-
ery system from the AMD included the flow equalisation tank, neutralisation 
tank, and the precipitation tank. Iron oxide was collected at the precipitation 
tank where the solution pH was maintained at 3.4 to reduce the precipitation 
of impurities (e.g., Al. Zn, Cu, etc.). The iron oxides were classified based on 
precipitation time of 1 h and 24 h. The collected precipitates were dried at 40°C 
for 24 h after centrifugation and were later characterised. The sorption capac-
ity of the iron oxides was determined in a batch reactor for heavy metals (e.g., 
As, Pb, and Cu) removal. The concentration of each metal was 1 mmol/L, and 
the adsorbent to liquid ratio was 10 g/L. The adsorbent and heavy metal ions 
were mixed on an orbital shaker at 200 rpm for 4 h at room temperature. After 
sorption equilibrium the mixture was filtered with 0.45-μm filter and anal-
ysed for the remaining metal concentrations. The results showed that the iron 
oxide was successfully synthesised from the AMD solution by controlling 
solution pH. The synthesised iron oxides were found to be good adsorbents 
for heavy metals such as As, Cu, and Pb. However, the sorption character-
istics were highly dependent on the type of iron oxide and solution pH. For 
example, iron oxide sampled after 1 h had higher sorption capacity for Pb and 
Cu than iron oxide sampled after 24 h. However, iron oxide obtained at 24 h 
had higher sorption capacity for As than iron oxide sampled after 1 h. The 
results also showed that the two iron oxides had similar particle distribution 
patterns, but iron oxide samples obtained at 24 h were of relatively bigger size.

In a study by Kefeni et al. (2015), the possibility of synthesizing magnetic 
nanoparticles with and without heat from pure chemicals and real AMD by 
co-precipitation method was explored. Analytical grade chemicals of purity 
≥98% of FeCl3∙6H2O, FeSO4∙7H2O and Co(NO3)2∙6H2O (Merck, Darmstadt, 
Germany) were used to synthesise Fe3O4 and CoFe2O4 magnetic nanopar-
ticles by the co-precipitation method. For each experimental set-up for pure 
chemicals, the required amount of salts (Fe3+/Fe2+ or Fe3+/Co2+ at a mole ratio 
of 2:1) was weighed and dissolved by deionised water in 1.5-L volumetric 
flask and the pH of the solution was recorded. For each set, six replicates of 
200 mL of the solution were measured separately and added to 250-mL bea-
ker. For comparison purpose, pHs of paired samples were adjusted to 8.5 and 
11.5 by using 5-N NaOH (aqueous); and in between 8.5 and 9 by using 25% 
NH4OH (aqueous). For each set of a pair of samples, one was heated at 60°C 
and the other was not, whilst both samples were stirred continuously for 2 h. 
Thereafter, the samples were filtered and the precipitates were washed using 
deionised water until the pH of the filtrate was about 7. The precipitates were 
then dried at 105°C in the oven for 6 h to remove water and other volatile sub-
stances adhered to synthesised magnetic nanoparticles. Amongst the dried 
samples, four samples were selected and a small portion of each sample was 
heated at 500°C in muffle furnace for 3 h to examine the effect of high temper-
ature. Finally, the synthesised magnetic nanoparticles were stored at room 
temperature for investigation of their capacity to remove metals from AMD.
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In the same study by Kefeni et  al. (2015), samples of simulated AMD 
were prepared from FeCl3∙6H2O, FeSO4∙7H2O, CrCl3∙6H2O, Al(NO3)3∙9H2O, 
Co(NO3)2∙6H2O, MnSO4∙H2O, ZnSO4 ∙6H2O, and Ni(NO3)2∙6H2O (Merck, 
Darmstadt, Germany). The salts were weighed to achieve a desired 2:1 mol 
ratio of trivalent to bivalent ions present in the spinal structure of ferrite. 
For the real AMD that was collected, the types and concentrations of metals 
present in the AMD were measured, in order to determine the amount of 
AMD that is needed to be oxidised and mixed with fresh AMD so as to attain 
the 2:1 ratio of trivalent:divalent metals in the ferrite. However, only Fe3+:Fe2+ 
ratio was considered due to low concentration of other trace metals (trivalent 
or divalent) in the real AMD studied. For the oxidation of Fe2+ to Fe3+ about 
1 L of fresh AMD was taken and added into 2.5-L plastic container, and its 
pH was adjusted to between pH 5 and 6 using either NaOH (aqueous) or 
NH4OH (aqueous) and then aerated for 2 h using compressed air.

