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ABSTRACT

Acid mine drainage (AMD) is a multi-factor pollution formed from complex chemical, physical, and biological
interactions that takes place under ambient conditions in abandoned and active mines. Over the years, researchers
have been investigating ways to mitigate its potential impact on the environment through various treatment
technologies. The aim of this review was to critically analyze the broad spectrum of treatment methods that have
been engaged in published literature on the remediation of AMDs. Adsorption treatment using zeolites, fly ash,
biochar activated carbon, clay-based minerals and biomass-based adsorbents was discussed. Given an appropriate
choice of adsorbent, ions in AMD can be reduced between 50% and 99%. Membrane separation processes like
nanofiltration, reverse osmosis and hybrid systems were discovered to be more effective than adsorption and can
effect over 90% rejection at optimized conditions. Biological processes showed a far wider range of performance
amongst all treatment types due to the selectivity in performance of the different micro-organisms used although
Advanced Oxidation Process (AOPs) have been shown to achieve >80% ions removal. In all biological processes
studied ranging from wetlands to bioreactors, algal bioreactors seemed the most effective in this domain. Most of
these treatment technologies are corrective while preventive techniques can be explored to prevent the pro-
duction of AMD. Despite the positive outcomes of the different types of treatment, they have associated technical
issues. It is recommended that more preventive techniques be explored to reduce the production of AMD. The
review discussed how AMD treatment would affect environmental protection and water resource management.
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1. Introduction

The process of mining and milling metallic ores to extract metals
have resulted in an imbalance of the environmental ecosystem.
Processes such as grinding, blasting and crushing of these ores increase
their surface area and expose the wastes to weathering where it readily
combines with oxygen and the surrounding water bodies (Jamieson
et al,, 2015; Jonnsson et al., 2005). From this process, acids and high
concentrations of metal(loid)s originates and have caused and is still
causing detrimental environmental impacts to water bodies, soils and
other living organisms (Ferreira et al., 2021; Havig et al.,, 2017). These
leachates from active and abandoned mines continuously release
harmful substances into the environment for decades and millennia
(Hakkou et al., 2008; Ighalo and Adeniyi, 2020).

Acid mine drainage (AMD) also known as acid rock drainage
(ARD) is a complex multi-factor pollution formed from complex
chemical, physical, and biological interactions that takes place under
ambient conditions in abandoned and active mines (Arnold et al.,
2011; Gao et al., 2019; Viers et al., 2018). It is known to have a very
low pH of less than 4, contains high concentrations of sulfate ions
and metals such as Iron and Zn dissolved in very high concentrations
(Espafia et al., 2007; Gao et al., 2019; Xin et al., 2020). The en-
vironmental impacts of AMD can be divided into four categories;
chemical (e.g. increase in acidity and metals in the environment),
physical (e.g. decrease in light penetration in surrounding water
bodies), biological (e.g. behavioral, respiratory, reproduction defects
and death of organisms) and ecological (e.g. food chain and habitat
modification, loss of food source/prey) impacts (Gray, 1997). A de-
tailed breakdown is given in Fig. 1 adapted from John et al. (2017).
One of the chief environmental implications of AMD is its very low
pH which aids the growth of certain microbes referred to as
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acidophilic microorganisms which are known to catalyze the pro-
duction of acidic waters (Espana et al., 2005; Gao et al., 2019). An-
other issue is the abundance of metal(loid)s contained in AMD.
These metal(loid)s easily find their way to surrounding soil and gets
them contaminated (Gao et al., 2019). Its toxicological effects inhibit
the activities of enzymes and microbes in the soil and in turn causes
a reduction in soil biochemical properties and quality (Auld et al.,
2013; Ferreira et al., 2021). Due to the interconnectivity of water
systems, these potential heavy metals contaminate not just water
bodies within the immediate environment of the drainage location
but also water bodies far from it (Kefeni et al., 2018; Moreira
et al., 2020).

The toxicity of AMD can cause permanent damage to an eco-
system and so the demand for effective remediation strategies for
AMD as well as its impacted ecosystem has risen in the past decades
(V. Gupta and Sar, 2020; A. Gupta and Sar, 2020). Untreated AMD
discharged into the environment are known to have various negative
impacts on living organisms (Amanda and Moersidik, 2019). AMD
can contaminate groundwater and make it unfit for humans for both
agricultural and other purposes. The runoff of AMD can contaminate
water bodies, reducing their pH and killing fishes and other aquatic
organisms present in nearby water bodies (Kaur et al., 2018). To
mitigate this contaminant, researchers have dedicated time and
other resources towards preventive and curative treatments of
AMDs to seek remediation solutions that are sustainable and cost-
effective. Based on the requirements for monitoring, chemical ad-
dition, maintenance and infrastructure, the methods utilized in the
remediation of AMD can be divided into two; the active systems
technique and passive systems technique (Kaur et al., 2018).

Within the last decades, researchers have reviewed the methods
and techniques utilized in the treatment of AMD taking different
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Fig. 1. Environmental effects of AMD.

approaches. The first important review that has been carried out in
this field was conducted by Gazea et al. (1996). The review was not
comprehensive as it was restricted to passive treatment method
systems only and was published over two decades ago. Another
study by Akcil and Koldas (2006) conducted over a decade ago
analyzed only the neutralization process as an effective technique
for mitigating AMD. Skousen et al. (2018) reviewed the various
methods utilized in the control and treatment of AMDs. Though
comprehensive, much work has been done since then. In another
study, Wei et al. (2018) reviewed treatment strategies for AMD. This
review was centered only on researches carried out in the year 2017
and also did not critically analyze the strengths and shortcomings of
each treatment method. Rodriguez-Galan et al. (2019) reviewed re-
mediation techniques for the treatment of AMDs with a focus only
on chemical methods of treatment. More recently, Rambabu et al.
(2020) reviewed techniques used for treating AMD. The focus was on
Biological methods only and so did not cover the entire spectrum of
treatment methods.

In lieu of this, the aim of this review is to critically analyze the
broad-spectrum treatment methods that have been engaged in
published literature on the remediation of AMDs. A review such as
this will help researchers understand the progress in research,
identify the strengths and weaknesses of each treatment strategy
and to document knowledge gaps that could help shape the direc-
tion of future researches in this area.

2. Formation and composition of AMD
AMD is formed when minerals containing sulfide from coal or

metal ores such as pyrite are exposed to air and precipitation or
oxygen-rich water which results in sulfide mineral oxidation (Havig
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et al., 2017; Xin et al., 2020). The redox reaction that takes place is
shown in Eq. 1. This oxidation reaction can be accelerated under
optimal conditions by neutrophilic sulpho-oxidans and acidophilic
bacteria (Demersa et al., 2015; Kadnikov et al., 2019). Metal ions,
sulfate ions, and sulfuric acids are the major products of this oxi-
dation process. The resulting acidic water dissolves alumina-sili-
cates, oxides, and carbonates of various minerals aggressively to
birth the high concentrations of metals and other solutes present in
AMD (Kim et al., 2002). Apart from the introduction of high con-
centrations of metal ions into the environment, discharge of AMD
also results in the formation of white precipitates composed majorly
of sulfate, iron and aluminum ions (Kim et al., 2002). Aluminum and
iron ions dominate the cations while sulfate ion dominates the an-
ions present in AMD as seen in Table 1 (Skousen et al., 2018).
14Fe3+ + FeS, + 8H,0 — 15Fe3* + 2507~ + 16H* (1)

With respect to the concentration of constituents in AMD, every
mine is unique just as the associated risks are also unique (Akcil and
Koldas, 2006), but irrespective of the type of mine, there exist two
major factors that affect the composition of AMD. The first factor
deals with the characteristics of the source which could involve the
composition, abundance, porosity, particle size and distribution, and
type of the minerals involved. The second factor is connected to the
state of the environment which consists of temperature, rainfall,
climate, etc. (Paktunc, 1999). Xin et al. (2020) painted a clear picture
of how changes in seasons from spring to summer to winter caused a
change in the concentration of the constituents present in AMD. The
pathway for the generation and environmental contamination of
AMD is shown in Fig. 2 (Naidu et al., 2019) and explained in further
detail by Kalin et al. (2006) and Taylor et al. (2005).
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Table 1

Composition of AMD in various locations across the world.
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AMD is deficient in carbon sources and electron donors (Costa
et al., 2009), contains a high concentration of sulfates, dissolved Fe
(II), and mineral acids with some amounts of potentially toxic trace
elements such as cadmium, arsenic, nickel, cobalt, lead, and copper
as seen in Table 1 (Cheng et al., 2011; Silva et al., 2011). The iron
present in AMD is majorly present as ferrous iron with a little
amount of ferric iron. As the pH is increased above 4, hydrolysis and
precipitation convert most of the ferric iron into ferrous iron. On
exposure to the atmosphere, oxidation and then hydrolysis occurs
converting the ferrous iron formed into ferric iron and iron oxy-
hydroxide present as a precipitate (Dold, 2014; Kim et al., 2002).

3. Ecotoxicology of AMD

AMD has caused pollution in the ecosystem due to the natural
availability of sulfide minerals in the earth's crust, which when ex-
posed to oxygen or water oxidize to form poisonous sulfuric acid,
metal ions, and sulfate. Many researchers have conducted studies on
the ecotoxicology of AMD. Some of these studies reported that AMD
is toxic (summarized in Fig. 3). It was observed that when acute
lethal toxicity of AMD was applied on Daphnia magna and Daniorerio
embryos (Chamorro et al., 2018), the LCso was <1% and <0.08% for
Daphnia magna and Daniorerio embryos respectively. The develop-
ment of zebra fish embryos is also affected as the yolks are enlarged
and pigmentation is absent when exposed to dilutions of AMD. The
mobilization and solubility of heavy metals often increase as water
becomes acidic. Based on this, further studies were using Cu and Zn
solutions (Chamorro et al., 2018). When exposed to Cu and Zn at 48
and 72 hpf, there was no mortality recorded. Exposure to a Cu
concentration of 67 mg/l resulted in a two-fold increase in the yolk
volume of the embryos and caused embryo deformation. Cu can
have a strong influence on Daphnia magna, which has been ex-
plained as nominal when the concentration is around 0.2 mg/l
during acute exposure (Kim et al., 2018; Yim et al., 2006).

According to various works of literature, AMD of various sources
is extremely toxic when exposed to daphnids due to the presence of
many dissolved metals such as Cu, Cd, and Zn, among others (Garcia-
Valero et al., 2020). Cu is one of the most common heavy metals that
are harmful to aquatic organisms (Ighalo et al., 2021d). Although it is
needed for their growth and reproduction, any small accumulation
beyond the required amount can cause irreversible harm to some of
these organisms (Tierney et al., 2010). Physico-chemical character-
istics of AMD was also considered in water (Olenici et al., 2017). It
was observed that there are a large variation of heavy metals and
high concentrations of SO3~ and NO*". Due to the presence of heavy
metals, AMD flow into the river contributed to serious environ-
mental impairment (Luo et al., 2020). Large quantities of suspended
matter that displayed orange-brownish color is usually observed
which can be attributed to the concentration of SO42-, and Cu in
the AMD.

Qualitatively, a study on the number of diatom species was ob-
served (Olenici et al., 2017). It was revealed that there are notable
variations among the sampling sites. Some taxa in the Abrud River
suggested that there are essential saprobic levels in the river, in-
dicating a high concentration of organic matter with NO*" levels, but
only during the summer of 2013. During spring 2014, there was
maximum availability of Achnanthidium sp., pooling normal and
abnormal due to low heavy metals and ionic concentrations com-
pared to other sampling points, but no abnormal A. macrocephalum.
Changes in taxonomic and morphological features of diatom as-
semblages, there may be an excellent indicator of the presence of
heavy metal contamination. Low pH, heavy metals in combination
with sulfur, sodium, and calcium are all linked to the structure of the
diatom population in AMD-affected areas (Consani et al., 2019).

Considering the effect of AMD at the molecular level, it was re-
vealed that the estimation of two genes activation in fish embryos
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was examined (Chamorro et al,, 2018). The genes were cyp19alb
(brain aromatase, responsive to estrogens) and cypla (the genetic
counterpart of the EROD test). From the results, there was no acti-
vation of either gene which further established that the toxic effects
of AMD were mainly based on metals. Furthermore, there was an
examination on the effect of treated AMD with 95% purity using
Tilapia oreochromis over the expression of thyroid receptor (tra), trj,
androgen receptor (arl), ar2, glucocorticoid receptor (gr1), gr2, mi-
neralocorticoid receptor (mr) and aromatase (cyp19alb) upon ex-
posure for 48h (Truter et al, 2014). There was an alterations
pronunciation in the expression of the gene (tra, trp, grl, gr2, arl, and
mr) which were identified with the high concentration of some
certain metals which is evidence to cause activity of endocrine
disruption and also indicated that heavy metals are the main toxic
agents. From these, it can be surmised that AMD has significant
ecotoxicology on the environment (Fig. 3) and remediation strate-
gies need to be implemented for efficient AMD removal.

4. Separation processes for AMD treatment
4.1. Adsorption treatment

Several techniques for AMD treatment have been discussed in
this article, it should be noted that the applicability and suitability of
a given treatment approach is a function of the nature (the major
constituent) of the AMD and their initial concentration, as well as
the cost and environmental impact of the operation (Igberase et al.,
2018; Motsi et al., 2009). The adsorption technique which involves
the transfer of solutes particles from the aqueous phase onto the
adsorbents solid surfaces (active sites) is both a promising and
preferred technique for AMD treatment (Hashem et al., 2021a,
2021b). Its preference is related to its environmental, operational
and economic efficiency (Aniagor et al., 2021; Ighalo et al., 2020e). Its
near zero-waste drive achievable through adsorbent reuse is a de-
sirable feature (Dlamini et al., 2019a). In the present review, heavy
metal pollutants were majorly targeted by adsorptive treatment, as
the majority of the other AMD pollutants (such as sulfate, phosphate
ions, etc.) are readily remediated through biological treatment ap-
proaches. The application of different synthetic and natural ad-
sorbents was summarized in Table 2. For a holistic and concise
analysis, the adsorbents were generally classified, (based on their
primary constituent) as organic, clay/earth-based material, activated
carbon/biochar, zeolites, fly ash and others (Ighalo et al., 2020d,
2021b). Furthermore, the link between each adsorbent type and
their metal sorption ability (in the light of the present review) will
be elucidated in the subsequent subsections.

4.1.1. Organic/biomass-based adsorbents

Organic-based adsorbents are mostly derived from abundant
natural precursors. Despite the acidic nature of the AMD, which Feng
et al. (2004) believe may degrade the organic adsorbents, several
studies successfully applied them for AMD metal ion uptake at batch
and column mode. During the batch adsorption processes, high ad-
sorptive capacities were recorded by these adsorbents. According to
Chockalingam and Subramanian (2009), the metal-binding surface
functional groups (such as carboxyl, phenolic acid, amino, hydroxyl
groups, etc.) on these adsorbents were generally responsible for
reported high metal ion uptake. The adsorbents’ inherent intrinsic
porosity which is useful for pollutant entrapment is considered as a
strong contributing factor to the high sorption capacity (Masukume
et al., 2014). Asides from the presence of relevant metal-binding
functional groups and surface porosity, the metallic ion sorption
capacity of these adsorbents was also a function of the initial pH and
adsorbent mass. In a single solute system, an increase in the re-
spective adsorbent masses significantly improved the metal ion %
removal and also lowered the acidity of the AMD (Zhang, 2011). The
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optimal adsorbent loading must be carefully chosen to minimize or
avoid the precipitation of the target metal. The adsorptive uptake of
metal ions was reported to occur mainly by ion exchange and che-
mical interaction mechanism, hence, the dependence of the ad-
sorbent-adsorbate affinity on the hydrated ionic radius and
electronegativity of the respective metal ions (Masukume et al.,
2014; Zhang, 2011). The higher the electronegativity and the lower
the hydrated radius of a given metal ion, the better their affinity to
an electrostatically compatible adsorbent. Meanwhile, in the pre-
sence of varied ions, the ionic competitive effect was only significant
at high initial concentrations. For instance, at 0.04 mmol/L initial
Cu?* concentration, Zhang (2011) reported an adsorption capacity of
0.002 mmol/g for Cu?* in both the single and multi-solute systems.
Upon an increase in the initial concentration up to 4.75 mmol/L,
adsorption capacities of 0.245mmol/g (for Cu®* single system),
0.205 mmol/g (for Cu?*/Zn?* System), 0.157 mmol/g (for Cu®*/Pb**
system) and 0.139 mmol/g (for the Cu?*/Pb?*/Zn?" system) were re-
corded. For the column adsorption, the number of available active
sites, as well as the breakthrough time and capacity are strongly
dependent on the adsorbent bed height and the initial concentration
of adsorbate. Masukume et al. (2014) noted that the initial con-
centration sustains the most significant effect on the metal ion up-
take from AMD. Higher adsorbent bed height implies the availability
of more active sites (due to increased mass transfer zone), extended
breakthrough time and improved breakthrough capacity. Similarly,
high initial concentration shortens the breakthrough time and fa-
cilitates the exit of the mass transfer zone, thus lowering the
breakthrough capacity (Bhaumik et al., 2013). The reusability studies
of rice husk (Chockalingam and Subramanian, 2006) and diary
compost manure (Zhang, 2011) were reported. It was observed that
both studies used dilute HCI for the elution of the metal ion and a
high desorption efficiency (>94.0%) was sustained over a two to
three adsorption-desorption cycle. The thermodynamics considera-
tion elucidated the feasibility, exothermicity and spontaneity of the
metal ion uptake (Chockalingam and Subramanian, 2006).

