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Abstract

Acid mine drainage has been reported to cause various environmental and human health problems.
Acid mine drainage is formed due to the oxidation of sulfide minerals to water and air. This paper
reports the efforts that have been made in the management and treatment of acid mine drainage. Thirty
papers from reputable publishers are used as references. Efforts to prevent the formation of acid mine
drainage can be made by making proper drainage and dewatering systems, making non-acid formations
for rocks that have the potential to be oxidized. Active and passive treatment methods can be used to
treat acid mine drainage. The active treatment method uses materials and chemicals to reduce
pollutant parameters, while the passive method utilizes natural processes to reduce pollutant
parameters in acid mine drainage. The combination of active and passive methods using novel materials
that have been researched is recommended to produce the best system that can thoroughly remove
pollutants in acid mine drainage.
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1. Introduction

Acid mine drainage is one of the wastes generated from coal mining activities. Acid mine
drainage is formed due to the oxidation of sulfide minerals in contact with water and air (Qureshi et al.,
2016). The formation of acid mine drainage is widely studied worldwide because of the negative impact
it has on the environment (Bwapwa et al., 2017; Skousen et al., 2017; Zhang, 20om). Pyrite, iron disulfide
(FeS2), is a rock commonly contaminated by water and air to produce acid mine drainage. The harmful
impact caused by the formation of acid mine drainage is due to the low pH (as low as 4) and has the
high content of heavy metals. Heavy metals usually associated with sulfide minerals are Mn, Fe, Pb, Hg,
Cd. (Lewis, 2010). This heavy metal content is the factor that has the most potential to pollute the
environment and cause health problems in humans (Jarup, 2003).

Various studies have been reported as handling efforts to prevent the formation of acid mine
drainage to treatment that can be carried out when acid mine drainage has formed (Kefeni et al., 2017;
Skousen et al., 2017; Tabelin et al., 2018). Making drainage and dewatering systems is a method used to
prevent the formation of acid mine drainage (Wibowo and Syarifuddin, 2018). On the other hand, non-
acid formation in rock and overburden, which can produce acid mine drainage, is also recommended
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for use. The presence of sulfide minerals can cause the formation of acid mine drainage in mining
activity areas as a source of sulfur (pyrite, marcasite, chalcocite, pyrrhotite, covellite, molybdenite,
galena, chalcopyrite, sphalerite, and arsenopyrite), air and water as oxidation washing agents (Rambabu
et al,, 2020). In addition to prevention, efforts that can be taken to reduce the damage caused by acid
mine drainage are processed.

In general, acid mine drainage treatment techniques are active and passive. However, this
technique continues to be more specific by looking for the novelty of the material used in each method.
In addition, the most widely used process at mining sites is the use of quicklime (CaCO3), hydrated
lime (Ca(OH)2), soda-ash (Na2CO3), or caustic soda (NaOH). Active technology utilizes neutralization,
aeration, and deposition processes. While passive acid mine drainage technology is not treated using
any chemicals and only utilizes reactions formed through natural processes. Although various papers
have informed the use of active and passive technologies, reviews of all technological developments
used to reduce pollutant parameters in acid mine drainage are still infrequent. Several papers published
in the last ten years only inform the treatment of acid mine drainage using one method.

This review is expected to provide complete information on the techniques and materials used
to reduce pollutant parameters in acid mine drainage. This paper will also provide comprehensive
information related to the formation of acid mine drainage, acid mine drainage problems in the world,
prevention of acid mine drainage formation, types of acid mine drainage, materials developed for acid
mine drainage, and the latest technologies and methods used to treat acid mine drainage. This paper
uses a reputable journal indexed by Scopus so that the source used is reliable and accountable.

2. Method

The method used in this study is a review. The scientific articles (52 papers) used as reference
sources in this research come from journals published by Publishers Elsevier, Springer, Nature, and
other reputable international and national (Indonesian) journals. The keywords used to find scientific
articles used as references are acid mine drainage, acid mine drainage treatment, acid mine drainage
review, adoption of acid mine drainage, bioremediation of acid mine drainage.