The results of the study by Kefeni et al. (2015) showed that it is possible 
to synthesise Fe3O4 and CoFe2O4 from their corresponding pure chemical 
binary salts. When the method was applied to simulated and real AMD, it 
showed that formation of well-crystalline magnetic nanoparticles at lower 
pH and temperature from both samples were hampered due to interference 
and combined effect of the metal cations. For example, these observations 
were reflected by the formation of Fe3O4, γ-Fe2O3, Mn3O4, MnO2, and ZnO 
mixtures as major components from real AMD. However, increasing the pH 
and temperature increased crystalline size of synthesised magnetic nanopar-
ticles. In other words, the results showed that the higher pH and temperature 
are favourable conditions for the formation of magnetic nanoparticles from 
AMD than the binary cations from the standard chemicals. Under all condi-
tions, higher intensity and better resolution of XRD peaks of synthesised 
magnetic nanoparticle were obtained when NH4OH (aqueous) was used for 
neutralisation than NaOH (aqueous). Generally, this study demonstrated 
the possibility of synthesizing magnetic nanoparticles from real AMD by 
optimizing pH, temperature, and string time. The results also indicated that 
treating AMD in the presence of magnetic nanoparticle seeds accelerated 
the formation of ferrite and resulted in increased magnetic moment of fer-
rite sludge. In general, this study demonstrated the possibility of converting 
environmental pollutants into commercially valuable chemicals.

9.9  Concluding Remarks

This chapter covered two elements that appear in the title –recovery and 
utilisation – of valuable materials from AMD. The AMD with its low pH 
(between 2 and 4) and high concentrations of hazardous and toxic elements 
and sulphate contents is considered as a very serious global environmental 
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problem. For sustainability, the focus when dealing with AMD should 
be to prevent, minimise, reuse, and recycle. However, at present, there is 
no general solution to the problem of AMD, either through prevention or 
remediation. Nevertheless, the chapter has provided a detailed analysis of 
processes used for the recovery of valuable resources such as water, met-
als, pigments, and sulphuric acid from AMD. In addition, the utilisation 
of waste materials generated during the treatment of AMD such as AMD 
sludge in the manufacture of several products or use in processes, for exam-
ple, has also been discussed. Actually, sustainable resource recovery and/
or utilisation is the key to manage the overburden of various waste entities 
of mining practices. More specifically, the chapter has clearly shown that 
a major water contamination problem and environmental hazard can be 
transformed into valuable resources which can meet the needs of a range of 
users, safely and reliably.

It is clear from the chapter that the recovery processes should not only 
target a specific material alone present in AMD, but should holistically con-
sider all available valuable resources as well either concomitantly or sep-
arately. For example, metals, water, acid, pigments and sludge and other 
minor resources need to be recovered and valorised in order to make the 
process economically viable and resource efficient. In conclusion, the chap-
ter has shown that the resource recovery and utilisation is a non-debatable 
holistic approach to environmental sustainability and AMD pollution reduc-
tion. More specifically, the chapter has clearly shown that the 3Rs – Reuse,  
Recycle, Recovery – are the most important strategies for dealing with AMD, 
and these are depicted in Figure 9.18. Reuse in the context of this chapter 
refers to the use or application of a significant component of the AMD such 
as water for a specific purpose after undergoing some treatment. Recycling 
is defined as the conversion of the entire waste such as AMD sludge into a 

FIGURE 9.18
Reuse, recycle, and recovery processes of acid mine drainage and/or acid mine drainage waste 
residues.
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new valuable product or application. Recovery on the other hand refers to 
the extraction of valuable resources or ingredients from the AMD with the 
aid of processing and/or reprocessing techniques.
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Australian Federal Government, 86