4.1.2. Clay/earth-based minerals

The successful application of clay/earth-based adsorbents is
predicated on their demonstrable high specific surface area, struc-
tural stability, excellent cation exchange and water absorption ca-
pacity (CEC) (Masindi et al., 2015). Furthermore, the high adsorption
capacity of clay material (Table 2) is believed to be due to their
Bronsted and Lewis acidity (Bhattacharyya and Gupta, 2006). Gen-
erally, the metal uptake performance of this adsorbent type was
studied under the influence of varying initial contaminant con-
centrations and solution pH. Findings showed that the optimal metal
ion uptake was attained at low initial contaminant concentration,
mostly due to the availability of more unsaturated active sites, which
gets depleted at higher initial concentrations (Masindi et al., 2015).
Similarly, the pH of the treated AMD often increases when compared
to that of the untreated stream due to the likely dissolution of trace
amounts of the alkaline clay minerals (such as calcite and silicates).
Hence, ion exchange remains the predominant adsorption me-
chanism as opposed to precipitation (lakovleva et al., 2015),
although there exist isolated cases where metal precipitation and
co-precipitation towards hydro complex/oxyhydroxides formation is
the chief mechanism. Both physisorption and chemisorption inter-
action was reported in the studies, with the chemisorption occurring
via monodentate or multidentate linkage with the surface -OH
groups (Feng et al., 2019). In the presence of competing ions, Fe and
Cu ions with one of the lowest pKy and K, values depict the
strongest affinity for the attapulgite clay mineral and their uptake is
rarely subject to ionic competing effects even at higher initial con-
centrations (Falayi and Ntuli, 2014). The ionic radius of the metal
ions also influenced their preferential uptake, at both batch and
fixed-bed column studies, as those with smaller radii tends to adsorb
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Table 2
Summary of studies on AMD adsorption focusing on various pollutant species.
Adsorbent Adsorbate Adsorption capacity RE (%) Adsorption mode Initial pH Ref.
Organic-based
Saw dust Cu®* 29.93 x 10°* mmol/g 80.00 Batch 5.01 (Stankovié et al., 2009)
Fe>* 6.26 x 10> mmol/g 10.00
Mn?* 18.20 x 10> mmol/g -
Zn** 21.80 x 10°> mmol/g -
Compost manure Cu®* 0.428 mmol/g 7715 Batch 4.0 (Zhang, 2011)
Zn** 0.237 mmol/g 47.53
Pb?* 0.460 mmol/g 93.13
Shrimp shell Fe** - =96.00 Batch 3.04 (Nafiez-Gomez et al., 2020)
Mn?* - =78.00
Mussel byssus Fe3* - ~96.00 Batch 3.04 (Ntfiez-Gomez et al., 2020)
Mn** - ~78.00
Sea shells Mn?* - 54.40 Batch 5.5-7.3 (Masukume et al., 2014)
AB* - =100.0
Fe?*[Fe3* - ~100.0
Rice husk Fe?* - =99.0 Batch 4.0 (Chockalingam and Subramanian, 2006)
Fe?" - =98.0
zn* - =98.0
cu® - =95.0
Eucalyptus tereticornis bark Fe3* - =96.0 Batch 3.2 (Chockalingam and Subramanian, 2009)
Zn* - =75.0
Cu® - =92.0
S04* - =41.0
Clay/earth-based material
Bentonite S0, 221.8 mg/g >50.00  Batch 3.0 (Masindi et al., 2015)
Mn?* 30.70 mg/g -
AR* 30.50 mg/g -
Fe?'[Fe** 30.20 mg/g -
Modified diatomaceous earth particles ~ Fe?*/Fe3* - 97.20 Batch 5.0 (Larsson et al., 2018)
Cu® - 99.00
Pb?* - 38.00
Zn* - 38.00
AR* - 51.00
cd* - 56.00
Modified limestone Cu?* - 98.32 Batch 6.0-7.0 (Iakovleva et al., 2015)
Fe3* - =~ 100.0
Ni* - 92.76
Zn* - 94.65
Hydrotalcite Fe?* ~90.0 mg/g 63.7 Batch 4.0 (Goldani et al., 2012)
Mn** ~90.0 mg/g 666.7
Fe;04-chitosan@bentonite cr3t 62.10 mg/g - Batch 5.0 (Feng et al., 2019)
Bentonite Cu®* - 99.90 Batch 4.6 (Esmaeili et al., 2019)
Zn** - 89.20
Ni%* - 99.90
Attapulgite Cu?* - 100.0 Batch 2.84 (Falayi and Ntuli, 2014)
Fe?* - 100.0
Co*" - 93.00
Ni* - 95.00
Mn?* - 66.00
Malan loess S04 123.86 mg/g 61.38 Batch 2.0 (Zheng et al., 2019)
Activated carbon/biochar
Bone Char Mn?* 22.00 mg/g - Batch 5.7 (Sicupira et al., 2014)
Polypyrrole-tailored AC S04% 48.00 mg/g - Batch NS (Hong et al., 2014)
Polypyrrole-modified AC S04 44,70 mg/g - Batch NS (Hong et al., 2017)
Zeolites
Natural Zeolite Fe3* - 99.11 Batch 2.8 (Varvara et al,, 2013)
Zn* - 71.94
Mn?* - 45.00
Synthetic Zeolite Cu?* 30.03 mg/g 98.16 Batch 3.0 (Wulandari et al., 2020)
Natural Zeolite Cu® 23.80 mg/g 93.98 Batch 3.0 (Wulandari et al., 2020)
Natural zeolite Fe** 6.40 mg/g 59.90 Batch 2.5-3.5 (Motsi et al., 2009)
Cu® 0.54 mg/g 56.80
Mn?* 0.52 mg/g 18.90
n** 2.21 mg/g 67.80
Iron oxide modified zeolite As>* 0.175 mg/g - Batch 3.0-8.0 (Nekhunguni et al., 2017)
Zeolite Zn** 94.50 mg/g - Batch 3.0 (Hidayat et al., 2021)
Cu®* 91.90 mg/g -
Modified fly ash Fe3* - 99.00 Batch 5.0 (Ileri and Sanliyuksel Yucel, 2020)
APP* - 99.00
Zn* - 97.00
Co** - 95.00
Ni%* - 94.00
cu® - 92.00
Mn?* - 92.00

(continued on next page)
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Adsorbent Adsorbate Adsorption capacity RE (%) Adsorption mode Initial pH Ref.
Modified fly ash AP* - 99.00 Batch 2.8 (Sahoo et al., 2013)
Fe?* - 96.00
Pb*" - 94.00
Ni%* - 89.00
Zn** - 92.00
Mn?* - 60.00
Fly ash Mg** - =100.0 Batch 10.5-11.0 (Gitari et al., 2006)
Cu®* - ~100.0 6.0
Pb?* - ~100.0 6-7
Others
Fe** modified calcium silicate Cu®* 13.51 mg/g 99.94 Batch 2.0 (Barrera et al., 2017)
Zn** 747 mgfg 99.99
Cd** 3.41 mglg 99.98
As>* 6.01 mg/g 99.96
PO, 38.75mglg 99.65
Polymeric ion exchange resin/Fe-O AP* - 61.93 Batch 6.81 (Dlamini et al., 2019b)
ion-exchange/HZrO, nanocomposite AR - 99.67 Batch 1.8 (Dlamini et al., 2019a)
Fe?* - 98.99
Mn?* - 97.48
maghemite nanoparticles Hg** - 75.00 Batch 3.0 (Etale et al., 2014)
Silica nanoparticles Hg?* - 56.00 Batch 3.0 (Etale et al., 2014)
Iron slags Cu®* 88.50 mg/g - Batch 5.5 (Feng et al., 2004)
Pb?* 95.24mg/g -
Steel slags Cu®* 16.21 mg/g - Batch 55 (Feng et al., 2004)
Pb?* 32.26 mg/g =
Ferrihydrite Pb?* - >90.00 Batch 8.0 (Karapinar, 2016)
Cu2+
Zn**
Double-oxidize MWCNTs Cu®* 14.00 mg/g 79.00 Batch 5.5 (Rodriguez and Leiva, 2019)
Mn?* 6.60 mg/g 78.00
Zn* 4.00mg/g 48.00
Cobalt-methylimidazolate framework Pb?* 105.0 mg/g - Batch 9.0 (Ngombolo et al., 2019)
Non-viable activated sludge Zn** 3.4mg/lg - Batch 3.8 (Utgikar et al., 2000)
Cu®* 5.9mg/g -

faster (Esmaeili et al., 2019; Larsson et al., 2018). Due to the observed
chemisorption, the metal ion adsorption capacity of most clay mi-
nerals decreased over an extended adsorption-desorption cycle.
Feng et al. (2019) reported a 3% reduction in the adsorption capacity
of magnetic bentonite (Fe304-CS@BT) after five cycles using 0.01 M
NaOH eluent. In contrast with the exothermic adsorption reported
for organic-based adsorbents, the metal uptake process by clay/
earth-based minerals was endothermic (Falayi and Ntuli, 2014;
Zheng et al., 2019).

4.1.3. Biochar/activated carbon-based adsorbents

The effectiveness and versatility of activated carbon and biochar
in metal ion adsorption application due to their large surface area
and pore volume have been highlighted (Hashem et al., 2021b).
Sicupira et al. (2014) applied bone char for the adsorptive uptake of
Mn?* from AMD and the experimental finding shows the depen-
dence of uptake capacity on the solid/liquid ratio, initial solution pH
and adsorbents particle sizes. The Mn?* uptake efficiency was found
to increase with the increase in the solid/liquid ratio, although with
an extended adsorption duration. Meanwhile, the Mn?" uptake ef-
ficiency was negatively impacted in the presence of other ionic
species, even at a high solid/liquid ratio, when compared to a single
solute system. This finding called for efficient modulation of the
initial solution pH for achieving optimal metal uptake. Asides from
its effect on the Mn?* loading kinetics, the adsorbent particle size
variation generally had negligible effects on the metal uptake effi-
ciency, even at extended adsorption duration (Sicupira et al., 2014).
Based on reports, the application of smaller particle-sized ad-
sorbents results in a shorter equilibration time for both single and
multiple ionic conditions. Similarly, Hong et al., (2014, 2017) used
polypyrrole modified activated carbon of positively charged func-
tionality in sulfate adsorption from AMD. The study reported the
sulfate uptake dependence on the activated carbon precursor.
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Accordingly, hardwood based activated carbon offered better ad-
sorptive functionality than bituminous, oak wood and pristine ac-
tivated carbon. The significant effect of the nature of the solvent
used during the synthesis of the polypyrrole modified activated
carbon was highlighted. Among the three solvents tested (methanol,
ethanol and DI water), DI water prepared activated carbon (with the
largest nitrogen content) recorded the most adsorptive uptake. This
high adsorptive performance is linked to the varying conjugation
chains on the polypyrrole structure (Hong et al., 2017). The break-
through behavior of the sulfate ion was studied via a rapid small
scale column test. The nature of the synthesis solvent reportedly had
a significant effect on the breakthrough point, due to physical and
chemical characteristic variations (Hong et al., 2014).

4.14. Zeolites

Zeolites are mainly tetrahedral aluminosilicates (SiO4 and AlO,4)
assemblage of three-dimensional structure. Their high metal ion
adsorptive capacity is due to their net surface negative charge due to
the isomorphic cationic substitution within their structural lattice
(Varvara et al., 2013). In addition to their ease of functionalization,
zeolites possess combined ion exchange and molecular sieve prop-
erties, hence their strong affinity for heavy metal ions (Varvara et al.,
2013). The efficient adsorptive application of zeolite was subject to
variations in experimental conditions. It was generally noted that
the increase in adsorption duration and zeolite dosage significantly
favored the heavy metal uptake (Nekhunguni et al., 2017). The sig-
nificance of initial pH variation was mostly negligible because of the
predominance of surface complexation mechanism (which is pH-
independent) during metal uptake (Nekhunguni et al., 2017). In the
presence of other oxyanions anion (SO, HPO,™ and CO,73),
Nekhunguni et al. (2017) reported an insignificant interference in the
adsorption of As**. Meanwhile, aside from the Fe**, whose main
uptake mechanism was precipitation, the selective adsorption of
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other studied heavy metals (Cu?*, Zn?>* and Mn?*) was significantly
hampered in the multicomponent adsorption system (Motsi et al.,
2009). The observed variation in metal sorption selectivity was a
function of the radius of ionic hydration, hydration enthalpy, and
cation solubility (Hidayat et al., 2021). The reusability assessment of
zeolite-based adsorbent using varying NaCl concentrations (3 M and
0.34 M), 10% HNOs, and 2% H,SO,4 proved unsuccessful. A reasonable
degree of desorption of As>* from zeolite was achieved using 0.1 M
HNOs as the eluent (Nekhunguni et al., 2017).

4.1.5. Fly ash

The oxide forms of Si, Al, Ca, and Fe present in fly ash is re-
sponsible for their high metal ion sorption capacity. Their negative
surface charge which predominates as it (fly ash) is in contact with
water explains their strong affinity for cations (Ileri and Sanliyuksel
Yucel, 2020). Considering its huge volume of generation from
thermal power stations, fly ash constitutes serious environmental
problems that are extensively upon successful application as a low-
cost and easily available adsorbent (lleri and Sanliyuksel Yucel,
2020). Generally, the adsorptive performance of fly ash was posi-
tively impacted at increased adsorbent dosage, extended contact
time and acidic pH (Gitari et al., 2006; Sahoo et al., 2013). As earlier
observed with the zeolite adsorbents, Fe and Al uptake were not
affected in the multicomponent adsorption system, since precipita-
tion accounts for their main uptake mechanism. The fly ash reusa-
bility study showed that cation desorption from the fly ash was
favorable in acidic media (lleri and Sanliyuksel Yucel, 2020).

4.1.6. Other adsorbents

Nanomaterials and ferric based adsorbents fall within this group.
The successful application of nanomaterials in metal uptake is due to
their higher reactivities and large surface area to volume ratios
(Balarak et al., 2021; Eletta et al, 2019). Their negative surface
charge is apt for efficient cation adsorption (Iwuozor et al., 2021).
Etale et al. (2014) adsorbed mercury unto silica and maghemite
nanoparticles. The study reported a successful mercury uptake even
in the presence of equimolar sulfate and manganese ions. Similarly,
the application of ion-exchange/hydrated ZrO, nanoparticles in the
uptake of several heavy metal ions from AMD was reported as suc-
cessful (Dlamini et al., 2019b). The hydrated nanoparticle was effi-
ciently regenerated with a binary solution of NaCI-NaOH at pH > 12.
Ferrihydrite, an acid mine formation product was successfully
adopted for the sequestration of heavy metal from AMD. The author
reported above 90% removal efficiencies for all the target cations
(Karapinar, 2016).

4.1.7. Technical issues associated with adsorption

Though adsorption is considered a very important process in
the treatment of AMD, there are some issues associated with its
use. AMD can have a high pollutant load making it difficult to treat
large volumes of the water before the adsorption capacity gets used
up. It would be observed that adsorption studies utilized the re-
moval of the ionic species as their indices which is in itself quite
simplistic. Considerations of total dissolved solids, turbidity or
chemical oxygen will paint a truer picture of this limitation. Hence,
for practical purposes, we do not believe that the advantage of low
cost and ease of technical application of adsorptive systems can
offset the drawbacks presented by its inability to handle water with
a high pollutant load.

4.2. Membrane separation processes

The performance of a membrane in physical separation is defined
in terms of two simple factors, flux and selectivity. Flux, also known
as permeation rate, refers to the flowrate of liquid passing through
the membrane per unit area of membrane per unit time. Selectivity,
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on the other hand, is the fraction of solute in the feed retained by the
membrane. This section reviews the performance of membrane
processes for AMD treatment using standalone membranes—nano-
filtration (NF), reverse osmosis (RO) and hybrids (FO+NF, mixed
matrix membranes).

4.2.1. Nanofiltration (NF)

Nanofiltration entails a pressure-driven technique that combines
unique separation capabilities with lower operating pressures when
compared to traditional membrane processes such as reverse os-
mosis (RO). Some typical features of NF membranes include low
rejection of monovalent ions, high rejection of divalent ions and tiny
organic molecules (up to 2nm) and higher flux compared to RO
membranes (Junker et al., 2021; Mohammad et al., 2015). Studies by
Al-Zoubi et al. (2010a) using NF membranes resulted in the total
removal of metals and sulfates. This could be attributed to the steric
hindrance mechanism characteristic of NF membranes; thus, aids
size exclusion as large sizes of cations and metals are effectively
rejected by the small pores of the membranes. In another develop-
ment, high removal of metals and sulfates (>85%) was obtained by
NF membrane (Aguiar et al, 2015, 2016; Al-Zoubi et al., 2010b;
Ambiado et al., 2017; Lopez et al., 2018; Sierra et al., 2013; Siew et al.,
2020; Wadekar and Vidic, 2018) and this could be attributed to
concentration polarization wherein there exists a concentration
gradient of ions found across the membrane in the permeate and
retentate. Thus, divalent ions and heavy metals are preferentially
rejected over monovalent ions since they have lower diffusion
coefficients, higher Stokes’ radii and larges sizes which would be
excluded by the membrane (Wadekar and Vidic, 2018).