3. Result and Discussion

3.1 Acid Mine Drainage

Mining activities will harm biogeophysical aspects. The impact can cause a decrease in the
quality and quantity of surface and groundwater (RoyChowdhury et al., 2015). The reduction in water
quantity can be in the form of a reduction in the groundwater level or river discharge, while a reduction
of water quality in the form of an increase in turbidity and an increase in chemical pollutant parameters
(heavy metals). Mining activities carried out by clearing land widely and profoundly will accelerate the
formation of acid mine drainage. The opening of topsoil will cause the pyrite mineral to be exposed to
the environment. Pyrite minerals that are tightly packed with air and water are the source of the
formation of acid mine drainage. The reaction resulting from the construction of acid mine drainage
follows equation 1-4.

FeS, + 7/20, + H,0 <==> Fe*" +2S0,” + 2H" (1)
Fe* +1/4 O, + H  <==>Fe’" + . H,O (2)
Fe’" + 3H,0 <==> Fe(OH), + 3H" (3)
FeS, + 14Fe’” + 8H,0 <==>15Fe™ + 250, + 16 H" (4)
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In Eq. (1), iron sulfide is oxidized to produce ferrous iron (Fe*’), sulfate (SO,”) dan acid (ion
H"). Ferrous iron can then be oxidized to form ferrous iron (Fe3+), as shown by Eq. (2). Furthermore,
ferric iron is hydrolyzed to ferric hydroxide (FeOH), and ion H" (Eq. 3). Acidity (H") formed can act as a
catalyst in breaking down pyrite (FeS,) produce more ferrous ions (Fe2+), sulfate, and H+ (reaction
equation 4). If the reaction shown in the above equation slows down or stops, acid mine drainage
formation will also slow down. A decrease in the intensity of water, air or pyrite rock can cause acid
mine drainage to form more slowly than it should. Likewise, the more volumes of pyrite rock, water,
and air in contact, the faster the formation of acid mine drainage (Said, 2014).

Many pyrite rocks are found under the water table. These locations usually have very little
oxygen content, preventing acid mine drainage from forming. Under controlled conditions, oxygen
conditions are limited, that very little water is oxidized. This condition will also disappear when there is
dilution below the surface caused by dilution caused by soil infiltration or because alkaline rocks below
the surface neutralize it. Different conditions will be found if the pyrite rock is disturbed due to land
clearing. The pyrite rock will contact oxygen, surface water, and rain, resulting in acid mine drainage.
Eq 2 will last until the oxidation of pyrite minerals. This reaction occurs due to the conversion of ferrous
ions into ferrous in abiotic conditions (pH less than 5 in abiotic conditions). Eq 2 can be accelerated in
the presence of iron-oxidizing bacteria (Thiobacillus) (Wood et al., 2001). The mechanism of pyrite
mineral oxidation can be seen in Fig. 1.
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Figure 1. Pyrite oxidation

Fe(OH)* + 3H"

3.2 Worldwide Acid Mine Drainage Problems

Over a century, mining has become a crucial sector in South Africa. The impact of mining
activities carried out for a long time has been recorded to produce acid mine drainage in several
provinces such as Gauteng, Mpumalanga, North West, and the Free State (Naidoo, 2015). Although
South Africa has implemented several laws to reduce environmental pollution caused by acid mine
drainage, the expected results are still not optimal. A site in Gold Reef City has been reported to be
polluting the environment with a hazardous status. In 2012, South African media reported anticipating
acid mine drainage's impacts on the Vaal River system. The South African government has reportedly
agreed to conduct an emergency response to acid mine drainage. The government is willing to pump
acid mine drainage from various pollutant sources and neutralize the acid mine drainage (Naidoo,
2015). Another study stated that South Africa had experienced severe acid mine drainage pollution
caused by mining at the Witwatersrand Goldfield. This mining activity worsens surface water quality
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because it is directly connected to water flows such as lakes and rivers. In this area, several
characteristics of acid mine drainage were found that could degrade environmental quality, such as low
pH, SO42-, Fe, Al, Co, Cu, Mn, Ni, U, and Zn. (Tutu et al., 2008).