B

Bactericides, 126
Bayer liquor, 191
Bayer precipitates, 191
Bench-scale set-up, 246
1,3-benzenediamidoethanethiol dianion 

(BDET), 199
Berkeley Pit Water, 202, 203, 203
Biogenic sulphide approach, 148–150, 

148, 160
Biokinetic tests, 49
Biological acid producing potential 

(BAPP) test, 49
BioSulphide process, 149–150, 157
Biosure process, 151, 157
Blasting, 10–13
Brønsted-Lowry theory, 252
Building and construction materials, 

276–277

C

Calcination, 275
Calcite precipitation, 249
Carbonate neutralisation potential 

(CO3-NP), 42
Carbonation, 249
Carbon dioxide sequestration,  

277–279
Carbon nanotubes (CNTs), 206
Carrier-microencapsulation (CME), 

128–129, 128
Catholyte, 217
Cation-exchange membrane (CEM),  

254, 255
Cationic resins, 210–211
CDEAL, 279
Chalcopyrite oxidation, 62–63
Chelating resins, 211
ChemSulphide process, 146–147, 156
Chitosan, 202
Clarification stage, 142
Clean Water Act (CWA), 81–82

Coagulants production, 269–273
Coal fly ash, 206, 207
Commonwealth of Australia, 87, 91
Comprehensive Environmental 

Response, Compensation  
and Liability Act (CERCLA), 
80–81

Computed acid rock drainage (CARD), 
51

Constitution of the Republic of South 
Africa, 76

Constructed wetlands, 158–159
Continuous stirred tank reactors 

(CSTR), 231
Copper recovery, 201–202
Council for Scientific and Industrial 

Research (alkali-barium-
calcium) (CSIR ABC) process, 
247–248, 248; see also ABC

Cradle-to-grave impact, 168, 168
Crystallisation, 252, 260, 260
Cyclic electrowinning/precipitation 

(CEP) process, 250

D

Darcy’s law, 16
Decommissioning and closure, 9, 11, 14
Department of Environmental Affairs 

and Tourism (DEAT), 78
Design and engineering, 6–7
Desulphurisation, 129
Dewatering, 11, 13
Diesel vehicle emissions, 89
Diffusion, 16–17
Diffusion dialysis, 259–260, 259
Di-(2-picolyl)amine functional group 

(Lewatit TP 220), 214
Direct contact membrane distillation 

(DCMD), 240–241, 241, 243–247, 
255

Dispersion, 16–17
Dissemination, 16–18
DK membranes, 237
Double active layer 

(poly(piperazinamide)/
proprietary polyamide) (Desal 
DL), 256, 257

Dowex Marathon A, 215
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Dowex MSA-1 ion-exchange resins, 253
Drilling, 10–13
Drinking water, 90
Dry covers, 121–124, 121

E

East Rand Water Care Company 
(ERWAT), 151

Electrical conductivity (EC), 36
Electricity, generation of, 262–267, 264, 

266
Electrochemical protection systems, 

129–131, 130
Electrochemical treatment, 216–217,  

232
electrocoagulation, 217–219, 221–226
electrodeposition, 220, 227–231
electroflotation, 219–220, 226–227

Electrocoagulation, 217–219, 221–226
Electrocoagulation-flotation, 219, 226
Electrodeposition, 220, 227–231
Electrodialysis, 239–247, 254, 255, 

259–262, 259
Electrofloculation, 217
Electroflotation, 219–220, 226–227
Electrolysis process, 217, 217
Electrowinning, 205, 214, 215, 220, 

227–230, 250
Environmental and social impacts 

assessments (ESIAs), 6, 20
Environmental effectiveness, 20
Environmental impact assessments 