4.2.2. Reverse osmosis (RO)

The attractiveness of RO membranes for AMD treatment stems
from the fact that it offers advantages such as selectivity, operating
cost and modest energy savings when compared with other types of
membranes (Ambiado et al., 2017; Bodalo-Santoyo et al., 2003).
Research findings showed that the use of RO membranes resulted in
a high rejection of divalent metal species and sulfates corresponding
to >92% (Aguiar et al., 2015, 2016; Al-Zoubi et al., 2010b; Ambiado
et al, 2017). This could be associated with high electrical con-
ductivity and diffusion which varies with relative amounts of water
and ion fluxes across the membrane, thus, increases as pressure
build up in the system (Al-Zoubi et al., 2010b; Ricci et al., 2015).
From Table 3, it was observed that lower permeate fluxes were ob-
tained using RO membranes (50L/h.m?; 39L/h.m?; 10.2L/h.m?;
10.2L/h.m?) when compared to NF membranes (220L/h.m?;
67L/h.m?; 88.6L/h.m?; 88L/h.m?) respectively. This could be
attributed to the structure of the membranes as their densely
polymeric nature increases membrane resistance and significantly
decreases permeate flux (Aguiar et al., 2015, 2016). As a remedy, it
has been suggested that surface modification by plasma poly-
merization (Zou et al., 2011) and functionalization using protic acids
(Kulkarni et al., 1996) increases the hydrophilic properties and
enhances permeate flux by as much as a factor of two in RO
membranes.

4.2.3. Hybrid systems

Hybrids such as mixed matrix membrane (MMM) (Daramola
et al., 2015) and volume retarded osmosis-low pressure membrane
(VRO-LPM) (Choi et al., 2019) have been applied in AMD treatment
due to the balance between microporosity and compatibility which
they offer in separations technology (van Essen et al., 2021). Fur-
thermore, it has been identified that specific advantages such as high
ductility, malleability and very fine thickness (<10 um) are derived
from these types of membranes (Davey et al., 2016). The findings of
Choi et al. (2019) showed that the utilization of chelating agents as
draw solutions created a difference in rejection efficiencies for seven
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Table 3
Summary of varying membrane processes used in the treatment of acid mine drainage.

Type of membrane AMD contaminant ions/  Influent Operating conditions Permeate flux Membrane Ref.
molecules mode (L/h.m?) rejection (%)

ED Na* Not specified ~ Current density: 1.0-2.8 mA/ Not determined >98% (Buzzi et al., 2013)
K* cm?; conductivity: 1155-9970 >99%
Mg?* pS cm™! 100%
Ca®* 100%
Fe?* >99%
Zn* 100%
Mn?* 100%
c 99%
NO3 >99%
S03- >98%

FO Al Cross flow Pressure =1 bar; Temperature 53 >99% (Baena-Moreno
Ca =25°C >99% et al., 2020)
Cu >99%
Fe >99%
Mg Not measured
Zn >99%

MD Na* Co-current Feed flow rate =180L/h 16.80 >98% (Amaya-Vias
K* >95% et al., 2019)
Ca** >99%
Mg?* 100%
F 100%
a >96%
NO3 >99%
SO%‘ >99%
Cu >99%
Fe >99%
Zn >99%
cd >99%
Co >92%
Mn >99%
Ni >82%

NF Al Not specified =~ Temperature =25 °C; pressure 220 >95% (Ambiado
Cu®* =15 bar; feed flow rate >95% et al., 2017)
Mn?* =1150L/h >95%
Zn >88%
S03- 97%

RO Al 50 >98%
Zn 92%
Cu® >98%
Mn?* >98%
50}1— 99%

NF Cu® Cross flow Pressure =2 MPa; temperature 67 >98% (Al-Zoubi et al.,
Fe** =20°C; feed flow rate =600 L/h >98% 2010b)
Mn?* >98%
Ca?* >98%
Mg?* >98%
AP >98%
50‘21— >85%

RO Cu® 39 >94%
Fe** >94%
Mn?* >94%
ca* >94%
Mg** >94%
AR* >94%
SO%‘ >92%

NF ca* Pressure =10 bar; feed flow rate  88.6 93.1% (Aguiar et al., 2016)
Mg?* =0.14 m>/h; temperature = 25 °C 94.9%
so}l— 86.1%

RO Ca?* 10.2 >99.2%
Mg?* >99.2%
50‘21— 99.3%

NF Cu Crossflow Feed rate = 650 L/h; temperature 110 99.9% (Al-Zoubi et al.,
Fe =35°C; pressure =20 bar 99.9% 2010a)
Mn 99.9%
Ca 99.9%
Mg 99.9%
Na 87.9
Al 99.9%
SO}( 98.8
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Table 3 (continued)

Type of membrane AMD contaminant ions/  Influent Operating conditions Permeate flux Membrane Ref.
molecules mode (L/h.m?) rejection (%)
FO +NF Mn Dead-end Pressure = 7.5 bar; feed flow rate 0.4 100% (Choi et al., 2019)
As =250 mL/min 100%
cd 100%
Pb 100%
Fe >80%
Cu >80%
Zn >80%
NF Mg Cross flow Pressure =10 bar; temperature Not determined >97% (Siew et al., 2020)
Cu =25°C; feed flowrate = 4.0 L/min >97%
Mn >97%
SO%_ >84%
Mixed matrix Pb?* Cross flow Temperature =25 °C; pressure Not determined 57.44% (Daramola
membranes Mg?* =1.1 bar; 50% et al., 2015)
Cu® 17.6%
Mn?* 6%
AR* Not specified
FO Al Not specified  Temperature =25 °C 12 99.8% (Vital et al., 2018)
Si 97.1%
Ca 99.3%
Mn 99.6%
Fe 100%
Co 99.4%
Cu 98.9%
Zn 99.5%
Mg 98.9%
NF Al Not specified  Pressure =20 bar; feed flowrate  23.67 99% (Sierra et al., 2013)
As =1000L/h 99%
Fe 99%
S04+ 97%
MD Cu Cross flow Flow rate = 1.0 L/min; 14.5 232.9mg/L (Ryu et al., 2020)
temperature =55 °C
NF Al Not specified  Temperature =24 °C; 9.05 100% (Pino et al., 2018)
Zn 97%
Cu 95%
S04+ 98%
PIM As(V) Not specified  Temperature = 25 °C; Not determined 95.8% (Zawierucha
et al., 2020)
NF Mg Not specified ~ Pressure =4 bar; temperature 2.3 67.4% (Ntshangase
Mn?* =25°C 70% et al., 2021)
Na®* 51.5%
A" 71.%
Fe** 74.2%
Ca®* 73.6%
MF Fe Cross flow Pressure = 1.2 bar; temperature 590 >99.9% (Meschke
=25°C; feed flowrate =82 L/h et al., 2015)
Dead-end Pressure = 1.9 bar; temperature 220
=25°C; flow rate =73 L/h
NF Na Cross flow Feed flow rate =5.68 L/min; Not determined 80% (Wadekar and
K pressure =35 bar; temperature >80% Vidic, 2018)
a =25°C 44%
50‘21— >97%
Ba >97%
Ca >97%
Mg >97%
Mn >97%
Ni >97%
Sr >97%
Se 96.1%
Al >80%
As 33%
MF Fe?* Cross flow Pressure =1 bar; temperature 93 88.3% (Machodi and
Mn?* =26°C 90.4% Daramola, 2019)
Mg?* 89.3%
Ca%* 75.7%
S04* 56.33%

(continued on next page)
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Influent
mode

Type of membrane AMD contaminant ions/

molecules

Operating conditions

Membrane Ref.

rejection (%)

Permeate flux
(L/h.m?)

NF Zn
Cu
Al

Fe
Ca
La

Pr
Nd
Sm
Dy
Yb
aa
SO}(
SO}(
Total
S03-
Total
SO}(

Cross flow

NF Not specified

solids
RO

solids
ED Not specified

NF Cross flow

s03-
Fez+
Cu2+
Zn*

=10bar

Temperature =25 °C

Temperature =25 °C; feed flow
rate =2 L/min; pressure =10 bar

Flow rate =50L/h

Temperature =25 °C; feed flow
rate = 14.3 L/min; pressure

>98%
>98%
>98%
>98%
>98%
>98%
>98%
>98%
>98%
>98%
>98%
18%
52-64%
99.5%

87.8%

92%

85%

60% (current
efficiency)
>90%

>90%

>90%

>90%

Not determined (Lopez et al., 2019)

88 (Aguiar et al., 2015)

10.2

Not determined (Marti-Calatayud
et al., 2014)

Not determined (Lopez et al., 2018)

heavy metals. Consequently, perfect rejection (100%) was recorded
for Mn, As, Cd, Pb while relatively high rejection (>80%) was re-
corded for Cu, Fe, Zn. This difference could further be explained in
terms of differences in ionization energies resulting in metals with
larger atomic radii (Mn, As, Cd, Pb) being efficiently rejected via the
size exclusion principle of membrane separation than metals (Cu, Fe,
Zn) with small atomic radii. From Table 3, very low permeate flux
were recorded whilst using hybrid membrane (0.4L/h.m?) in the
treatment of AMD. This could be explained in the light higher os-
motic pressures as a result of concentration gradient acts against
transmembrane pressure, thereby, driving the solutes to the
permeate across membrane pores.

4.2.4. Technical issues associated with membrane processes

The issue associated with NF membrane on the industrial level is
scaling effects due to the precipitation and deposition of insoluble
mineral salts on the membrane surface. Thus, transport of metals
and ions through the pores are hindered and permeate flux volume
is reduced thereby resulting in an increase in operating cost and
shortening of membrane service life. To reduce the amount of de-
posits on membrane pores, the use of an anti-scaling solution and
neutralization of acidic pH levels in the mines prior to membrane
filtration could in effect minimise the scaling effects associated with
NF membranes. Furthermore, membrane processes are quite ex-
pensive. Hence, except there is a high premium of clean water due to
limited sources, it would be financially impractical to treat AMD
using it (albeit on a large scale).

5. Advanced oxidation processes (AOPs) for AMD treatment

Advanced oxidation processes (AOPs) have shown great perfor-
mances for the removal of a wide range of organic and inorganic
pollutants from aqueous solutions and industrial wastewaters
(Ahmadi et al., 2020; Balarak et al., 2019; Ighalo et al.,, 2021c;
Othmani et al., 2019). AOP has been the subject of a considerable
amount of research and publication since the 1980 s (Skoumal et al.,
2008). These methods have also shown considerable promise in
terms of being able to oxidize organic compounds in a cost-effective
and environmentally safe way (Khajouei et al., 2019; Othmani et al.,
2020; Tony and Lin, 2020). They can be selected for either
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transforming pollutants into less toxic compounds which can sub-
sequently undergo biological treatment, or integrated at the end of
the process to mineralize pollutants and by-products before dis-
charge (Badawy et al, 2006). AOPs are used when conventional
oxidation techniques are insufficient, when process kinetics are slow
or when pollutants are refractory to chemical oxidation processes in
aqueous solutions and/or their oxidation leads to the formation of
stable intermediates and more toxic than the initial molecule of
interest (Othmani et al., 2020). AOPs are based on the production of
sulfate radicals (S047), and hydroxyl radicals ("OH) in sufficient
quantity to oxidize pollutants; their lifetime is very short (107° s)
(Hooshi et al., 2012; Rocha et al., 2012). AOPs can be divided into four
main groups (Fig. 4). The photo, sono, and electro assisted AOPs to
utilize ultraviolet (UV), ultrasound (US) rays, and electric current,
respectively as their sources of energy which helps in the creation of
‘OH and SO4™ radicals which lead to pollutants degradation. The
advanced chemical oxidation processes use chemicals such as ozone,
hydrogen peroxide, ferrate, persulphate, Fenton-catalysts, etc for
contaminants degradation (Ighalo et al., 2021c).

5.1. AOPs performance

AOPs have been efficaciously applied for the degradation of toxic
AMD including ozonolysis, hydrogen peroxide (H,0,), photolysis,
and Fe(VI) oxidation processes (Table 4). Most of the researchers
(Table 4) investigated the reduction of AMD using the chemical
oxidation processes. Gervais et al. (2020) studied and compared
three different AOPs for thiosalts treatment (Table 4); the AOPs were
promising for thiosalts degradation with ozonation showing the
greatest efficiency. The H,0, process was better than Fe(VI) oxida-
tion for thiosalts removal (96%) but required a longer treatment
time. Greater than 80% Fe?* degradation was observed by Miller
(2015) via the same H,0, process. Munyengabe et al. (2020) ob-
tained remarkable results with 100%, 99.04%, 100% degradation ef-
ficiency for AMD constituents (Fe?*, Zn%*, Mn?", respectively) using
Fe(VI) oxidation. The use of photocatalytic degradation with TiO,/Si-
C composite was also effective in yielding polycyclic aromatic hy-
drocarbons (PAHs) removal greater than 60%. Most of the re-
searchers (Table 4) examined the reduction of AMD using the
advanced chemical oxidation processes. From general observation, a
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Photolysis
Fenton y
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fenton persulfate .
Chemical Ultra Violet Photo-fenton
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Hydrogen peroxide
Advanced Heterogeneous
oxidation photocatalysis
processes
(AOPs)
Electrochemical Ultra Sound
AOP assisted AOPs Sono-fenton
Electro-fenton Sonolysis

Fig. 4. Types of AOPs utilized for contaminants degradation.

considerable number of studies have not been done on AMD miti-
gation through the AOP. Not all the AOPs types have been in-
vestigated for AMD degradation especially the sonochemical and
electrochemical AOPs. Even combinations of different AOPs cate-
gories have not been employed for this problem. Therefore, this
leaves gaps to be covered by researchers in this field.

5.2. Technical issues associated with AOPs

AOPs as shown from the review can be quite effective for the
treatment of AMD. However, two technical issues are associated
with their use in this respect. Firstly, there is the generation of
sludge from the processes. This sludge will need to be taken care of
in a variety of ways. Secondly, there is the expensive nature of AOPs
utilization. Continuous production and utilization of ozone and
peroxides at industrially relevant volumes can be expensive. UV and
ultrasound (for sono-processes) will also have an electrical re-
quirement. If sunlight is used as an alternative to artificial UV light,
then the technique would only be applicable to areas with high solar
insolation (and for daytime only).

6. Biological treatment of AMD

Biological treatment of AMD can be divided into two major parts,
in which to treat the AMD or to avoid leaching and to remediate the
AMD-contaminated environment. Soil and water body are two en-
vironmental media mostly contaminated by AMD. For the purpose of
treatment, bioreactors and wetlands of various types have been re-
ported to be successfully treating the AMD before releasing to the
environment or to avoid leaching. On the remediation side, algal-
remediation, microbial-remediation, and wetland are the three most
reported systems to be successfully applied to remediate AMD-
contaminated aqueous environment.

6.1. Bioreactor

Bioreactor in for treating AMD mostly related to the sulfate re-
ducing processes (Aoyagi et al., 2017). Although metal precipitating
bacteria are considerably applicable, but most of the treatment in-
volved the two stages processes, in which precipitating reactor
connected with sulfate reducing reactor. Metal precipitating bacteria
played important roles in the natural attenuation process of AMD
which operated on the basis of the fate of metals in AMD
(Fernandez-Rojo et al., 2017). On the other side, sulfate reducing
bacteria produce H,S gasses from the degradation of sulfate
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accompanied by various carbon source. The produced H,S gas was
then injected into the precipitating reactor, reacted with metals to
produce metal-sulfide that precipitated at the bottom of the reactors
(Yildiz et al., 2019a), which then can be separated or recovered
further (Tabak et al., 2003). Several bioreactor systems to treat AMD
and its performance are summarized in Table 5.

6.2. Microbial bioremediation

Discussion about AMD-contaminated environment cannot be
separated from algal/microbial remediation. Algal remediation can
be applied in contaminated water bodies while microbial remedia-
tion can be used to remediate AMD-contaminated water or soil.
Algae have the capability to perform biosorption, which can bio-
concentrate the metals (mostly as concerned pollutant) in AMD
(Santos et al., 2020). The bioconcentrated metals in algae cells can be
separated or recovered. For microbial remediation, biostimulation is
the widely used method. Biostimulation works by injecting nutrients
into contaminated soil to enhance the growth of indigenous bacteria
(Zhu et al., 2020). Indigenous bacteria commonly have higher re-
sistance to the pollutants and can perform adapted enzymatic re-
actions to prevent toxicity to their cells (Imron et al., 2021, 2019;
Kurniawan et al., 2018). The biostimulation also commonly accom-
panied by bioaugmentation, in which superior laboratory culture
bacterium is introduced into the system to assist the remediation
processes (Purwanti et al., 2020; Wang et al., 2020a). Several bior-
emediations of AMD contaminated environment are tabulated in
Table 6.

6.3. Wetland

Wetland is a promising technology to be used in remediating
AMD-contaminated environments (soil and water). Wetland can
perform the simultaneous physical and biological treatment as the
result of the used medium, plants, existed microbial community, and
interaction between microbes and plants during the treatment
(Abdullah et al., 2020; Al-Ajalin et al., 2020; Jehawi et al., 2020). In
AMD treatment or remediation using wetland, phytoextraction and
phytostabilisation become the most involved mechanisms (Ismail
et al., 2020; Purwanti et al., 2020). Phytoextraction is the process of
plants uptaking pollutants into their cell, while phytostabilisation is
the process of metal changing from mobile phase into less mobile
phase during the treatment (Li et al., 2020; Purwanti et al., 2020;
Tangahu et al., 2011). The utilization of wetland to treat AMD or to
remediate AMD contaminated areas should concern the plants'
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capability in tolerating acidic conditions and the hyperaccumulator
characteristics of the plants. Several successful applications of wet-
land in treating or remediating AMD-contaminated environments
are summarized in Table 7.