A recent study informed that acid mine drainage impacted water quality, stream sediment and
periphytic diatoms. Stream sediment samples were taken at several locations such as the Roxo stream
(sites B, Roxo; C, Porto Ferreira; and D, Jungeiros), one in gua Azeda stream (site E, gua Azeda), and
four in gua Forte stream (site A, guas Industriais Dam-upstream from the mine; F, gua Forte; G, Ponte
do Curval; and H, Porto de Beja), while water samples were taken at two different seasons. Epilithic
samples were obtained by scraping five boulders using a toothbrush and epiphytes by squeezing the
plant from the river margin. The results showed that the sediment stream contains Al, As, Ca, Cd, Cu,
Fe, K, Mn, Na, Ni, Pb, S, Sb and Zn. In addition, water samples in the area are known to contain As, 1.7-
6,837 pug.L™; Cd, 0.025-455 pg.L™; Cu, 1.4-68,795 ug.L™; Fe, 5-1,262,000 pg.L™": Mn, 0.025-19,451 pug.L™" dan
Pb, 0.05-136 pg.L™ (Luis et al., 2009).

Another study informed that acid mine drainage was contaminated the Amous River, France.
Over five years, dissolved and particulate was found in this river, including Pb. Tl, Cd, Zn, Ni, Cu, Mn,
Co, Fe and Al with pH range is 6.5-8.8 (Casiot et al., 2009). n general, all areas that use the open-pit
mining method will produce acid mine drainage. Characteristic differences in pollutant parameters
found in each region are caused by the geological conditions of the area and the geochemical processes
that occur. Geochemical engineering and efforts to protect the potential acid formation from oxidation
are essential. Making non-potential acid formation is mandatory for all mining activities in the world.
Avoiding water and air contamination of sulfide minerals can reduce the potential for acid mine
drainage. Prevention will not only have a good impact on the environment but can also reduce
environmental management costs. It is not known the exact charges that a company must incur to
remediate acid mine drainage. There is no practical method to reduce all pollutant parameters in acid
mine drainage.

In various regions of the world, mining activities (especially coal) are always in remote areas
and far from the provincial capital. This condition is one of the factors that cause a lot of surface water
and groundwater pollution caused by mining activities. The lack of supervision due to the long-distance
and difficulty of travelling is used by rogue companies that do not adequately carry out environmental
management. In addition, the high cost of environmental management is also one of the reasons why
companies often do not manage their environment correctly. Other factors also affect the low
awareness of mining workers that the absence of environmental management will have a terrible long-
term impact on the environment and human life. How far and how long the lousy effect will last.

Sustainable management and technology are needed to reduce mining activities' negative
impacts. Mining techniques that prioritize sustainability include three essential aspects, namely
economic, social and environmental. Mining activities must improve the community's economy around
the mining area. On the other hand, mining activities must be able to positively impact the
community's social life and not damage the environment. These aspects must go hand in hand to create
a sustainable mine management system. Research informs how to do sustainable mining starts from
good waste management. The study analyzed mining waste and its sustainability from 1988 to 2017.
Based on 59 papers from reputable international journals, efforts that must be made to reduce the
problem of surface water pollution are to increase the low pH of the water and maintain ecological
stability (Aznar-Sanchez et al., 2018). The acid mine drainage contamination worldwide can be seen in
Table 1.

527



Wibowo et al, 2021. A Critical Review of Acid Mine Drainage Treatment.