(EIAs), 31–32, 51, 78
Environmental impact statements  

(EIS), 80
Environmental management plans 

(EMPs), 20, 32
Environmental Management 

Programmes (EMPs), 78
Environmental Protection Agency 

(EPA), 80–81, 102, 210, 211
Environment Protection and 

Biodiversity Conservation Act 
(EPBC Act), 87

EPA-600 method, 37, 40, 41
Ethylene diamine tetraacetic acid 

(EDTA), 210, 215, 227
Ettringite precipitation, 249

European Union legislation and 
policies, 83–84

Extractive Waste Directive, 84–85
and PADRE, 85–86
Waste Framework Directive, 84
Water Framework Directive, 84

Evapotranspirative covers, 19
Excavation, 10, 12–13
Extractive Waste Directive (EWD), 84–85

F

Feasibility/exploration phase, 6
Federal Water Pollution Control Act, 

81–82
Ferrous metals, 188
Fertiliser, 273–274
Fick’s law, 16
Flocculants production, 269–273
Flocculation stage, 142
Fractures and cracks, 12–13
Freeze crystallisation, 252, 260, 260
Freundlich isotherm, 209, 221
Functional unit (FU), 169–172, 171

G

Galena oxidation, 65–66
Galvanic effect, 63, 64
Galvanic element, 217, 217
Gelatin hydrogels, 201–202
GE membranes, 237
Geochemical, 59, 282, 45

kinetic tests, 46–49
static tests, 36–46

Geochemistry-mineralogy-texture 
(GMT) approach, 51

Groundwater, 119
Groundwater upwelling, 13
GYP-CIX process, 153–155, 153, 157
Gypsum de-supersaturation, 249

H

HCl flux, 243–244
Heavy metals, 102

on aquatic species, 103–105, 105
on human health, 105–107, 107
on plants, 103, 104
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High acidity, 98
on aquatic species, 100–101
on human health, 101–102
on plants, 98–100

High-density sludge (HDS) process, 
142–144, 143, 147, 156, 190

High-pressure reverse osmosis (HiPRO) 
process, 152, 157, 239, 249–250

Human health
heavy metals on, 105–107, 107
high acidity on, 101–102

Humidity cell test, 47–48
Hydraulic fracturing/fracking, 10
Hydrochemistry, 18
Hydrogeochemistry, 20
Hydrological controls

applications, 19
dissemination, 16–18
evapotranspirative covers, 19
generation, 14–16
hydrochemistry, 18
wet or water covers, 19

Hydrology, 15
Hydrometallurgy, 11, 192

I

Industrial water, 90
Integrated water resources management 

(IWRM), 77
International Association for Impact 

assessment (IAIA), 31
International kinetic database (IKD), 35
International Network for Acid 

Prevention (INAP), 123
Ion exchange, 152–155, 210–216, 213
IRA-910U, 215
Iron anode, 218
Iron, inhibition of, 125–126
Iron pigments, 275–276
Isoelectric point (IEP), 256

J

Jiangxi Copper, 147

K

Kinetic prediction tests, 46–47; see also 
Prediction

L

Laboratory scale technology, 140
Land clearing and impervious surfaces, 

9–10
Langmuir isotherm, 209, 221
Leach column test, 48–49
Legislation and policies, 74–75

of Australia, 86–91
of European Union, 83–86
of South Africa, 75–79
of United States, 79–83

Life-cycle assessment (LCA), 167–168, 
169, 174–179, 174, 176–178

characterisation/normalisation
classification
framework
goal and scope
interpretation
inventory analysis
valuation

Life-cycle impact assessment (LCIA), 
172–174

Life-cycle inventory analysis (LCI), 
170–172

Lignite usage rate, 203–204

M

Mapping, 21
Maximum potential acidity (MPA), 38, 

39, 42
Membrane distillation technologies, 

239–247, 245, 241
Membrane technology, 233–235, 233
Metals, 187–189; see also Heavy metals; 

Recovery of metals
non-ferrous, 188
periodic table, 188
precipitation, 249

Metal sulphides, 193–194
Microbial fuel cells (MFCs), 262–267, 275

permeable reactive barrier, 264–265
Microencapsulation, 126–129
Micronisation, 275
Mine Environment Neutral Drainage 