6.4. Technical issues associated with biological processes

Munyengabe et al., 2020)
Lattuada et al., 2013)

Gervais et al., 2020)
Miller, 2015)

Gervais et al., 2020)

Biological treatment of AMD is usually achieved by biochemi-
cally-mediated processes taking place within living organisms.
Hence, they are usually quite slow. Compared to the other major
process techniques, this genre is the slowest as longer retention
times are needed to achieve adequate pollutant reduction.
Consequently, for such technologies to be applied in practical sce-
narios where a large volume of water needs to be handled, the de-
sign is usually scaled-up. Larger facilities for biological treatment is
needed to achieve equivalent performance for smaller set-ups for
other processes. Due to the delicate nature of biochemically-medi-
ated degradation processes, the pH and temperature have to be
carefully monitored and maintained, else performance will reduce or
can stop entirely.

Ref.

100%, 99.04%, 100% respectively

Results
99%
82%
96%
>60%
>80%

7. Significance of AMD remediation in sustainable water resource
management

=22°C

Sustainable water resource management centers on the avail-
ability, sustainable management of water, accessibility, quality of
water resources and overall sanitation (Ighalo and Adeniyi, 2020). It
emphasizes the need to consider the long term usage of water as
well as the present. Water resource systems that are conserved and
managed to satisfy the dynamic demands placed on them for pre-
sent and future purposes without system degradation can be re-
ferred to as “sustainable” (Loucks, 2000). This resource management
is of high necessity as its essential for unlocking productivity and
economic growth and also provides leverage for health and educa-
tion investments already in existence (Loucks and Van Beek, 2017) in
light of present AMD pollution challenges.

Water is an important component of human life and it has an
inextricable linkage to national development (Ighalo et al., 2021a).
Making water accessible and providing a quality one is a very crucial
element for horticultural and extensive financial development.
Sustainability considerations recognize that ecosystems and their
inhabitants are all water users and that can make or mar the quality
and availability of fresh water (Harrison et al., 2016). Actions at the
local medium to meet water needs may trigger environmental stress
and thus create a trade-off between environmental sustainability
and human water needs (Bhaduri et al., 2016). Though water is very
essential to the ecosystem, the escalated pressure on the water
system is evident through increased global demand and misman-
agement of our water resources (Ighalo et al., 2020b). Some of the
threats include; sewage discharge without treatment, inhabitation in
the river basins, high use of fertilizer for production which in turn
increases waste water effluent flows like nitrogen in rivers, lack of
access to an improved drinking water resource, high dependence on
untreated surface water and use of water with fecal contamination
(Ighalo et al., 2020a). Based on these issues, the question of how
sustainable water management can be ensured while safeguarding
the vital support system on which the welfare of current and future
generations depends arises.

During excavation and activities mining such as highway con-
struction, percolation of water through sulfide minerals results in
their oxidation and subsequently, acids are formed with or without
the inhibition of acidophilic bacteria (Nordstrom and Southam,
2018). The acidified water seeped from above into underground
mines are discharged into streams or holding ponds and when the
mines are abandoned, accumulates in its various chambers and
cavities (Naidu et al,, 2019). Active defunct gold and coal mines

5x 1072 mmol/L

290 mg/L S,05%
1h, PAHs concentration =180 pg/L

100 mg/L S,0327, temperature

=8°C
=94 mg/L

not adjusted, synthetic effluent concentration
7 days, temperature

2.82, total iron

2 h, synthetic effluent concentration

2:1, Time

3, Volume of synthetic AMD = 15 mL, ferrate (Fe03~) concentration

TiO,/Si-C composite mass =100 mg, UV intensity = 125 W, reaction time

65 mg/L, time
Fe?*]/[H20,] =2:1, time =1 min, pH
p

75 g/h, time =1h, pH

30 min, pH

Optimum conditions
Sparging rate

wet Fe(VI) dose
(H505:5,05%7) molar ratio

Time

Fe2+ Zn2+ Mn2+

Target pollutant
PAHs
Fe?*

Thiosalts
Thiosaslts
Thiosaslts

Fe(VI) oxidation
Fe(VI) oxidation

Hy0,
Photocatalysis

Process type
Ozonolysis
H,0,

The efficiency of different AOP processes for the removal of AMD.

Table 4
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Table 5
Various bioreactors to treat AMD.
System Biological Pollutant (s)  Operational Condition Removal Efficiency Finding (s) Ref.
Agent
Anaerobic up-flow Indigenous Sulfate Contact time =0-178 Sulfate = 100% Ethanol was a better electron donor and  (Yildiz et al.,
reactor bacteria Cuprum days Cuprum =63% carbon source rather than acetate. 2019a)
Nickel pH=7 Nickel =95%
Temperature =25 °C
Working volume
=500 mL
Anion-exchange Aminated Peat  Sulfate Contact time =30 mins 76% The anion exchanger performed better (Gogoi
pH=22,43,58 under acidic pH of 2.0. Temperature did et al.,, 2021)
Temperature =2-22 °C not significantly affect the removal
efficiency
Continuous-flow Indigenous Arsenic Contact time Arsenic =65% The wastewater height, floating biofilms, (Fernandez-Rojo
natural bacteria [ron =20-1800 mins [ron = 65% chemical composition, and wastewater et al, 2017)
attenuation pH =2.6-34 feed need to be monitored in order to
Temperature =20 °C preserve bacterial community.
Fluidized bed Bacteria Sulfate Contact time =4-16 h Sulfate =90% Co-treatment with hospital wastewater ~ (Makhathini
Iron pH 2.3 Iron =98% improved the removal efficiencies from et al,, 2021)
Mangan Mangan =98% both pollutant’s parameter
Fluidized bed Bacteria [ron pH3and 7 [ron = 90% Metal was recovered as nano powder (Kumar and
Nickel Nickel =85% and has potential to be used in industry ~ Pakshirajan,
2021)
Membrane Bacteria Arsenic Contact time =6-24h Arsenic =99% Ceramic membrane bioreactor attained (Demir
bioreactor Iron pH 3.5-4 Iron =99% the microbial community dominated by et al., 2021)
Alicyclobacillus tolerans and Acidiphilium
cryptum
Membrane Anaerobic Iron Contact time =12.5-46h  Iron =99% As removal was decreased by the (Yigit
bioreactor bacteria Cuprum pH 3.5-4 Cuprum =99% increasing of the sulfide concentration et al., 2020)
Zinc Zinc =99%
Cobalt Cobalt =99%
Nickel Nickel =99%
Arsenic Arsenic =99%
Membrane Bacteria Iron Contact time =12-48 h Iron =97% Organic matter helped the startup of the (Demir
bioreactor pH 1.5 -25 bioreactor et al,, 2020)
Membrane Bacteria Iron Contact time =1.3-2 Iron =99% As removal was decreasing by the (Yurtsever
bioreactor Cuprum days Cuprum =99% increasing of sulfide concentration et al,, 2019)
Zinc pH 4 Zinc =99%
Cobalt Cobalt =99%
Nickel Nickel =99%
Mangan Mangan =71%
Arsenic Arsenic =67%
Membrane Anaerobic Silica Temperature =35 °C - Desulfovibrio sp. dominated the system (Sahinkaya
bioreactor bacteria Iron et al., 2018)
Cuprum
Natrium
Magnesium
Mussel shell Bacteria Aluminum pH 3.4 Aluminum =99% The system can increase the AMD pH (DiLoreto et al.,
bioreactor Iron Iron =99% until 8.3 2016a)
Nickel Nickel =90%
Thallium Thallium =90%
Zinc Zinc =90%
Mussel shell Matrix ~ Mussel shell Iron Successive alkalinity Iron =99.7% The bioreactor able to simultaneously (DiLoreto et al.,
Aluminum producing systems with ~ Aluminum =99.3% remove metals and alter the pH into 2016b)
Nickel 6 days retention time Nickel =98.8% neutral
Zinc Zinc =99.3%
Thallium Thallium =98.4%
Packed bed Bacteria [ron Contact time =48 h [ron =98% Results of treatment already meet the (Dev
bioreactor Cuprum pH 7 Cuprum =98% effluent quality standards for AMD et al., 2017)
Zinc Zinc =98%
Magnesium Magnesium =98%
Nickel Nickel =98%
Packed bed Iron-oxidizing  Iron Contact time =8-40h - Leptospirillum sp. was detected as (Fan
bioreactor bacteria Cuprum pH 1.2-2.2 dominant genus in the bioreactor et al., 2019)
Sequential Sulfate Sulfate Contact time =172 days  Sulfate =84.7% The addition of tailing leachate into the  (Gomez
bioreactor reducing Mangan pH 4.5 Mangan = 80% system improved the metal removal et al,, 2021)
bacteria Calcium Calcium =50% efficiencies.
Magnesium Magnesium =38% Desulfovibrionaceae sp. dominated the
microbial community.
Structured bed Sulfate Sulfate Contact time =51 days Sulfate =55 - 91% Geobacter sp. and Desulfovibrio sp. were  (Nogueira
bioreactor reducing Iron pH 4.7 Iron =70% dominant genus in the bioreactor. et al,, 2021)
bacteria Cobalt Cobalt = >80% Effluent pH was detected as normal (6.5
Nickel Nickel = > 80% -75)
Cuprum Cuprum =73%
Zinc Mangan =60%

Zinc = 80%
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Table 5 (continued)

System Biological Pollutant (s)  Operational Condition Removal Efficiency Finding (s) Ref.
Agent
Structured bed Anaerobic Iron Contact time =7 days Iron =25% The increasing of Cu concentration (Costa
bioreactor bacteria Cuprum pH 4.5 Cuprum =5% inhibited the sulfate reduction activity et al,, 2021)
thus limiting the availability of electron
donor
Sulfidogenic Indigenous Zinc Contact time =99 days Zinc =70% Desulfoporosinus acididurans was (Gonzalez
bioreactor bacteria Iron pH 2.1 Iron =70% dominating the community over time et al., 2019)
Sulfidogenic Bacteria Iron Contact time =12h Iron =87% Desulfovirga, Desulfobulbus, Desulfovibrio, (Deng
bioreactor Mangan Mangan =47% and Syntrophus sp. were dominating the et al., 2016)
microbial community
Sulfidogenic Indigenous Cobalt Contact time =462 days  Cobalt =99.9% The acid tolerant bacteria (Santos and
bioreactor bacteria Nickel Temperature =35 and Nickel =99.9% (Desulfosporosinus acididurans and Johnson, 2017)
Zinc 45°C Zinc =99.9% Peptococcaceae CEB3) maintain the
pH 4 and 5 performance of bioreactor
Sulfidogenic Bacteria Cuprum Contact time =148 days - Cuprum recovery was optimum in (Yildiz et al.,
bioreactor Nickel pH 2 ethanol-feed bioreactor 2019b)
Sulfidogenic Bacteria Sulfate Stirring = 150 rpm Sulfate = 80% Desulfovibrio sp. was detected as the (Ferraz
bioreactor Iron Temperature =35 °C Iron =99.7% major genus in the bioreactor et al, 2021)
Sulfate-reducing Indigenous Sulfate Contact time =5-10h Up to 71.4% in Contact time and operational pH (Aoyagi
bioreactor bacteria pH=3and 7 neutral pH (6 h) and  significantly affect the bacterial et al,, 2017)
Working volume =50L 66.7% in acidic community composition in the
pH (20h) bioreactor.
Sulfate-reducing Sulfate Sulfate Contact time =12.5h Sulfate =77.9% Transition from aerobic to anaerobic (Sato
bioreactor reducing pH 6.7 zone was important for degradation et al,, 2022)
bacteria
Two stages Sulfate Aluminum pH =4-5 Aluminum =99.8% Sulfate reducing bacteria produced (Tabak
bioreactor reducing Cadmium Working volume Cadmium =99.8% adequate amount of sulfide to be et al,, 2003)
bacteria Cobalt =250mL Cobalt =99.7% recycled back in the precipitating tank to
Cuprum Cuprum =99.1% form metal-sulfide (solid).
Iron Iron =97.1%
Mangan Mangan =87.4%
Nickel Nickel =47.8%
Zinc Zinc =100%
Table 6

Bioremediation of AMD-contaminated area.

System

Biological agent

Contaminated Area Pollutant (s)

Removal efficiency

Ref.

Algae bioremediation
Algae bioremediation

Algae bioremediation

Anaerobic packed bed

Biostimulation

Biostimulation
Biostimulation

Biostimulation

Chlorella sorokiniana

Chlamydomonas
Eunotia exigua
Scenedesmus sp.

Clostridium sp.
Desulfovibrio sp.

sp.

Desulfitobacterium sp.

Indigenous bacteria

Acidithiobacillus ferrooxidans
Indigenous bacteria

Indigenous bacteria

Surface water Cuprum

Surface water Iron
Arsenic
Iron

Lead
Mangan
Zinc
Arsenic
Cadmium
Cobalt
Chromium
Cuprum
Iron

Lead
Mercury
Nickel
Zinc
Aluminum
Cadmium
Cobalt
Cuprum
Iron
Nickel
Zinc

Iron
Arsenic
Iron

Iron
Mangan

Surface water

Surface water

Ground water

Soil
Soil

Surface water

Up to 99.5%
Up to 99.98%

Arsenic =53%

Iron =94%

Lead =40%

Mangan =72.5%

Zinc =60%

Average metal removal of 80% with the
highest of 99%

Up to 99.6%

n.a.
Ranged between 32% and 99%

Iron =73%
Mangan =19.85%

(Ayala-Parra
et al., 2016)
(Fyson et al., 2006)

(Santos et al., 2020)

(Martins et al., 2011)

(Jeen and
Mattson, 2016)

(Schippers et al., 2010)
(Zhu et al., 2020)

(Nurcholis et al., 2018)
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Table 7
The utilization of wetland for AMD treatment or remediation.
Purpose System Plant species Contaminated area Pollutant (s)  Removal Ref.
efficiency
Remediation  Free-surface flow Juncus canadensis Soil Iron Iron =30% (A. Gupta et al., 2020; V. Gupta
Carex lacustris Surface water Sulfate Sulfate = 100% et al., 2020)
Typha latifolia
Remediation ~ Surface flow Helianthus tuberosus Soil Cadmium Cadmium =12% (Willscher et al., 2017)
Cuprum Cuprum =30%
Lead Lead =10%
Mangan Mangan =20%
Nickel Nickel =50%
Zinc Zinc =30%
Remediation  Free-surface flow Salix drummondiana Surface water Cadmium Up to 87% (Kersten et al., 2017)
S. monticola Lead
S. planifolia
Treatment Horizontal sub- Typha latifolia Surface water Aluminum Aluminum (Singh and Chakraborty, 2020)
surface flow Cobalt =59.7%
Chromium Cobalt =93.7%
Iron Chromium
Mangan =99.7%
Nickel Iron =91.6%
Sulfate Mangan =n.a.
Nickel =97.8%
Sulfate =44-75%
Treatment Sub-surface flow Iris pseudoacorus L. Surface water Cadmium Cadmium (Chen et al., 2021)
Chromium =53.24%
Cuprum Chromium
Iron =83.5%
Zinc Cuprum =n.a.
Iron =59.6%
Zinc =42.38%
Treatment Surface flow Carex rostrata Surface water Cuprum Cuprum =57% (Nyquist and Greger, 2009)
Eriophorum angustifolium Iron Iron =n.a.
Phragmites australis Zinc Zinc =n.a.
Treatment Free-surface flow P. australis Surface water Cuprum n.a (Ding and Sun, 2021)
Iron
Mangan
Zinc

continue to pollute ecosystems through AMD and deposits of
radioactive elements (John et al.,, 2017). To maintain the supply of
freshwater contaminated by AMD and other pollutants, water frac-
tioning is done in many cases and also the active implementation of
water resource management.

Several active and passive water treatment techniques have been
developed to control AMD (Kuyucak, 2002). Active systems require
the use of long term systematic addition of various alkaline chemi-
cals such as hydrated lime, caustic soda and ammonia (Saha and
Sinha, 2018). They require a long commitment and are also very
expensive. Conversely, passive treatment systems are cost-effective
with very little maintenance. This method relies on the dissolution
of limestone to increase pH and alkalinity and precipitate metals.
Various studies have recorded that blast furnace slag has a capacity
of absorbing phosphorous and heavy metals. This absorption prop-
erty has good potential of assisting in the development of new types
of environmentally harmless, cheap and effective filters for water
purification, materials stabilization, landfills covers and other pur-
poses. Environmental harm caused by mining and construction, and
other nature imposed disturbing activities were highly underplayed,
hence the consequences (Ighalo et al., 2020c). One of the principles
of conservation is development which states that sustainable de-
velopment depends on good environmental management and in
turn, good environmental management equally depends on sus-
tainable development (Lopez-Gamero et al., 2011). Due to the high
complexity of AMD, the impact poses a difficulty in terms of quan-
tification and prediction.