J. Presipitasi, Vol 18 No 3: 524-535

Table 1. Worldwide acid mine drainage problems

No Location/Country pH Parameters Reference
1 Indonesia 3.93 Fe, Mn, Al (Nasir et al., 2013)
2 Nort Sulawesi, - Hg (Lasut and Yasuda, 2010)
Indonesia
3 US State 1 Fe(III) (To et al., 1999)
4 Nort Sulawesi - As (Poedjiratrajoe, 2012)
5 Spain - Fe (Gibert et al., 2013)
6 Weel Jane, United <4 Zn, Cu, Cd, Fe, Ar (Whitehead and Prior,
Kingdom 2005)
7 South Africa 2-8.5 SO,”, NO, ,CI, Al,, Cu, Co, (Tutu et al., 2008)
Fe, Mn, i, Zn, U
8 Batch sorption in Lab  2-6.8 SO, (Neculita et al., 2007)
9 No information - Pb*, Cu*, Ni**, Zn>*, 1%, (Wei et al., 2019)
and Cd**
10 Yatani mine, Japan 2.9-8.9 Na, K, Cl, Mg, Ca, HCOO, (Tomiyama et al., 2019)
SO,
1 Shandong Province, - Pb(II), Cu,(II), Zn(II) (Zhang, 20m)
China
12 Turkey (Artificial - Fe, Cu, Mn and Zn (Motsi et al., 2009)
solution)
13 Amous River, France 2.8-8.4 HCO?,SO,”, DOC, CI (Casiot et al., 2009)
14  No information - Mn, Fe, Zn, Pb, Cu, SO,, Co, (Bwapwa et al., 2017)
(review) Ni
15 Guangdong, China - Pb, As, Zn, Cu, Cd (Liao et al., 2016)
16 Artificial solution - Fe (Alegbe et al., 2019)
17  abandoned mine, - Al, Sb, As, Ba, Be, Cd, Cr, Co, (Matlock et al., 2002)
Kentucky-West Cu, Fe, Pb, Mg, Mn, Se, Sr
Virginia border
18 River Murray (South Acidity, Alkalinity Al, Ca, Cl,  (Mosley et al., 2015)
Australia) DOGC, Fe, K, Mg, Mn, Na, N
19  West Sumatera, pH, TSS, Fe and Mn (Sari et al., 2020)
Indonesia
20 Artificial solution Fe and Mn (Wibowo et al., 2020)
3.3 Acid Mine Drainage Treatment

(Rakotonimaro et al., 2017). Acid mine drainage treatment with a dynamic method utilizes alkaline
chemicals to increase the water's pH and precipitate metals. The active approach is more effective than
the passive method, but this method has a higher cost than the passive method. The high price of the
operational process is due to the purchase of alkaline materials and labour costs. Acid mine drainage
treatment with active methods generally utilizes CaO to form Ca(OH)z so that the pH of the water can
increase (Skousen et al., 2019). The variables considered in the active treatment method for acid mine
drainage are pH, water discharge, TSS, heavy metal concentration, distance from treatment points and

Acid mine drainage treatments are generally divided into active and passive treatment

river water bodies.
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Acid mine drainage treatment passively utilizes the wetlands system and other natural
processes (Sheoran and Sheoran, 2006). Passive methods are rarely used and are less effective in
reducing pollutant parameters in acid mine drainage. The low ability of passive treatment is caused by
the absence of additional materials that can accelerate reducing pollutant parameters in acid mine
drainage. Passive treatment methods usually utilize swamps (artificial or natural) planted with Typha
and other swamp plants with a depth of <30 cm (Skousen et al., 2017). The impermeable sediment used
in this method consists of clay and mine spoil. This method is expected to produce FeOOH deposits
derived from Fe** found in acid mine drainage. Aerobic land use is expected to reduce the Fe content in
acid mine drainage. The decrease in Fe content is due to proton formation by Fe hydrolysis following Eq
5.
Fe’" + 3H,0 <==> Fe(OH), + 3H" (5)
In addition to the artificial aerobic land system, the anaerobic land system can also be used as a passive
treatment for acid mine drainage (Demchak et al., 2001). Anaerobic modified land is intended to
increase pH in acid mine drainage; increasing pH is expected to precipitate heavy metals
(precipitation). The anaerobic land method is carried out by adding quicklime or limestone under an
organic substrate. This technique will produce HCO,. HCO; will neutralize the pH of the acid mine
drainage according to Eq. 6 to Eq. 8.