(MEND), 34
Mineral and Petroleum Resources 

Development Act (MPRDA), 
78–79
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Mineral carbonation technology, 278
Mineralogical analyses (XRD), 46, 275
Mineral processing, 11, 13
Mining, 9, 11, 12, 12

decommissioning and closure, 11, 14
dewatering, 11, 13
excavation, drilling and blasting, 

10–13
hydrological impacts of, 21
land clearing and impervious 

surfaces, 9–10
mineral processing and waste/

wastewater generation, 11, 13
vegetation clearing and impervious 

surfaces, 12
vehicular traffic movements, 10

Mining project cycle, 4, 7
acid mine drainage, 20
construction, 7–8
decommissioning and closure, 9
design and engineering, 6–7
feasibility/exploration phase, 6
operation and management, 8–9
prefeasibility stage, 6

Mixed gelatin hydrogels, 202
Movement of controlled waste, 89

N

Nanoparticles, 283–288
National Environmental Management 

Act (NEMA), 78
National Environmental Policy Act 

(NEPA), 80
National Environment Protection 

Council (NEPC), 88–89
National Environment Protection 

Measures (NEPMs), 88–89
National Pollutant Discharge 

Elimination System (NPDES), 
82, 195

National pollutant inventory, 89
National Water Act (NWA), 76–77
Natural clinker, 207
Natural zeolite, 208, 209, 247
Net acid generation (NAG) test, 44–46
Net acid production potential (NAPP), 

38, 41–45, 51
Net potential ratio (NPR), 42, 43
Neutralisation process, 142–145

NF90, 236, 237
NF99, 237
Non-ferrous metals, 188

O

Office of Surface Mining Reclamation 
and Enforcement (OSMRE), 81

Oxidation of sulphide minerals, 58, 66
arsenopyrite, 63–64
chalcopyrite, 62–63
galena, 65–66
pyrite, 58–61, 59
pyrrhotite, 61–62
sphalerite, 64–65

P

Packaging materials, 89
Partnership for acid drainage 

remediation in Europe 
(PADRE), 85–86

Passivation, 126–129
Passive treatment methods, 155, 158, 161

anoxic limestone drains, 159–160
constructed wetlands, 158–159
permeable reactive barriers, 160–161

Paste pH, 43–44, 44
Permeable reactive barriers (PRBs), 155, 

160–161, 264–265
PFS coagulant, 270–271
Pilot scale technology, 140
Plants

heavy metals on, 103, 104
high acidity on, 98–100

Plug flow reactor (PFR), 231
Polluter pays principle, 77
Poly(piperazinamide) active layer 

NF270, 237, 256–258
Polytetrafluoroethylene (PTFE), 243
Polyvinyl chloride (PVC) covers, 122
Portland cement, 283
Precipitation process, 193–200, 196, 197
Prediction, 20, 31–35, 51–52

acid-base accounting method, 37–38
acid neutralisation potential, 41–42
applications, 50–51
biokinetic tests, 49
developments in, 33–34
humidity cell, 47–48
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Prediction (Continued)
leach columns, 48–49
mineralogical and elemental 

analyses, 46
net acid generation, 44–46
net acid production potential, 42–43
paste pH, 43–44
sulphur analysis and acid generation 

potential calculation, 38–41
water quality survey, 35–36

Prefeasibility stage, 6
Pre-mining water balance, 8
Pressure-driven membrane technology, 

234–239, 234
Prevention, 117–118

desulphurisation, 129
dry covers, 121–124, 121
electrochemical protection systems, 

129–131, 130
iron and sulphur-oxidizing 

microorganisms, 125–126
separation and blending of sulphide-

rich materials, 119–121
sulphide passivation/

microencapsulation, 126–129
water covers, 124–125
water movement, 118–119

Primary industries, 90
Propagation cycle, 60
Proposed integrated processes and 

technologies, 250–251
Proven technology, 140
pS electrode, 198
Pyrite oxidation, 58–61, 59
Pyrometallurgy, 192
Pyrrhotite oxidation, 61–62