The effects of pollution caused by AMD can be categorized as
metal toxicity, acidity, salinization and sedimentation processes.
These effects inadvertently reduce its ecological stability. AMD is
known to be a complex factor pollutant and the effect varies with
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the recipient host systems. AMD impact is quite unpredictable due
to the variation of its discharge. Acidic water formed by AMD dis-
solves metals thereby posing as threats to wildlife and humans.
Hence, the environment needs to be protected from AMD. This is to
ensure the safety of all organisms in the ecosystem in the long term.
This is because AMD also occurs even after mining ends (Ochieng
et al.,, 2010). This is a huge problem because AMD cannot easily be
stopped once it occurs on a large scale. Environmental protection
also needs to be implemented because damages caused by AMD
disrupts growth and reproduction of animals and plant, causes dis-
eases and increases corroding effects of acids on the parts of infra-
structures like bridges. AMD is not only limited to ecological
concerns but also linked to economic concerns due to the general
decline in tourism and outdoor recreation (Mogale and Odeku,
2018). With water being one of the basic medium for transportation
of contaminants, AMD can be controlled by managing the water
flow, diversion of the surface water flowing towards the pollution
site, prevention of groundwater infiltration and adequate manage-
ment of acid generated wastes.

In efforts to reduce AMD, several treatment techniques have been
birthed and tested. This has proven to be of high relevance as regards
the term ‘reduction’. Chemical treatments are quite expensive but
not ruled out (Ighalo et al., 2021c). They can be achieved either by
active treatments where chemicals are added to AMD or by passive
treatment where AMD is channeled to pass through wetlands.
Limestone is one of the raw materials used for active treatment but
not devoid of limitations. For better treatments, low-cost materials
such as fly ash and zeolite materials are used as alternatives. Cor-
rective techniques are designed to treat acidic waters produced by
mining while the objective of preventive techniques are to prevent
the production of AMD. These preventive techniques attack the
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essential elements in acidic water formation; oxygen, water and
Thiobacillus ferroxidans bacteria. For preventive treatments, surface
water diversion technique tries to reduce the supply of water to
potential acid-generating materials by the use of waterproofed
channels and other means (Pozo-Antonio et al., 2014). This is a low-
cost technique that is easy to apply but the application could be
flawed. Soil compaction technique is not totally a restoration scheme
but works effectively when put in practice with others. The per-
meability of mining wastes decreases when compacted. This works
by reducing water flow and in turn, hinders the oxidation of the
material and acid production rate. Dry covers aim at stabilization of
mining wastes to prevent erosion, inhibition and prevention of
pollutant release and esthetic appearance movement. The effec-
tiveness of this technique increases when choosing a dry and high
location for the dump. Coverings with sludge improve vegetation
establishment, productivity and fertility. The yield of this treatment
is relatively higher when compared to other inorganic fertilizers.
Handling tailing technique is very expensive but gives excellent re-
sults. Cognizance of underground or surface mines is not taken when
using the corrective technique. In line systems plants gives the most
effective results both in percentage recovery aspects and in eco-
nomic aspects. This is in contrast with the plants by ion exchange or
reverse osmosis which is highly effective and quite expensive. These
treatment techniques are all good with their limitations. A combi-
nation of blended techniques can be adopted for positive results.

8. Conclusion

The ecotoxicology of AMD was established in the study and
various treatment methods were analyzed especially corrective
treatment methods. It should be noted that the applicability and
suitability of a given treatment approach is a function of nature (the
major constituent) of the AMD and their initial concentration, as
well as the cost and environmental impact of the operation. The
adsorption technique is a popular choice by investigators due to its
environmental, operational and economic efficiency. Those involving
the transfer of solute particles from aqueous states to the solid
surfaces of the adsorbent proves to be the preferred method because
of the operational, environmentally and economic efficiency, but
most significantly its zero to waste adsorbent reusable character-
istics. The presence of metal-binding surface functional group on
organic based adsorbent accounts for their high metal ion uptake
with high adsorptive capacities being observed in the batch process.
Given an appropriate choice of adsorbent, ions in AMD can be re-
duced between 50% and 99%. Membrane separation processes are
more effective than adsorption and can effect over 90% rejection at
optimized conditions. Considering, nano-filtration, reverse osmosis
and hybrid systems, concentration polarization is one of the ad-
vantages of nano-filtration. Selectivity, operating cost and decent
energy reservation when compared with other type of membrane
makes reverse osmosis stand out. AOPs have been shown to
achieve > 80% ions removal. AOPs are peculiar due to their ability to
oxidize organic compounds in a cost effective manner, less toxicity,
mineralization of by-products and pollutants into less harmful
compounds. AOPs are adopted when oxidation is less sufficient. A
considerable number of studies have not been done on AMD miti-
gation through the AOP especially the sonochemical and electro-
chemical AOPs. Even combinations of different AOPs categories have
not been employed for this problem. There is also a high generation
of sludge from the process an d high expensive nature of utilizing
AOPs that possess as a problem. Ultraviolet and ultrasound used for
sono-processes has high electrical requirement. Therefore, this
leaves gaps to be covered by researchers in this field.

Biological processes showed a far wider spread of performance
due to the selectivity in performance of the different micro-organisms
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used. Biological are of two main aspects, one targets the treatment
of AMD while the other avoids leaching and remediates AMD in-
fected environments. However, algal bioreactors seemed the most
effective in this domain as they have been shown to effectively
remove both sulfates and heavy metals and is used for AMD
treatment whereas microbial and algae remediation are used to
remediate AMD infused environments. For treatment, bioreactors
and wetlands of various types have been reported to be successfully
treating the AMD before release to the environment or to avoid
leaching. Though biological processes are quite slow, demanding
high retention time, and very sensitive to pH and temperature,
scaling up is advised. It is recommended that more AOPs types be
investigated including the combination of different process types
and cost effective ways of ozone utilization and its continuous
production. As long as there are limitations to these treatment
processes, AMD remediation is not totally guaranteed so preventive
techniques should be investigated so as to reduce the production of
AMD. The review considered the significance of AMD remediation
in sustainable water resource management. Corrective techniques
are designed to treat acidic waters produced by mining while
preventive techniques are to prevent the production of AMD: each
approach has its technicalities. In-line systems plants give the most
effective results both in percentage recovery aspects and in eco-
nomic aspects though a combination of blended techniques can be
adopted for positive results.

Compliance with ethical standards

This article does not contain any studies involving human or
animal subjects.

Funding
There was no external funding for the study.
CRediT authorship contribution statement

Joshua 0. Ighalo: Conceptualization, Methodology, Writing -
original draft, Writing - review & editing, Supervision, Validation,
Project administration. Setyo Budi Kurniawan: Writing - original
draft, Writing - review & editing, Validation. Kingsley O. Iwuozor:
Writing - original draft, Writing - review & editing, Validation.
Chukwunonso O. Aniagor: Writing - original draft, Writing - re-
view & editing, Validation. Oluwaseun J. Ajala: Writing - original
draft, Writing - review & editing, Validation. Stephen N.
Oba: Writing - original draft, Writing - review & editing, Validation.
Felicitas U. Iwuchukwu: Writing - original draft, Writing - review &
editing, Validation. Shabnam Ahmadi: Writing - original draft,
Writing - review & editing, Validation. Chinenye Adaobi
Igwegbe: Supervision, Writing - original draft, Writing - review &
editing, Validation.

Declaration of Competing Interest

The authors declare that there are no conflicts of interest.
Acknowledgement

All authors whose work were cited are hereby acknowledged.

References

Abdullah, S.R.S., Al-Baldawi, L.A., Almansoory, A.F, Purwanti, LF, Al-Sbani, N.H.,
Sharuddin, S.S.N., 2020. Plant-assisted remediation of hydrocarbons in water and
soil: application, mechanisms, challenges and opportunities. Chemosphere 247,
125932.


http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref1
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref1
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref1
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref1

J.0. Ighalo, S.B. Kurniawan, K.O. Iwuozor et al.

Agboola, O., Mokrani, T., Sadiku, E.R., Kolesnikov, A., Olukunle, O.I., Maree, ].P., 2017.
Characterization of two nanofiltration membranes for the separation of ions from
acid mine water. Mine Water Environ. 8.

Aguiar A., Andrade L., Pires W., Amaral M. (2015) Evaluation of nanofiltration and
reverse osmosis in the treatment of gold acid mine drainage. Paper presented at
the 10th international conference on ACid mine drainage, April 21-24, Santiago,
Chile.

Aguiar, A.O., Andrade, L.H., Ricci, B.C., Pires, W.L., Miranda, G.A., Amaral, M.C., 2016.
Gold acid mine drainage treatment by membrane separation processes: an eva-
luation of the main operational conditions. Sep Purif. Technol. 170, 360-3609.

Ahmadi, S., Rahdar, A., Igwegbe, C.A., Mortazavi-Derazkola, S., Banach, A.M., Rahdar, S.,
Singh, AK. Rodriguez-Couto, S., Kyzas, G.Z., 2020. Praseodymium-doped cad-
mium tungstate (CdAWO4) nanoparticles for dye degradation with sonocatalytic
process. Polyhedron 190, 114792.

Akcil, A., Koldas, S., 2006. Acid Mine Drainage (AMD): causes, treatment and case
studies. . Clean. Prod. 14, 7.

Al-Ajalin, FAH., Idris, M., Abdullah, S.R.S., Kurniawan, S.B., Imron, M.F, 2020.
Evaluation of short-term pilot reed bed performance for real domestic waste-
water treatment. Environ. Technol. Innov. 20, 101110.

Al-Zoubi, H., Rieger, A., Steinberger, P, Pelz, W., Haseneder, R., Hartel, G., 2010a.
Nanofiltration of acid mine drainage. Desalin. Water Treat. 21, 148-161.

Al-Zoubi, H., Rieger, A., Steinberger, P., Pelz, W., Haseneder, R., Hartel, G., 2010b.
Optimization study for treatment of acid mine drainage using membrane tech-
nology. Sep Sci. Technol. 45, 2004-2016.

Amanda, N., Moersidik, S.S., 2019. Characterization of sludge generated from acid
mine drainage treatment plants. J. Phys.: Conf. Ser. 1351, 6.

Amaya-Vias, D., Tataru, L., Herce-Sesa, B., Lopez-Lépez, J.A., Lopez-Ramirez, J.A., 2019.
Metals removal from acid mine drainage (Tinto River, SW Spain) by water gap and
air gap membrane distillation. . Membr. Sci. 582, 20-29.

Ambiado, K., Bustos, C., Schwarz, A., Bérquez, R., 2017. Membrane technology applied
to acid mine drainage from copper mining. Water Sci. Technol. 75, 705-715.
Aniagor, C.0., Igwegbe, C.A., Ighalo, J.0., Oba, S.N., 2021. Adsorption of doxycycline

from aqueous media: a review. J. Mol. Lig. 334, 116124.

Aoyagi, T., Hamai, T., Hori, T., Sato, Y., Kobayashi, M., Sato, Y., Inaba, T., Ogata, A., Habe,
H., Sakata, T., 2017. Hydraulic retention time and pH affect the performance and
microbial communities of passive bioreactors for treatment of acid mine drainage.
Amb. Express 7, 1-11.

Arnold, T., Baumanna, N., Krawczyk-Barsch, E., Brockmann, S., Zimmermannc, U., Jenk,
U., WeiRa, S., 2011. Identification of the uranium speciation in an underground
acid mine drainage environment. Geochim. Cosmochim. 75, 13.

Auld, R.R. Myre, M., Mykytczuk, N.C.S., Leduc, LG. Merritt, TJ.S., 2013.
Characterization of the microbial acid mine drainage microbial community using
culturing and direct sequencing techniques. J. Microbiol Methods 93, 8.

Ayala-Parra, P, Sierra-Alvarez, R., Field, ].A., 2016. Algae as an electron donor pro-
moting sulfate reduction for the bioremediation of acid rock drainage. ]J. Hazard
Mater. 317, 335-343.

Badawy, M.L, Ghaly, M.Y., Gad-Allah, T.A., 2006. Advanced oxidation processes for the
removal of organophosphorus pesticides from wastewater. Desalination 194,
166-175.

Baena-Moreno, F.M., Rodriguez-Galan, M., Arroyo-Torralvo, F., Vilches, L.F., 2020. Low-
energy method for water-mineral recovery from acid mine drainage based on
membrane technology: evaluation of inorganic salts as draw solutions. Environ.
Sci. Technol. 54, 10936-10943.

Balarak, D., Igwegbe, C.A., Onyechi, P.C., 2019. Photocatalytic degradation of me-
tronidazole using BIOI-MWCNT composites: synthesis, characterization, and op-
erational parameters. Sigma: J. Eng. Nat. Sci./Miihendislik ve Fen. Bilim. Derg. 37.

Balarak, D., Zafariyan, M., Igwegbe, C.A., Onyechi, K.K., Ighalo, ].0., 2021. Adsorption of
acid blue 92 dye from aqueous solutions by single-walled carbon nanotubes:
isothermal, kinetic, and thermodynamic studies. Environ. Process. 8, 869-888.

Barrera, K., Briso, A., Ide, V., Martorana, L., Montes, G., Basualto, C., Borrmann, T.,
Valenzuela, F.,, 2017. Treatment of acidic mine drainage in an adsorption process
using calcium silicate modified with Fe (IIl). Hydrometallurgy 172, 19-29.

Bhaduri, A., Bogardi, ]., Siddiqi, A., Voigt, H., Vérésmarty, C., Pahl-Wostl, C., Bunn, S.E.,
Shrivastava, P., Lawford, R., Foster, S., 2016. Achieving sustainable development
goals from a water perspective. Front. Environ. Sci. 4, 64.

Bhattacharyya, K.G., Gupta, S.S., 2006. Adsorption of Fe (III) from water by natural and
acid activated clays: studies on equilibrium isotherm, kinetics and thermo-
dynamics of interactions. Adsorption 12, 185-204.

Bhaumik, M., Setshedi, K., Maity, A., Onyango, M.S., 2013. Chromium (VI) removal from
water using fixed bed column of polypyrrole/Fe304 nanocomposite. Sep Purif.
Technol. 110, 11-19.

Bodalo-Santoyo, A., Gémez-Carrasco, J., Gomez-Gomez, E., Maximo-Martin, F,
Hidalgo-Montesinos, A., 2003. Application of reverse osmosis to reduce pollutants
present in industrial wastewater. Desalination 155, 101-108.

Buzzi, D.C., Viegas, L.S., Rodrigues, M.A.S., Bernardes, A.M., Tendrio, ].A.S., 2013. Water
recovery from acid mine drainage by electrodialysis. Min. Eng. 40, 82-89.

Carrero, S., Pérez-Lopez, R., Fernandez-Martinez, A., Cruz-Hernandez, P., Ayora, C.,
Poulain, A., 2015. The potential role of aluminium hydroxysulphates in the re-
moval of contaminants in acid mine drainage. Chem. Geol. 417, 10.

Chamorro, S., Barata, C, Pifia, B., Casado, M., Schwarz, A., Sdez, K., Vidal, G., 2018.
Toxicological analysis of acid mine drainage by water quality and land use
bioassays. Mine Water Environ. 37, 88-97.

Chen, J., Li, X,, Jia, W., Shen, S., Deng, S., Ji, B., Chang, J., 2021. Promotion of bior-
emediation performance in constructed wetland microcosms for acid mine
drainage treatment by using organic substrates and supplementing domestic
wastewater and plant litter broth. ]. Hazard Mater. 404, 124125.

55

Process Safety and Environmental Protection 157 (2022) 37-58

Cheng, S., Jang, J.-H., Dempsey, B.A., Logan, B.E., 2011. Efficient recovery of nano-sized
iron oxide particles from synthetic acid-mine drainage (AMD) water using fuel
cell technologies. Water Res. 45, 5.

Chockalingam, E., Subramanian, S., 2006. Studies on removal of metal ions and sul-
phate reduction using rice husk and Desulfotomaculum nigrificans with reference
to remediation of acid mine drainage. Chemosphere 62, 699-708.

Chockalingam, E., Subramanian, S., 2009. Utility of Eucalyptus tereticornis (Smith)
bark and Desulfotomaculum nigrificans for the remediation of acid mine drai-
nage. Bioresour. Technol. 100, 615-621.

Choi, J., Im, S.-J,, Jang, A., 2019. Application of volume retarded osmosis-Low pressure
membrane hybrid process for recovery of heavy metals in acid mine drainage.
Chemosphere 232, 264-272.

Consani, S., lanni, M.C,, Dinelli, E., Capello, M., Cutroneo, L., Carbone, C., 2019.
Assessment of metal distribution in different Fe precipitates related to Acid Mine
Drainage through two sequential extraction procedures. ]. Geochem. Explor. 196,
247-258.

Costa, M.C,, Santos, E.S., Barros, R.]., Pires, C., Martins, M., 2009. Wine wastes as carbon
source for biological treatment of acid mine drainage. Chemosphere 75, 6.

Costa, R.B., Godoi, L.A.G., Braga, A.EM., Delforno, T.P., Bevilaqua, D., 2021. Sulfate re-
moval rate and metal recovery as settling precipitates in bioreactors: influence of
electron donors. J. Hazard Mater. 403, 123622.

Daramola, M., Silinda, B., Masondo, S., Oluwasina, 0., 2015. Polyethersulphone-soda-
lite (PES-SOD) mixed-matrix membranes: prospects for acid mine drainage
(AMD) treatment. J. South. Afr. Inst. Min. Metall. 115, 1221-1228.

Davey, CJ., Leak, D., Patterson, D.A., 2016. Hybrid and mixed matrix membranes for
separations from fermentations. Membranes 6, 17.

Demersa, 1., Benzaazoua, M., Mbonimpaa, M., Boudaa, M., Bois, D., Gagnon, M., 2015.
Valorisation of acid mine drainage treatment sludge as remediation component to
control acid generation from mine wastes, part 1: material characterization and
laboratory kinetic testing. Min. Eng. 76, 8.