2CH,0 + SO,* — H,S + 2HCO, (6)
CaCO, + H" — Ca™ + HCO, (7)
HCO, + H' — H,0 + CO,4q (8)

The use of wetlands is one of the preferred methods for reducing pollutant parameters in acid
mine drainage. Unfortunately, the use of this method has drawbacks, such as requiring large areas of
land for processing acid mine drainage by nature. Extensive use of wetlands will increase environmental
management costs. Another effort that can be made to reduce the area of wetlands used in the passive
treatment method is to make anoxic limestone channels. This channel is made like drainage filled using
limestone to neutralize the pH of the acid mine drainage (Eq. 9). Acids formed from limestone will also
rapidly produce bicarbonate alkalinity (Eq. 7). Anoxic limestone ducts are usually lined with mud to
avoid contact between acid mine drainage and air. The effluent produced in this process must be
accommodated in a separate settling pond. This separation aims to prevent blockage in the channel
caused by heavy metals' precipitation in acid mine drainage. Calcite and dolomite were used in anoxic
limestone drains. The study results informed that the equilibrium point for the use of calcite and
dolomite in increasing the pH of acid mine drainage was at 20 hours. The results of the study informed
that the equilibrium point for the use of calcite and dolomite in increasing the pH of acid mine drainage
was at 20 hours. The results of this study also inform that the higher the dose of calcite or dolomite
used, the faster the pH will increase in acid mine drainage (Genty et al., 2012).

CaO + H,0 — Ca(OH), (9)

The third passive treatment method to minimize pollution caused by acid mine drainage is the
vertical flow system method. This method is a combination of wetlands and anoxic limestone drains
methods. The thing that should be of concern in this method is the activity of aerobic bacteria on the
organic layer that captures dissolved oxygen. This process reduces the organic content in the organic
layer and limestone. Aerobic bacteria in this method will produce alkaline conditions to increase the pH
of acid mine drainage. Management of acid mine drainage by passive treatment must consider several
variables such as acidity level of acid mine drainage (pH), heavy metal concentration (mg/L), redox
conditions, and sulfate concentration. Overall, the schematic diagram of acid mine drainage treatments
can be seen in Fig. 2.
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FeSa2+ 7/202 + H20 <==> Fe¥ + 2S04+ 2H™
Fe¥ +1/4 Oy + H™ <==>Fe* + . H20 ‘ 4

Fei™ + 3H,0 <==> Fe(OH); + 3H"

FeSa+ 14Fe™ + 8H20 <==> 15Fe* + 2S04 + 16 H* N ’~

Bioremediation

AMD Treatments

Adsorption

Challenges

Passive treatment

Figure 2. Schematicproblem, solution and challenge of acid mine drainage treatments

3.4 Recent Technologies of Acid Mine Drainage Treatment

Open-pit mining activities will cause wide and deep land openings. This condition will make it
easier for sulfide minerals to oxid by air and water. The oxidation of sulfide minerals to water and
oxygen will cause acid water conditions. This condition will also increase the mobilization of heavy
metals in the water. High metal mobilization will cause metal concentration in water to increase under
acidic conditions. Various studies have been carried out to reduce the pollutant content in acid mine
drainage. More than 50 pages are found on Google Scholar to find the articles using the keyword acid
mine drainage treatment. This result informs that the problem of acid mine drainage has become the
focus of research by various researchers worldwide. Despite decades of research, there are still many
problems related to acid mine drainage in various countries. This condition seems to inform that acid
mine drainage is still an environmental problem and an unresolved issue. Even the latest research in
2021 informs the acid mine drainage problem that has not been completed. The bioremediation method
is used in wetlands microcosms using organic substrates and supplementing domestic wastewater and
plant litter broth. The research informs that Gravel-based subsurface-flow constructed wetlands. This
method successfully reduced the heavy metal content in acid mine drainage (except Fe and Cr) without
adding carbon material (Chen et al., 2021). However, it succeeded in reducing the content of other
heavy metals. Unfortunately, the method developed was not able to reduce the content of Fe and Cr. Fe
is one of the heavy metals most commonly found in acid mine drainage. Fe is also known to be very
harmful to the environment and human health. In addition to Fe, Cr, which has not been successfully
degraded, is also one of the heavy metals which is very toxic and harmful to the environment and
human health. A study even found plants that have been contaminated with Fe so it is hazardous for
human health. The plant samples were taken from the abandoned mine in Rosalgar (Setubal District,
SW Portugal). Besides Fe the plants were also known to contain high levels of Mn. The content of Fe
and Mn in these plants is the impact of soil pollution that occurred in the abandoned mine in Rosalgar
area (Sabina et al., 2019).