R

Rare earth elements (REEs), 18
Reactive transport, 17–18
Recovery of acid, 251–262, 253–255, 261
Recovery of metals, 187–189

adsorption process, 200–210
electrochemical treatment see 

Electrochemical treatment
ion exchange, 210–216
precipitation process, 193–200, 196, 197
settling and sedimentation, 189–193

Recovery of water, 232–233, 251
commercial projects, 247–250
electrodialysis and membrane 

distillation technologies, 
239–247, 241, 245

membrane technology, 233–235
pressure-driven membrane 

technology, 234–239, 234
proposed integrated processes and 

technologies, 250–251
Recreation and aesthetics, 90
Rectification, 258–259, 259
Resource Conservation and Recovery 

Act (RCRA), 80, 81
Reverse osmosis, 151–152
Rhodes Biological Sulphate Reduction 

(Biosure) process, 151

S

SAVMIN process, 144–145, 145, 156, 249, 
249

Seeded reverse osmosis (SPARRO), 152
Semiconductors, 188
Settling and sedimentation process, 

189–193
Sobek method, 37–39, 41
Social impacts assessments, 20
Sodium hydrogen sulphide (NaHS), 146, 

147
Soil contamination, 279–281
Soil pH, 99, 108
Solid Waste Disposal Act, 81
Soluble microbial growth products 

(SMPs), 123
Solvent extraction, 211, 212, 244–246, 245, 

256, 260, 260
South Africa legislation and policies,  

75
constitution, 76, 79
Mineral and Petroleum Resources 

Development Act, 78–79
National Environmental 

Management Act, 78
National Water Act, 76–77

South African National Standard 
(SANS), 152

Sphalerite oxidation, 64–65
State/Territory governments, 86–87
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Static prediction tests, 36–37; see also 
Prediction

Store release covers, 19
Sub-aqueous disposal, 124, 124
Sulf-IX™ process, 154–155, 154, 157
Sulphide-bearing waste, 123–127, 

129–131
Sulphide minerals, see Oxidation of 

sulphide minerals
Sulphide passivation, 126–129
Sulphide precipitation, 145–151, 148,  

150
Sulphide-rich materials, 119–121
Sulphonated poly(ethersulphone) active 

layer (HydraCoRe 70pHT), 256, 
257

Sulphur analysis, 38–41
Sulphur-oxidizing microorganisms, 

125–126
Superfund, 80
Surface Mining Control and 

Reclamation Act (SMCRA), 81
Sustainability, 33, 77, 161, 289
Sweeping gas membrane distillation 

(SGMD), 241, 241
Synthetic zeolite, 206–207

T

Tetraethylenepentamine (TEPA) 
functional group, 215

Thiopaq process, 149, 157, 248
Thioteq process, 198
Title 30 of the Code of Federal Regulations 

Part 876, 82
Trans Caledon Tunnel Authority 

(TCTA), 77
Transport process, 17–18
Type A gelatin hydrogels, 201
Type B gelatin hydrogels, 201–202

U

United States legislation and policies, 
79–80

Comprehensive Environmental 
Response, Compensation and 
Liability Act, 80–81

Federal Water Pollution Control Act, 
81–82

National Environmental Policy Act, 
80

National Pollutant Discharge 
Elimination System Permit 
Program, 82

Resource Conservation and Recovery 
Act, 81

Surface Mining Control and 
Reclamation Act, 81

V

Vacuum membrane distillation (VMD), 
241, 241

Vegetation, 19
Vegetation clearing and impervious 

surfaces, 12
Vegetation cover, 9
Vehicular traffic movements, 10

W

Waste Framework Directive, 84, 85
Waste/wastewater generation, 11, 13
Water; see also Recovery of water

covers, 19, 124–125
movement, 118–119
potable, 236–237, 236

Water Framework Directive (WFD), 84
Water Quality Guidelines, 89–90
Water quality survey, 35–36
Water Services Act (WSA), 76
Water treatment raw materials

adsorbents production, 267–269
coagulants and flocculants 

production, 269–273
Wheel approach, 34–35, 35, 46

X

X-ray diffraction (XRD), 286

Z

Zeolites, 206–208
Zeta potential analysis, 269
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