Demir, E.K,, Yaman, B.N., Celik, P.A., Sahinkaya, E., 2020. Iron oxidation in a ceramic
membrane bioreactor using acidophilic bacteria isolated from an acid mine
drainage. J. Water Process Eng. 38, 101610.

Demir, E.K., Yaman, B.N,, Celik, P.A,, Puhakka, J.A., Sahinkaya, E., 2021. Simulated acid
mine drainage treatment in iron oxidizing ceramic membrane bioreactor with
subsequent co-precipitation of iron and arsenic. Water Res, 117297.

Deng, D., Weidhaas, J.L,, Lin, L.-S., 2016. Kinetics and microbial ecology of batch sul-
fidogenic bioreactors for co-treatment of municipal wastewater and acid mine
drainage. J. Hazard Mater. 305, 200-208.

Dev, S., Roy, S., Bhattacharya, J., 2017. Optimization of the operation of packed bed
bioreactor to improve the sulfate and metal removal from acid mine drainage. ].
Environ. Manag. 200, 135-144.

DiLoreto, Z., Weber, P., Olds, W., Pope, ]., Trumm, D., Chaganti, S., Heath, D., Weisener,
C., 2016a. Novel cost effective full scale mussel shell bioreactors for metal removal
and acid neutralization. J. Environ. Manag. 183, 601-612.

DiLoreto, Z., Weber, P., Weisener, C., 2016b. Solid phase characterization and metal
deportment in a mussel shell bioreactor for the treatment of AMD, Stockton Coal
Mine, New Zealand. Appl. Geochem 67, 133-143.

Ding, Z., Sun, Q., 2021. Effects of flooding depth on metal (loid) absorption and phy-
siological characteristics of Phragmites australis in acid mine drainage phytor-
emediation. Environ. Technol. Innov. 22, 101512.

Dlamini, C.L., De Kock, L.-A., Kefeni, K.K., Mamba, B.B., Msagati, T.A.M., 2019a. Acid
mine drainage pollution remediation using hybrid chelating ion-exchange/HZrO 2
nanocomposite adsorbents. SN Appl. Sci. 1, 1-14.

Dlamini, C.L., De Kock, L.-A., Kefeni, K.K., Mamba, B.B., Msagati, T.A.M., 2019b.
Polymeric ion exchanger supported ferric oxide nanoparticles as adsorbents for
toxic metal ions from aqueous solutions and acid mine drainage. J. Environ. Health
Sci. Eng. 17, 719-730.

Dold, B., 2014. Evolution of acid mine drainage formation in sulphidic mine tailings.
Minerals 4, 21.

Eletta OAA, Adeniyi AG, Magaji MM, Ighalo JO (2019) A Mini-Review on the
Application of Alumina Nano-Particles for Water Treatment. Paper presented at
the FUOYE science conference, Oye-ekiti, Nigeria.

Esmaeili, A., Mobini, M., Eslami, H., 2019. Removal of heavy metals from acid mine
drainage by native natural clay minerals, batch and continuous studies. Appl.
Water Sci. 9, 1-6.

Espana, |.S., Pamo, E.L,, Santofimia, E., Aduvire, O., Reyes, J., Barettino, D., 2005. Acid
mine drainage in the Iberian Pyrite Belt (Odiel river watershed, Huelva, SW
Spain): geochemistry, mineralogy and environmental implications. Appl.
Geochem 20, 37.

Espaiia, J.S., Pastor, E.Sm, Pamo, E.L., 2007. Iron terraces in acid mine drainage sys-
tems: a discussion about the organic and inorganic factors involved in their for-
mation through observations from the Tintillo acidic river (Riotinto mine, Huelva,
Spain). Geosphere 3, 19.

Etale, A, Yalala, B., Tutu, H., Drake, D.C., 2014. Adsorptive removal of mercury from
acid mine drainage: a comparison of silica and maghemite nanoparticles. Toxicol.
Environ. Chem. 96, 542-554.

Falayi, T,, Ntuli, F,, 2014. Removal of heavy metals and neutralisation of acid mine
drainage with un-activated attapulgite. J. Ind. Eng. Chem. 20, 1285-1292.

Fan, J.-h, Liu, X.-y, Gu, Q.-y, Zhang, M.-j, Hu, X.-w, 2019. Effect of hydraulic retention
time and pH on oxidation of ferrous iron in simulated ferruginous acid mine
drainage treatment with inoculation of iron-oxidizing bacteria. Water Sci. Eng. 12,
213-220.

Feng, D., Van Deventer, J., Aldrich, C, 2004. Removal of pollutants from acid
mine wastewater using metallurgical by-product slags. Sep Purif. Technol. 40,
61-67.


http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref2
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref2
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref2
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref3
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref3
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref3
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref4
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref4
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref4
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref4
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref5
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref5
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref6
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref6
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref6
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref7
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref7
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref8
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref8
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref8
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref9
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref9
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref10
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref10
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref10
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref11
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref11
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref12
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref12
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref13
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref13
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref13
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref13
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref14
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref14
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref14
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref15
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref15
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref15
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref16
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref16
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref16
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref17
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref17
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref17
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref18
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref18
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref18
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref18
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref19
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref19
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref19
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref20
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref20
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref20
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref21
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref21
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref21
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref22
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref22
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref22
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref23
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref23
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref23
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref24
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref24
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref24
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref25
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref25
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref25
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref26
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref26
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref27
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref27
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref27
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref28
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref28
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref28
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref29
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref29
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref29
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref29
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref30
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref30
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref30
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref31
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref31
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref31
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref32
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref32
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref32
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref33
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref33
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref33
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref34
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref34
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref34
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref34
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref35
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref35
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref36
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref36
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref36
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref37
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref37
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref37
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref38
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref38
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref39
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref39
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref39
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref39
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref40
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref40
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref40
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref41
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref41
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref41
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref42
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref42
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref42
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref43
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref43
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref43
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref44
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref44
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref44
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref45
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref45
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref45
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref46
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref46
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref46
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref47
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref47
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref47
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref48
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref48
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref48
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref48
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref49
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref49
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref50
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref50
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref50
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref51
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref51
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref51
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref51
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref52
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref52
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref52
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref52
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref53
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref53
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref53
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref54
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref54
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref55
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref55
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref55
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref55
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref56
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref56
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref56

J.0. Ighalo, S.B. Kurniawan, K.O. Iwuozor et al.

Feng, G., Ma, ], Zhang, X., Zhang, Q., Xiao, Y., Ma, Q., Wang, S., 2019. Magnetic natural
composite Fe304-chitosan@bentonite for removal of heavy metals from acid
mine drainage. J. Colloid Interface Sci. 538, 132-141.

Fernandez-Rojo, L., Héry, M., Le Pape, P., Braungardt, C., Desoeuvre, A., Torres, E., Tardy,
V., Resongles, E., Laroche, E., Delpoux, S., 2017. Biological attenuation of arsenic
and iron in a continuous flow bioreactor treating acid mine drainage (AMD).
Water Res. 123, 594-606.

Ferraz, R.M., Costa, J.M., Verola, L.M., Sancinetti, G.P., Rodriguez, R.P., 2021. Effects of
the inoculum source, electron donor, and immobilization on the microbial com-
munity of sulfidogenic bioreactors. Chem. Eng. J. 404, 126549.

Ferreira, R.A., Pereira, M.F,, Magalhdes, ].P., Mauricio, A.M., Cagador, 1., Martins-Dias, S.,
2021. Assessing local acidmine drainage impacts on natural regeneration-re-
vegetation of Sdo Domingos mine (Portugal) using a mineralogical, biochemical
and textural approach. Sci. Total Environ. 755, 16.

Fyson, A., Nixdorf, B., Kalin, M., 2006. The acidic lignite pit lakes of
Germany—microcosm experiments on acidity removal through controlled eu-
trophication. Ecol. Eng. 28, 288-295.

Gao, P, Sun, X, Xiao, E., Xu, Z, Li, B., Sun, W., 2019. Characterization of iron-meta-
bolizing communities in soils contaminated by acid mine drainage from an
abandoned coal mine in Southwest China. Environ. Sci. Pollut. Res. 14.

Garcia-Valero, A., Martinez-Martinez, S., Faz, A., Rivera, ], Acosta, ], 2020.
Environmentally sustainable acid mine drainage remediation: use of natural al-
kaline material. ]. Water Process Eng. 33, 101064.

Gazea, B., Adam, K., Kontopoulos, A., 1996. A review of passive systems for the
treatment of acid mine drainage. Min. Eng. 9, 20.

Gervais, M., Dubuc, J., Paquin, M., Gonzalez-Merchan, C., Genty, T., Neculita, C.M.,
2020. Comparative efficiency of three advanced oxidation processes for thiosalts
oxidation in mine-impacted water. Min. Eng. 152, 106349.

Gitari, M., Petrik, L., Etchebers, O., Key, D., Iwuoha, E., Okujeni, C., 2006. Treatment of
acid mine drainage with fly ash: removal of major contaminants and trace ele-
ments. J. Environ. Sci. Health Part A 41, 1729-1747.

Gogoi, H., Leiviskd, T., Rdm®, J., Tanskanen, J., 2021. Acid mine drainage treatment with
novel high-capacity bio-based anion exchanger. Chemosphere 264, 128443.
Goldani, E., Moro, C.C., Maia, S.M., 2012. A study employing differents clays for Fe and

Mn removal in the treatment of acid mine drainage. Water Air Soil Pollut. 224.

Gomez, D.V., Serrano, A., Peces, M., Ryan, B., Hofmann, H., Southam, G., 2021. A se-
quential bioreactor adaption strategy enhanced the precipitation of metals from
tailings’ leachates. Min. Eng. 170, 107051.

Gonzalez, D, Liy, Y., Gomez, D.V., Southam, G., Hedrich, S., Galleguillos, P., Colipai, C.,
Nancucheo, 1., 2019. Performance of a sulfidogenic bioreactor inoculated with
indigenous acidic communities for treating an extremely acidic mine water. Min.
Eng. 131, 370-375.

Grawunder, A., Merten, D., Biichel, G., 2014. Origin of middle rare earth element en-
richment in acid mine drainage-impacted areas. Environ. Sci. Pollut. Res. Int. 12.

Gray, N.F, 1997. Environmental impact and remediation of acid mine drainage: a
management problem. Environ. Geol. 30, 10.

Gupta, A, Sar, P, 2020. Characterization and application of an anaerobic, iron and
sulfate reducing bacterial culture in enhanced bioremediation of acid mine
drainage impacted soil. J. Environ. Sci. Health, Part A 19.

Gupta, V., Courtemanche, J., Gunn, J., Mykytczuk, N., 2020. Shallow floating treatment
wetland capable of sulfate reduction in acid mine drainage impacted waters in a
northern climate. J. Environ. Manag. 263, 110351.

Hakkou, R., Benzaazoua, M., Bussiere, B., 2008. Acid mine drainage at the abandoned
Kettara Mine (Morocco): 1. Environ. Charact. Mine Water Environ. 27, 15.

Hammarstroma, J.M., Sibrellb, P.L.,, Belkina, H.E., 2003. Characterization of limestone
reacted with acid-mine drainage in a pulsed limestone bed treatment system at
the Friendship Hill National Historical Site, Pennsylvania, USA. Appl. Geochem
18, 17.

Harrison, L], Green, P.A., Farrell, T.A., Juffe-Bignoli, D., Sdenz, L., Vérésmarty, C.J., 2016.
Protected areas and freshwater provisioning: a global assessment of freshwater
provision, threats and management strategies to support human water security.
Aquat. Conserv.: Mar. Freshwater Ecosyst. 26, 103-120.

Hashem A., Aniagor C., Taha G., Fikry M. (2021b) Utilization of Low-cost Sugarcane
Waste for the Adsorption of Aqueous Pb(II): Kinetics and Isotherm Studies Current
Research in Green and Sustainable Chemistry.

Hashem, A., Aniagor, C., Hussein, D., Farag, S., 2021a. Application of novel butane-1, 4-
dioic acid-functionalized cellulosic biosorbent for aqueous cobalt ion sequestra-
tion. Cellulose 1-17.

Hashem, A., ANIAGOR, C.0., Nasr, M., Abou-Okeil, A., 2021b. Efficacy of treated sodium
alginate and activated carbon fibre for Pb(Il) adsorption. Int. ]. Biol. Macromol.
1-16.

Havig, J.R., Grettenberger, C., Hamilton, T.L.,, 2017. Geochemistry and microbial com-
munity composition across a range of acid mine drainage impact and implications
for the Neoarchean-Paleoproterozoic transition. ]J. Geophys. Res.: Biogeosci.
122, 19.

Hidayat, A.E., Moersidik, S.S., Adityosulindro, S., 2021. Adsorption and desorption of
zinc and copper in acid mine drainage onto synthesized zeolite from coal fly ash. J.
Phys.: Conf. Ser. 1811, 012045.

Hong, S., Cannon, ES., Hou, P, Byrne, T., Nieto-Delgado, C., 2014. Sulfate removal from
acid mine drainage using polypyrrole-grafted granular activated carbon. Carbon
73, 51-60.

Hong, S., Cannon, ES., Hou, P, Byrne, T., Nieto-Delgado, C., 2017. Adsorptive removal of
sulfate from acid mine drainage by polypyrrole modified activated carbons: ef-
fects of polypyrrole deposition protocols and activated carbon source.
Chemosphere 184, 429-437.

56

Process Safety and Environmental Protection 157 (2022) 37-58

Hooshi, H., Ghotli, N.A., Sooki, A., Abbasi, S., 2012. Using activated sludge system to
reduce furfural concentration in a refinery wastewater. Adv. Environ. Biol. 6,
2378-2383.

lakovleva, E., Mdkilg, E., Salonen, J., Sitarz, M., Wang, S., Sillanpdd, M., 2015. Acid mine
drainage (AMD) treatment: neutralization and toxic elements removal with un-
modified and modified limestone. Ecol. Eng. 81, 30-40.

Igberase, E., Osifo, P., Ofomaja, A., 2018. Mathematical modelling of Pb(2+), Cu(2+), Ni
(2+), Zn(2+), Cr(6+) and Cd(2+) ions adsorption from a synthetic acid mine drai-
nage onto chitosan derivative in a packed bed column. Environ. Technol. 39,
3203-3220.

Ighalo, ].0., Adeniyi, A.G., 2020. A comprehensive review of water quality monitoring
and assessment in Nigeria. Chemosphere 260, 127569.

Ighalo, J.0., Adeniyi, A.G., Adeniran, J.A., Ogunniyi, S., 2020a. A systematic literature
analysis of the nature and regional distribution of water pollution sources in
Nigeria. J. Clean. Prod. 283, 124566.

Ighalo, J.0., Adeniyi, A.G., Marques, G., 2020b. Artificial intelligence for surface water
quality monitoring and assessment: a systematic literature analysis. Model. Earth
Syst. Environ. 7, 669-681.

Ighalo, J.O., Adeniyi, A.G., Otoikhian, K.S., 2020c. Recent advances in environmental
protection of oil polluted surface and groundwater in The Nigerian Context. ]. Eng.
Exact. Sci. 6, 416-420.

Ighalo, J.0., Ajala, ].0., Umenweke, G., Ogunniyi, S., Adeyanju, C.A., Igwegbe, CA.,
Adeniyi, A.G., 2020d. Mitigation of clofibric acid pollution by adsorption: a review
of recent developments. J. Environ. Chem. Eng. 8, 104264.

Ighalo, J.0., Igwegbe, C.A., Adeniyi, A.G., Adeyanju, C.A., Ogunniyi, S., 2020e. Mitigation
of metronidazole (Flagyl) pollution in aqueous media by adsorption: a review.
Environ. Technol. Rev. 9, 137-148.

Ighalo, J.0., Adeniyi, A.G., Marques, G., 2021a. Internet of things for water quality
monitoring and assessment: a comprehensive review. In: Hassanien RB, A,
Darwish, A. (Eds.), Artificial Intelligence for Sustainable Development: Theory,
Practice and Future Applications, vol 912. Springer Nature, pp. 245-259.

Ighalo, J.0., Ajala, 0.J., Adeniyi, A.G., Babatunde, E.O., Ajala, M.A., 2021b. Ecotoxicology
of glyphosate and recent advances in its mitigation by adsorption. Environ. Sci.
Pollut. Res. 28, 2655-2668.

Ighalo, J.0., Igwegbe, C.A., Aniagor, C.0., Oba, S.N., 2021c. A review of methods for the
removal of penicillins from water. J. Water Process Eng. 39, 101886.

Ighalo, ].0., Sagboye, P.A., Umenweke, G., Ajala, ].0., Omoarukhe, F.0., Adeyanju, C.A.,
Ogunniyi, S., Adeniyi, A.G., 2021d. CuO nanoparticles (CuO NPs) for water treat-
ment: a review of recent advances. Environ. Nanotechnol., Monit. Manag. 15,
100443.