A study in China informed that the content of Pb(II), Cu(Il), and Zn(II) can be reduced by using
the adsorption method using dairy manure compost material. The adsorption capacity of each chicken
manure compost material is Pb 0.428 mmol/g, Fe 0.460 mmol/g, Cu, and 0.237 mmol/g dan for Zn at
pH 4.0. The suitable isotherm model for adsorption using chicken manure compost is the Langmuir
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adsorption model (Zhang, 2011). The Langmuir isotherm defines that the maximum adsorbent capacity
occurs due to a single layer (monolayer) of adsorbate on the surface of the adsorbent. There are four
assumptions in this type of isotherm. The first is that the molecule is adsorbed by a static site (where
the reaction occurs on the surface of the adsorbent), the second assumption is that each site can hold
one adsorbate molecule, the third assumption is that all sites have the same energy and the assumption
that all sites have the same energy. The fourth states that there is no interaction between the adsorbed
molecule and the surrounding site (Swenson and Stadie, 2019).

Biochar and clamshell are also reported as alternative ways to solve acid mine drainage. Biochar
and clamshell produced using low-cost modified reactor using slow pyrolysis. This material reported
can significantly reduce Mn after 40 minutes of time contact. In addition, the clamshell reported that
the pH of acid mine drainage was neutral due to created Ca(OH), (Y. G. Wibowo et al., 2020). A recent
review reported acid mine drainage treatment's past trend and current outlook. Acid mine drainage
bioremediation is carried out in two ways. The first is an active system method using bio-reactor
modules and a passive system using aerobic wetlands, anaerobic wetlands, permeable reactive barriers,
packed bio-reactors, and algal bioremediation. The bioremediation process in acid mine drainage can
be seen in Eq. 10-12.

SO,” +4H,+ H" — HS + 4H,0 (10)
Organic matter (C, O and H) + SO,” — HS™ + HCO, (1)
M*" + HS — MS (|) + H+ (M*" - Metal cation) (12)

Another study informs the use of shrimp shells. Shrimp shell samples were taken from Natuna,
Indonesia. This study informed that shrimp shells could be processed into adsorbents, reducing Fe and
Mn levels by 9o% and 88%, respectively, and increasing pH from 3.49 to 6.77. The adsorption capacity
of shrimp shells was 17.43 and 3.87 mg/g by following the Freundlich. isotherm model (Ntfez-Gémez et
al., 2019). The results of this study are a novelty where shrimp shell material is very rarely found to be
used as an adsorbent. The material commonly used as the primary material for adsorbent is the coconut
shell because it has good pores and surface area. Although the adsorption capacity of shrimp shells is
not large, this study is part of the development of science to find and utilize any waste as an adsorbent.
The isotherm model for adsorption using shrimp shells also informs the Freundlich isotherm model.
This result is an exciting result to discuss. The Freundlich isotherm describes the type of physical
adsorption in which the adsorption occurs in several layers and the bond is not strong. The Freundlich
isotherm also assumes that the adsorption site is heterogeneous. Different studies were found to
reduce pollutant parameters in acid mine drainage. The utilization of 1,3-benzenediamidoethanethiol
dianion has been reported and can reduce pollutant parameters in acid mine drainage >90%. This
research was then developed using acid mine drainage samples from an abandoned mine in Pikeville,
Kentucky. The study results then informed that 1,3-benzenediamidoethanethiol dianion was successful
in reducing 15 elements in acid mine drainage with different variations in reduction (Matlock et al.,
2002). Various studies that have been carried out should complement each other and reduce the
shortcomings of other methods. The combination of various methods is expected to continue to be
developed so that it can fill the shortcomings of other methods. The combination of precipitation,
adsorption and bioremediation methods may significantly remove pollutant parameters in acid mine
drainage without producing unknown products. The combination of materials is essential because
many reports of surface water is polluted due to mining activities. A study in Gwangyang, South Korea,
informed that surface water pollution caused by acid mine drainage had caused health problems caused
by Al, Fe, and low pH (Kim et al., 2007). There is no information about apple to apple comparision of
each acid mine drainage methods. Comparison of different methods in acid mine drainage can be seen
in Table 2.
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Table 2. Different methods of acid mine drainage treatment