Ileri, B., Sanliyuksel Yucel, D., 2020. Metal removal from acid mine lake using ultra-
sound-assisted modified fly ash at different frequencies. Environ. Monit. Assess.
192, 185.

Imron, M.F,, Kurniawan, S.B., Soegianto, A., 2019. Characterization of mercury-redu-
cing potential bacteria isolated from Keputih non-active sanitary landfill leachate,
Surabaya, Indonesia under different saline conditions. J. Environ. Manag. 241,
113-122.

Imron, M.F,, Kurniawan, S.B., Abdullah, S.R.S., 2021. Resistance of bacteria isolated
from leachate to heavy metals and the removal of Hg by Pseudomonas aeruginosa
strain FZ-2 at different salinity levels in a batch biosorption system. Sustain.
Environ. Res. 31, 1-13.

Ismail, N.I, Abdullah, S.R.S., Idris, M., Kurniawan, S.B., Halmi, M.LE., Sbani, N.H.A.,
Jehawi, O.H., Hasan, H.A., 2020. Applying rhizobacteria consortium for the en-
hancement of Scirpus grossus growth and phytoaccumulation of Fe and Al in pilot
constructed wetlands. J. Environ. Manag. 267, 110643.

Iwuozor, K.0., Ighalo, ].0., Ogunfowora, L.A., Adeniyi, A.G., Igwegbe, C.A., 2021. An
empirical literature analysis of adsorbent performance for methylene blue uptake
from aqueous media. J. Environ. Chem. Eng. 9, 105658.

Jamieson, H.E., Walker, S.R., Parsons, M.B., 2015. Mineralogical characterization of
mine waste. Appl. Geochem. 85.

Jeen, S.-W., Mattson, B., 2016. Evaluation of layered and mixed passive treatment
systems for acid mine drainage. Environ. Technol. 37, 2835-2851.

Jehawi, O.H., Abdullah, S.R.S., Kurniawan, S.B., Ismail, N.I, Idris, M., Al Sbani, N.H.,
Muhamad, M.H., Hasan, H.A., 2020. Performance of pilot Hybrid Reed Bed con-
structed wetland with aeration system on nutrient removal for domestic waste-
water treatment. Environ. Technol. Innov. 19, 100891.

John, R, Singla, V., Goyal, M., Kumar, P, Singla, A., 2017. Acid mine drainage: sources.
Impacts Prev. Biotech. Artic. 1-5.

Jonnsson, J., Persson, P., Staffan, Sjoberg, Lovgren, L., 2005. Schwertmannite pre-
cipitated from acid mine drainage: phase transformation, sulphate release and
surface properties. Appl. Geochem. 20, 13.

Junker, M.A., de Vos, W.M., Lammertink, R.G., de Grooth, ]J., 2021. Bridging the gap
between lab-scale and commercial dimensions of hollow fiber nanofiltration
membranes. J. Membr. Sci. 624, 119100.

Kadnikov, V.V., Gruzdev, E.V., Ivasenkob, D.A., Beletskya, A.V., Mardanov, AV,
Danilovac, E.V., Karnachukb, 0.V., Ravin, N.V., 2019. Selection of a microbial
community in the course of formation of acid mine drainage. Microbiology 88, 8.

Kalin, M., Fyson, A., Wheeler, W.N., 2006. The chemistry of conventional and alter-
native treatment systems for the neutralization of acid mine drainage. Sci. Total
Environ. 366, 395-408.

Karapinar, N., 2016. Removal of heavy metal ions by ferrihydrite: an opportunity to
the treatment of acid mine drainage. Water Air Soil Pollut. 227.

Kaur, G., Couperthwaite, S.J., Hatton-Jones, B.W., Millar, G.J., 2018. Alternative neu-
tralisation materials for acid mine drainage treatment. J. Water Process Eng.
22, 13.


http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref57
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref57
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref57
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref58
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref58
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref58
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref58
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref59
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref59
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref59
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref60
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref60
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref60
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref60
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref61
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref61
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref61
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref62
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref62
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref62
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref63
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref63
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref63
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref64
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref64
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref65
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref65
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref65
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref66
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref66
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref66
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref67
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref67
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref68
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref68
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref69
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref69
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref69
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref70
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref70
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref70
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref70
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref71
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref71
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref72
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref72
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref73
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref73
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref73
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref74
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref74
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref74
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref75
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref75
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref76
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref76
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref76
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref76
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref77
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref77
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref77
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref77
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref78
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref78
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref78
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref79
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref79
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref79
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref80
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref80
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref80
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref80
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref81
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref81
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref81
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref82
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref82
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref82
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref83
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref83
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref83
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref83
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref84
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref84
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref84
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref85
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref85
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref85
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref86
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref86
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref86
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref86
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref87
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref87
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref88
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref88
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref88
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref89
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref89
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref89
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref90
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref90
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref90
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref91
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref91
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref91
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref92
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref92
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref92
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref93
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref93
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref93
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref93
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref94
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref94
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref94
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref95
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref95
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref96
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref96
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref96
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref96
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref97
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref97
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref97
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref98
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref98
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref98
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref98
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref99
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref99
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref99
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref99
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref100
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref100
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref100
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref100
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref101
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref101
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref101
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref102
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref102
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref103
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref103
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref104
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref104
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref104
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref104
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref105
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref105
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref106
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref106
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref106
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref107
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref107
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref107
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref108
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref108
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref108
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref109
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref109
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref109
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref110
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref110
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref111
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref111
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref111

J.0. Ighalo, S.B. Kurniawan, K.O. Iwuozor et al.

Kefeni, K.K., Msagati, T.A.M., Nkambule, T.T.I, Mamba, B.B., 2018. Synthesis and ap-
plication of hematite nanoparticles for acid mine drainage treatment. J. Environ.
Chem. Eng. 35.

Kersten, G., Majestic, B., Quigley, M., 2017. Phytoremediation of cadmium and lead-
polluted watersheds. Ecotoxicol. Environ. Saf. 137, 225-232.

Khajouei, G., Mortazavian, S., Saber, A, Meymian, N.Z., Hasheminejad, H., 2019.
Treatment of composting leachate using electro-Fenton process with scrap iron
plates as electrodes. Int. J. Environ. Sci. Technol. 16, 4133-4142.

Kim, H., Kim, J.-S., Kim, P.-J., Won, E.-]., Lee, Y.-M., 2018. Response of antioxidant en-
zymes to Cd and Pb exposure in water flea Daphnia magna: differential metal and
age—specific patterns. Comp. Biochem. Physiol. Part C: Toxicol. Pharmacol. 209,
28-36.

Kim, J.J., Kim, S.J., Tazaki, K., 2002. Mineralogical characterization of microbial ferri-
hydrite and schwertmannite, and non-biogenic Al-sulfate precipitates from acid
mine drainage in the Donghae mine area. Korea Environ. Geol. 42, 13.

Kulkarni, A., Mukherjee, D., Gill, W.N., 1996. Flux enhancement by hydrophilization of
thin film composite reverse osmosis membranes. J. Membr. Sci. 114, 39-50.
Kumar, M., Pakshirajan, K., 2021. Continuous removal and recovery of metals from
wastewater using inverse fluidized bed sulfidogenic bioreactor. J. Clean. Prod. 284,

124769.

Kurniawan, S.B., Purwanti, LF, Titah, H.S., 2018. The effect of pH and aluminium to
bacteria isolated from aluminium recycling industry. ]. Ecol. Eng. 19.

Kuyucak N. (2002) Acid mine drainage prevention and control options.

Larsson, M., Nosrati, A., Kaur, S., Wagner, J., Baus, U., Nyden, M., 2018. Copper removal
from acid mine drainage-polluted water using glutaraldehyde-polyethyleneimine
modified diatomaceous earth particles. Heliyon 4, e00520.

Lattuada, R., Radtke, C., Peralba, M., Dos Santos, J., 2013. Rice husk: raw material in the
catalyst preparation for advanced oxidative processes applied in the industrial
effluent treatment and from acid drainage of a mine. Water Air Soil Pollut. 224,
1-11.

Li, Y, Lin, ], Huang, Y., Yao, Y., Wang, X, Liu, C, Liang, Y., Liu, K, Yu, E, 2020.
Bioaugmentation-assisted phytoremediation of manganese and cadmium co-
contaminated soil by Polygonaceae plants (Polygonum hydropiper L. and
Polygonum lapathifolium L.) and Enterobacter sp. FM-1 Plant Soil 1-15.

Lopez, J., Reig, M., Gibert, O., Valderrama, C., Cortina, J., 2018. Evaluation of NF
membranes as treatment technology of acid mine drainage: metals and sulfate
removal. Desalination 440, 122-134,

Lépez, ]., Reig, M., Gibert, O., Cortina, J., 2019. Recovery of sulphuric acid and added
value metals (Zn, Cu and rare earths) from acidic mine waters using nanofiltration
membranes. Sep Purif. Technol. 212, 180-190.

Lépez-Gamero, M.D., Zaragoza-Sédez, P., Claver-Cortés, E., Molina-Azorin, J.F, 2011.
Sustainable development and intangibles: building sustainable intellectual ca-
pital. Bus. Strategy Environ. 20, 18-37.

Loucks, D.P., 2000. Sustainable water resources management. Water Int. 25, 3-10.

Loucks, D.P.,, Van Beek, E., 2017. Water Resource Systems Planning and Management:
An Introduction to Methods, Models, and Applications. Springer.

Luo, C,, Routh, ], Dario, M., Sarkar, S., Wei, L., Luo, D., Liu, Y., 2020. Distribution and
mobilization of heavy metals at an acid mine drainage affected region in South
China, a post-remediation study. Sci. Total Environ. 724, 138122.

Machodi, MJ., Daramola, M.O., 2019. Synthesis and performance evaluation of PES/
chitosan membranes coated with polyamide for acid mine drainage treatment.
Sci. Rep. 9, 1-14.

Makhathini, T.P., Mulopo, J., Bakare, B.F,, 2021. Sulfidogenic fluidized-bed bioreactor
kinetics for co-treatment of hospital wastewater and acid mine drainage.
Biotechnol. Rep., e00683.

Marti-Calatayud, M.C.,, Buzzi, D.C., Garcia-Gabaldén, M., Ortega, E., Bernardes, A.,
Tenodrio, J.A.S., Pérez-Herranz, V., 2014. Sulfuric acid recovery from acid mine
drainage by means of electrodialysis. Desalination 343, 120-127.

Martins, M., Santos, E.S., Faleiro, M.L., Chaves, S., Tenreiro, R., Barros, R.J., Barreiros, A.,
Costa, M.C., 2011. Performance and bacterial community shifts during bior-
emediation of acid mine drainage from two Portuguese mines. Int. Biodeterior.
Biodegrad. 65, 972-981.

Masindi, V., Gitari, M.W.,, Tutu, H., DeBeer, M., 2015. Efficiency of ball milled South
African bentonite clay for remediation of acid mine drainage. J. Water Process Eng.
8, 227-240.

Masukume, M., Onyango, M.S., Maree, ].P., 2014. Sea shell derived adsorbent and its
potential for treating acid mine drainage. Int. J. Min. Process. 133, 52-59.

Meschke, K., Herdegen, V., Aubel, T., Janneck, E., Repke, ]J.-U., 2015. Treatment of
opencast lignite mining induced acid mine drainage (AMD) using a rotating mi-
crofiltration system. J. Environ. Chem. Eng. 3, 2848-2856.

Miller, S.A., 2015. Treating Metals in Acid Mine Drainage Using Slow-Release
Hydrogen Peroxide. Ohio University.

Mogale, P.T., Odeku, K.O., 2018. Transformative tourism legislation: an impetus for
socioeconomic development in South Africa African Journal of Hospitality. Tour.
Leis. 7, 1-16.

Mohammad, A.W., Teow, Y., Ang, W., Chung, Y., Oatley-Radcliffe, D., Hilal, N., 2015.
Nanofiltration membranes review: recent advances and future prospects.
Desalination 356, 226-254.

Moreira, C.A., Casagrande, M.ES., Biichi, EMd.S., Targa, D.A., 2020. Hydrogelogical
characterization of a waste rock pile and bedrock affected by acid mine drainage
from geophysical survey. SN Appl. Sci. 2, 8.

Motsi, T., Rowson, N., Simmons, M., 2009. Adsorption of heavy metals from acid mine
drainage by natural zeolite. Int. J. Min. Process. 92, 42-48.

Muliwaa, A.M., Leswifi, T.Y., Onyango, M.S., 2018. Performance evaluation of eggshell
waste material for remediation of acid mine drainage from coal dump leachate.
Min. Eng. 122, 10.

57

Process Safety and Environmental Protection 157 (2022) 37-58

Munyengabe, A., Zvinowanda, C., Zvimba, ].N., Ramontja, J., 2020. Innovative oxidation
and kinetic studies of ferrous ion by sodium ferrate (VI) and simultaneous re-
moval of metals from a synthetic acid mine drainage. Phys. Chem. Earth Parts A/B/
C 102932.

Naidu, G., Ryu, S., Thiruvenkatachari, R., Choi, Y., Jeong, S., Vigneswaran, S., 2019. A
critical review on remediation, reuse, and resource recovery from acid mine
drainage. Environ. Pollut. 247, 1110-1124.

Nekhunguni, P.M., Tavengwa, N.T., Tutu, H., 2017. Investigation of As(V) removal from
acid mine drainage by iron (hydr) oxide modified zeolite. J. Environ. Manag. 197,
550-558.

Nogueira, EW., de Godoi, L.A.G., Yabuki, LN.M., Brucha, G., Damianovic, M.H.R.Z.,
2021. Sulfate and metal removal from acid mine drainage using sugarcane vinasse
as electron donor: performance and microbial community of the down-flow
structured-bed bioreactor. Bioresour. Technol. 330, 124968.

Nordstrom, D.K., Southam, G., 2018. Geomicrobiology of sulfide mineral oxidation.
Geomicrobiology 361-390.

Nqgombolo, A., Mpupa, A., Gugushe, A.S., Moutloali, R.M., Nomngongo, P.N., 2019.
Adsorptive removal of lead from acid mine drainage using cobalt-methylimida-
zolate framework as an adsorbent: kinetics, isotherm, and regeneration. Environ.
Sci. Pollut. Res. 26, 3330-3339.

Ntshangase N.C,, Sadare 0.0., Daramola M.O. (2021). Effect of Silica Sodalite
Functionalization and PVA Coating on Performance of Sodalite Infused PSF
Membrane during Treatment of Acid Mine Drainage Membranes 11:315.

Nifiez-Gémez, D., Lapolli, FR. Nagel-Hassemer, M.E., Lobo-Recio, M.A., 2020.
Optimization of Fe and Mn removal from coal acid mine drainage (AMD) with
waste biomaterials:  Statistical modeling and kinetic study. Waste
Biomass Valoriz. 11, 1143-1157.

Nurcholis, M., Wijaya, M., Ratminah, W.D., 2018. Application of biostimulant and CaO
to remediate acid mine drainage on the coal mining land in Lampung Sumatra
Island. J. Degrad. Min. Lands Manag 5, 1347-1354.

Nyquist, J., Greger, M., 2009. A field study of constructed wetlands for preventing and
treating acid mine drainage. Ecol. Eng. 35, 630-642.

Ochieng, G.M., Seanego, E.S., Nkwonta, O.I, 2010. Impacts of mining on water re-
sources in South Africa: a review. Sci. Res. Essays 5, 3351-3357.

Olenici, A., Blanco, S., Borrego-Ramos, M., Momeu, L., Baciu, C., 2017. Exploring the
effects of acid mine drainage on diatom teratology using geometric morphometry.
Ecotoxicology 26, 1018-1030.

Othmani, A., Kesraoui, A., Akrout, H., Lopez-Mesas, M., Seffen, M., Valiente, M., 2019.
Use of alternating current for colored water purification by anodic oxidation with
SS/Pb02 and Pb/Pb02 electrodes. Environ. Sci. Pollut. Res. 26, 25969-25984.

Othmani, A., Kesraoui, A., Elaissaoui, I., Seffen, M., 2020. Coupling anodic oxidation,
biosorption and alternating current as alternative for wastewater purification.
Chemosphere 249, 126480.

Paktunc, A.D., 1999. Characterization of mine wastes for prediction of acid mine
drainage. In: JMA (Ed.), Environmental Impacts of Mining Activities. Springer-
Verlag Berlin Heidelberg, Berlin, pp. 22.

Pino, L., Vargas, C., Schwarz, A., Borquez, R., 2018. Influence of operating conditions on
the removal of metals and sulfate from copper acid mine drainage by nanofil-
tration. Chem. Eng. J. 345, 114-125.

Pozo-Antonio, S., Puente-Luna, 1., Lagiiela-L6pez, S., Veiga-Rios, M., 2014. Techniques
to correct and prevent acid mine drainage: A review. Dynamics 81, 73-80.

Purwanti, L.F, Obenu, A., Tangahu, B.V., Kurniawan, S.B., Imron, M.F,, Abdullah, S.R.S.,
2020. Bioaugmentation of Vibrio alginolyticus in phytoremediation of aluminium-
contaminated soil wusing. Scirpus Gross Thypa angustifolia Heliyon 6
, 05004,

Rambabu, K., Banat, F., Pham, Q.M., Ho, S.-H., Ren, N.-Q., Show, P.L., 2020. Biological
remediation of acid mine drainage: review of past trends and current outlook.
Environ. Sci. Ecotechnol. 2, 14.