No Method Materials Heavy Metals Reference
(removal percent)
Adsorption Algae Fe (up to 100%), Cu (up to 76%), (Bwapwa et al., 2017)
Pb (up to 78%),
2 Aerobic wetland  No information Fe and Mn (no information (Skousen et al., 2017)
about removal percent)
Adsorption Chitosan Coated Cr (99&) (Lasindrang et al., 2015)
Coconut Shell
Active Charcoal
4 Adsorption Peat-Activated Fe (79.6%) (Rosli et al., 2017)
carbon composite
5 Adsorption activated carbon Hg (no information about (Kadirvelu et al., 2004)
made from sago percent removal, sorption
waste capacity is55.6 mg/g)
6 Bioremediation = Lime-dosed, anoxic No information (Whitehead and Prior, 2005)
limestone drain
and lime free
7 Bioremerdiation Bacteria Hg (Up to 8o mg/L) (Kumari et al., 2020)
8 Bioremediation  Plant and bacteria No information (Rosanti et al., 2020)
9 Bioremediation = Fungal strains Cr(VI) (Up to 100%), Cr (Up to (Sharma and Malaviya, 2016)
99.92%), and Pb (Up to 95.91%)
10 Adsorption Biochar Fe, Co (There is no information  (Yang et al., 2020)

about removal percent)

Various methods have been developed to minimize the formation and damage caused by acid
mine drainage contamination which is still ineffective. High costs, difficulties in accessing technology,
and low awareness of the importance of environmental sustainability are the causes. It requires
concerted efforts, strict regulations, and awareness that acid mine drainage is a significant impact that
must be prevented together. All aspects must work together to minimize the formation of acid mine
drainage. Mining companies must be willing to spend more money to make good drainage and
dewatering systems, make soil with non-potential acid formation, and treat acid mine water formed by
various available methods. Acid mine drainage methods will have different levels of efficiency in each
region. Mining areas close to swamps will be able to take advantage of passive treatment methods by
creating wetland around the acid mine drainage area, while other areas do not have a large area of land.
The combination of adsorption, precipitation, and bacterial utilization methods will also be beneficial
in accelerating the process of reducing pollutant parameters in acid mine water. The combination of
adsorption and precipitation is proven to be more optimal in reducing heavy metals and absorbing
other pollutant parameters. This is because precipitation can only precipitate Fe and Mn and cannot
reduce other parameters. Many combined methods are expected to be the best solution in reducing
pollutant parameters in acid mine drainage.

4. Conclusion and Future Research Direction

Mining activities have caused environmental pollution. Deterioration of water and soil quality
has been found in many countries. Pollution caused by acid mine drainage has caused contamination of
soil, plants and caused various health problems in humans. Multiple efforts have been made to prevent
the formation of acid mine drainage. Creating a non-acid construction by placing rocks that can oxidize
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below the surface has been recommended. Active and passive treatment methods have also been
developed to reduce pollutant parameters in acid mine drainage. The active method using alkaline
materials is a more effective method when compared to the passive approach, which only relies on
natural processes. Quicklime is still the most widely used material to increase the pH of acid mine
drainage by utilizing Ca(OH)2. Increasing the pH from acidic to neutral conditions are expected to
reduce heavy metal levels in acid mine drainage using the precipitation process. Other methods
developed to minimize pollutant parameters in acid mine drainage are adsorption and bioremediation.
Various studies have developed materials that can reduce pollutant parameters in acid mine drainage.
Unfortunately, this method is still not widely applied. Multiple studies reported are still conducting
experiments on a laboratory scale and are not ready to be used on an industrial scale. It is hoped that
various existing methods can be developed to resolve the acid mine drainage problem. Further research
should focus on developing materials that can be combined with active and passive strategies to
complement each other and significantly reduce the pollutant parameters of acid mine drainage and
not produce unidentified products.
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