Ricci, B.C,, Ferreira, C.D., Aguiar, A.O., Amaral, M.C., 2015. Integration of nanofiltration
and reverse osmosis for metal separation and sulfuric acid recovery from gold
mining effluent. Sep Purif. Technol. 154, 11-21.

Rocha, J.H.B., Gomes, M.M.S., Fernandes, N.S., da Silva, D.R., Martinez-Huitle, C.A.,
2012. Application of electrochemical oxidation as alternative treatment of pro-
duced water generated by Brazilian petrochemical industry. Fuel Process Technol.
96, 80-87.

Rodriguez, C., Leiva, E., 2019. Enhanced heavy metal removal from acid mine drainage
wastewater using double-oxidized multiwalled carbon nanotubes. Molecules 25.

Rodriguez-Galdn, M., Baena-Moreno, F.M., Vazquez, S., Arroyo-Torralvo, F,, Vilches, L.F,,
Zhang, Z., 2019. Remediation of acid mine drainage. Environ. Chem. Lett. 10.

Ruehl, M.D., Hiibel, S.R., 2020. Evaluation of organic carbon and microbial inoculum
for bioremediation of acid mine drainage. Min. Eng. 157, 7.

Ryu, S., Naidu, G., Moon, H., Vigneswaran, S., 2020. Selective copper recovery by
membrane distillation and adsorption system from synthetic acid mine drainage.
Chemosphere 260, 127528.

S, PH., Uchiyama, H., Igarashi, T., Asakura, K., Ochi, Y., Ishizuka, F., Kawada, S., 2007.
Acid mine drainage treatment through a two-step neutralization ferrite-forma-
tion process in northern Japan: physical and chemical characterization of the
sludge. Min. Eng. 20, 6.

Saha, S., Sinha, A., 2018. A review on treatment of acid mine drainage with waste
materials: a novel approach. Glob. Nest J. 20, 512-528.

Sahinkaya, E., Yurtsever, A, Isler, E., Coban, I, Aktas, 0., 2018. Sulfate reduction and
filtration performances of an anaerobic membrane bioreactor (AnMBR). Chem.
Eng. J. 349, 47-55.

Sahoo, P, Tripathy, S., Panigrahi, M., Equeenuddin, S.M., 2013. Evaluation of the use of
an alkali modified fly ash as a potential adsorbent for the removal of metals from
acid mine drainage. Appl. Water Sci. 3, 567-576.


http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref112
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref112
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref112
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref113
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref113
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref114
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref114
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref114
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref115
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref115
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref115
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref115
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref116
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref116
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref116
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref117
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref117
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref118
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref118
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref118
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref119
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref119
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref120
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref120
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref120
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref121
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref121
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref121
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref121
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref122
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref122
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref122
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref122
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref123
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref123
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref123
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref124
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref124
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref124
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref125
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref125
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref125
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref126
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref127
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref127
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref128
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref128
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref128
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref129
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref129
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref129
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref130
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref130
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref130
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref131
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref131
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref131
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref132
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref132
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref132
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref132
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref133
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref133
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref133
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref134
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref134
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref135
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref135
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref135
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref136
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref136
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref137
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref137
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref137
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref138
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref138
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref138
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref139
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref139
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref139
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref140
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref140
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref141
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref141
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref141
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref142
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref142
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref142
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref142
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref143
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref143
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref143
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref144
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref144
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref144
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref145
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref145
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref145
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref145
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref146
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref146
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref147
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref147
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref147
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref147
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref148
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref148
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref148
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref148
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref149
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref149
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref149
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref150
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref150
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref151
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref151
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref152
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref152
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref152
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref153
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref153
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref153
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref154
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref154
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref154
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref155
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref155
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref155
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref156
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref156
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref156
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref157
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref157
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref158
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref158
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref158
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref158
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref159
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref159
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref159
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref160
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref160
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref160
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref161
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref161
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref161
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref161
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref162
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref162
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref163
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref163
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref164
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref164
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref165
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref165
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref165
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref166
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref166
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref166
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref166
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref167
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref167
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref168
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref168
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref168
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref169
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref169
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref169

J.0. Ighalo, S.B. Kurniawan, K.O. Iwuozor et al.

Santos, A.L., Johnson, D.B., 2017. The effects of temperature and pH on the kinetics of
an acidophilic sulfidogenic bioreactor and indigenous microbial communities.
Hydrometallurgy 168, 116-120.

Santos, K.Bd, Almeida, V.0d, Weiler, J., Schneider, I.A.H., 2020. Removal of pollutants
from an AMD from a coal mine by neutralization/precipitation followed by “in
vivo” biosorption step with the microalgae Scenedesmus sp. Minerals 10, 711.

Sato, Y., Hamai, T., Hori, T.,, Aoyagi, T., Inaba, T., Hayashi, K., Kobayashi, M., Sakata, T.,
Habe, H., 2022. Optimal start-up conditions for the efficient treatment of acid
mine drainage using sulfate-reducing bioreactors based on physicochemical and
microbiome analyses. ]. Hazard Mater. 423, 127089.

Schippers, A., Breuker, A., Blazejak, A., Bosecker, K., Kock, D., Wright, T., 2010. The
biogeochemistry and microbiology of sulfidic mine waste and bioleaching dumps
and heaps, and novel Fe (II)-oxidizing bacteria. Hydrometallurgy 104, 342-350.

Sicupira, D.C,, Silva, T.T,, Ledo, V.A., Mansur, M.B., 2014. Batch removal of manganese
from acid mine drainage using bone char. Braz. ]. Chem. Eng. 31, 195-204.

Sierra, C., Saiz, J.R.A., Gallego, J.LR., 2013. Nanofiltration of acid mine drainage in an
abandoned mercury mining area. Water, Air, Soil Pollut. 224, 1-12.

Siew, YW., Zedda, KL., Velizarov, S., 2020. Nanofiltration of simulated acid mine
drainage: effect of pH and Membrane Charge. Appl. Sci. 10, 400.

Silva, L.E.O., Wollenschlager, M., Oliveira, M.L.S., 2011. A preliminary study of coal
mining drainage and environmental health in the Santa Catarina region, Brazil.
Environ. Geochem. Health 33, 11.

Singh, S., Chakraborty, S., 2020. Performance of organic substrate amended con-
structed wetland treating acid mine drainage (AMD) of North-Eastern India. J.
Hazard Mater. 397, 122719.

Skoumal, M., Arias, C., Cabot, P.L., Centellas, F., Garrido, J.A., Rodriguez, R.M., Brillas, E.,
2008. Mineralization of the biocide chloroxylenol by electrochemical advanced
oxidation processes. Chemosphere 71, 1718-1729.

Skousen, ].G., Ziemkiewicz, P.F.,, McDonald, L.M., 2018. Acid mine drainage formation,
control and treatment: approaches and strategies. Extr. Ind. Soc. 9.

Stankovi¢, V., BoZi¢, D., Gorgievski, M., Bogdanovi¢, G., 2009. Heavy metal ions ad-
sorption from mine waters by sawdust. Chem. Ind. Chem. Eng. Q. 15, 237-249.

Tabak, H.H., Scharp, R., Burckle, ]., Kawahara, F.X., Govind, R., 2003. Advances in bio-
treatment of acid mine drainage and biorecovery of metals: 1. Metal precipitation
for recovery and recycle. Biodegradation 14, 423-436.

Tangahu, B.V., Sheikh Abdullah, S.R., Basri, H., Idris, M., Anuar, N., Mukhlisin, M., 2011.
A review on heavy metals (As, Pb, and Hg) uptake by plants through phytor-
emediation. Int. J. Chem. Eng. 2011, 1-31.

Taylor J., Pape S., Murphy N. A summary of passive and active treatment technologies
for acid and metalliferous drainage (AMD). In: Fifth Australian Workshop on Acid
Drainage, 2005.

Tierney, K.B., Baldwin, D.H., Hara, TJ., Ross, P.S., Scholz, N.L, Kennedy, C]J., 2010.
Olfactory toxicity in fishes. Aquat. Toxicol. 96, 2-26.

Tony, M.A,, Lin, L.-S., 2020. Iron recovery from acid mine drainage sludge as Fenton
source for municipal wastewater treatment. Int. J. Environ. Anal. Chem. 1-16.
Truter, J.C., van Wyk, J.H., Oberholster, PJ., Botha, A.-M., 2014. The impacts of neu-
tralized acid mine drainage contaminated water on the expression of selected
endocrine-linked genes in juvenile Mozambique tilapia Oreochromis mossam-

bicus exposed in vivo. Ecotoxicol. Environ. Saf. 100, 209-217.

Utgikar, V., Chen, B.-Y., Tabak, H.H., Bishop, D.F,, Govind, R., 2000. Treatment of acid
mine drainage: 1. Equilibrium biosorption of zinc and copper on non-viable ac-
tivated sludge. Int. Biodeterior. Biodegrad. 46, 19-28.

Valente, T.M., Gomes, C.L., 2009. Occurrence, properties and pollution potential of
environmental minerals in acid mine drainage. Sci. Total Environ. 407, 18.

van Essen, M., Thiir, R.,, Houben, M., Vankelecom, L.F., Borneman, Z., Nijmeijer, K., 2021.
Tortuous mixed matrix membranes: a subtle balance between microporosity and
compatibility. ]. Membr. Sci. 119517.

58

Process Safety and Environmental Protection 157 (2022) 37-58

Varvara, S., Popa, M,, Bostan, R., Damian, G., 2013. Preliminary considerations on the
adsorption of heavy metals from acidic mine drainage using natural zeolite. ].
Environ. Prot. Ecol. 14, 1506-1514.

Viers, J., Gil, ].A.G., Zouiten, C., Freydier, R, Masbou, J., Valente, T., Torre, M.-Ldl,
Destrigneville, C., Pokrovsky, O.S., 2018. Are Cu isotopes a useful tool to trace
metal sources and processes in acid mine drainage (AMD) context?
Chemosphere 33.

Vital, B., Bartacek, J., Ortega-Bravo, ., Jeison, D., 2018. Treatment of acid mine drainage
by forward osmosis: Heavy metal rejection and reverse flux of draw solution
constituents. Chem. Eng. J. 332, 85-91.

Wadekar, S.S., Vidic, R.D., 2018. Comparison of ceramic and polymeric nanofiltration
membranes for treatment of abandoned coal mine drainage. Desalination 440,
135-145.

Wang, J., de Ridder, D., van der Wal, A., Sutton, N.B., 2020a. Harnessing biodegradation
potential of rapid sand filtration for organic micropollutant removal from
drinking water: a review. Crit. Rev. Environ. Sci. Technol.

Wang, J., Zhanga, S., Hec, C,, Shea, Z., Pana, X,, Li, Y., Shaoa, R, Shi, Q., Yue, Z., 2020b.
Source identification and component characterization of dissolved organic matter
in an acid mine drainage reservoir. Sci. Total Environ. 739, 7.

Wei, X., Zhang, S., Han, Y., Wolfe, F.A., 2018. Characterization and treatment of mine
drainage. Water Environ. Res. 90, 24.

Willscher, S., Jablonski, L., Fona, Z., Rahmi, R., Wittig, J., 2017. Phytoremediation ex-
periments with Helianthus tuberosus under different pH and heavy metal soil
concentrations. Hydrometallurgy 168, 153-158.

Waulandari, E., Hidayat, A., Moersidik, S., 2020. Comparison of copper adsorption ef-
fectivity in acid mine drainage using natural zeolite and synthesized zeolite. IOP
Conference Series: Earth and Environmental Science, vol 1 IOP Publishing.

Xin, R, Banda, J.F,, Hao, C., Dong, H., Pei, L., Guo, D., Wei, P, Du, Z., Zhang, Y., Dong, H.,
2020. Contrasting seasonal variations of geochemistry and microbial community
in two adjacent acid mine drainage lakes in Anhui Province, China. Environ.
Pollut. 46.

Yigit, E., Yurtsever, A., Basaran, S.T., Sahinkaya, E., 2020. Optimization of arsenic re-
moval from an acid mine drainage in an anaerobic membrane bioreactor. Environ.
Technol. Innov. 18, 100712.

Yildiz, M., Yilmaz, T., Arzum, C.S., Yurtsever, A., Kaksonen, A.H., Ucar, D., 2019a. Sulfate
reduction in acetate- and ethanol-fed bioreactors: acidic mine drainage treatment
and selective metal recovery. Min. Eng. 133, 52-59.

Yildiz, M., Yilmaz, T., Arzum, C.S., Yurtsever, A., Kaksonen, A.H., Ucar, D., 2019b. Sulfate
reduction in acetate-and ethanol-fed bioreactors: acidic mine drainage treatment
and selective metal recovery. Min. Eng. 133, 52-59.

Yim, J.H., Kim, KW., Kim, S.D., 2006. Effect of hardness on acute toxicity of metal
mixtures using Daphnia magna: prediction of acid mine drainage toxicity. J.
Hazard Mater. 138, 16-21.

Yurtsever, A., Sahinkaya, E., Isler, E., Coban, I., 2019. Sulfidogenic treatment of acid
mine drainage using anaerobic membrane bioreactor. J. Water Process Eng. 19,
100816.

Zawierucha, 1., Nowik-Zajac, A., Malina, G., 2020. Selective removal of As (V) ions from
acid mine drainage using polymer inclusion membranes. Minerals 10, 909.

Zhang, M., 2011. Adsorption study of Pb(II), Cu(II) and Zn(II) from simulated acid mine
drainage using dairy manure compost. Chem. Eng. J. 172, 361-368.

Zheng, Q., Zhang, Y., Li, Y., Zhang, Z., Wu, A,, Shi, H., 2019. Adsorption of sulfate from
acid mine drainage in Northwestern China using Malan loess. Arab. J. Geosci. 12.

Zhu, ], Zhang, P, Yuan, S., Tong, M., 2020. Arsenic oxidation and immobilization in
acid mine drainage in karst areas. Sci. Total Environ. 727, 138629.

Zou, L., Vidalis, I, Steele, D., Michelmore, A., Low, S., Verberk, J., 2011. Surface hy-
drophilic modification of RO membranes by plasma polymerization for low or-
ganic fouling. ]. Membr. Sci. 369, 420-428.


http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref170
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref170
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref170
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref171
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref171
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref171
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref172
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref172
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref172
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref172
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref173
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref173
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref173
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref174
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref174
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref175
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref175
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref176
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref176
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref177
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref177
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref177
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref178
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref178
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref178
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref179
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref179
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref179
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref180
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref180
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref181
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref181
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref182
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref182
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref182
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref183
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref183
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref183
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref184
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref184
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref185
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref185
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref186
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref186
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref186
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref186
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref187
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref187
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref187
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref188
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref188
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref189
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref189
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref189
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref190
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref190
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref190
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref191
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref191
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref191
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref191
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref192
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref192
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref192
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref193
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref193
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref193
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref194
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref194
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref194
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref195
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref195
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref195
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref196
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref196
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref197
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref197
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref197
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref198
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref198
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref198
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref199
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref199
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref199
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref199
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref200
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref200
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref200
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref201
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref201
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref201
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref202
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref202
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref202
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref203
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref203
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref203
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref204
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref204
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref204
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref205
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref205
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref206
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref206
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref207
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref207
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref208
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref208
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref209
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref209
http://refhub.elsevier.com/S0957-5820(21)00604-2/sbref209

	A review of treatment technologies for the mitigation of the toxic environmental effects of acid mine drainage (AMD)
	1. Introduction
	2. Formation and composition of AMD
	3. Ecotoxicology of AMD
	4. Separation processes for AMD treatment
	4.1. Adsorption treatment
	4.1.1. Organic/biomass-based adsorbents
	4.1.2. Clay/earth-based minerals
	4.1.3. Biochar/activated carbon-based adsorbents
	4.1.4. Zeolites
	4.1.5. Fly ash
	4.1.6. Other adsorbents
	4.1.7. Technical issues associated with adsorption

	4.2. Membrane separation processes
	4.2.1. Nanofiltration (NF)
	4.2.2. Reverse osmosis (RO)
	4.2.3. Hybrid systems
	4.2.4. Technical issues associated with membrane processes


	5. Advanced oxidation processes (AOPs) for AMD treatment
	5.1. AOPs performance
	5.2. Technical issues associated with AOPs

	6. Biological treatment of AMD
	6.1. Bioreactor
	6.2. Microbial bioremediation
	6.3. Wetland
	6.4. Technical issues associated with biological processes

	7. Significance of AMD remediation in sustainable water resource management
	8. Conclusion
	Compliance with ethical standards
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgement
	References




