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By
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December 2016
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Acid mine drainage (AMD) is an environmental pollution that needs to be treated for
sustainable environment in the future. Sulfate reducing bioreactor is one of the promising
AMD treatments which can improve the health and conditions of mine water in an
economical and sustainable way. The characterization of the treatment media used for
AMD remediation was done for spent mushroom compost (SMC), limestone, and
activated sludge. The SMC greatly assisted the removals of sulfate and metals and also
acted as an essential carbon source for bacterial sulfate reduction (BSR). A column
experiment was conducted to evaluate the performance of sulfate-reducing bioreactor in
a continuous flow system in anoxic condition. The treatment media that composed of
40% crushed limestone, 30% SMC, 20% activated sludge and 10% woodchips were used
in the column experiment. Generally, Fe, Pb, Cu, Zn, and Al were effectively removed
in the treatment with 87 to 100% removals. However, Mn was not successfully removed
from the treatment at the end of experiment despite initial Mn reduction during the early
phase of the experiment. It was found from the column experiment that the first 15 days
of treatment was an essential phase for the removal of most metals where contaminants
were primarily removed by the BSR in reducing condition, in addition to calcite
dissolution function. The treatment condition was favored by the availability of sufficient
carbon source from the organic materials to enable bacterial sulfate reduction to occur
effectively. The importance of bacterial sulfate reduction mechanism in the presence of
organic materials was also supported by the metal accumulation analysis in the treatment
substrates that primary metal accumulation occurs mainly through metal adsorption onto
the organic matter and Fe/Mn oxides fractions.
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PEMULIHAN PASIF BAGI SALIRAN LOMBONG BERASID YANG KAYA
DENGAN LOGAM DAN SULFAT MENGGUNAKAN BIOREAKTOR
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Saliran lombong berasid (AMD) adalah pencemaran alam sekitar yang perlu dirawat untuk
alam sekitar yang mampan pada masa hadapan. Bioreaktor pengurangan sulfat adalah
salah satu rawatan AMD menjanjikan yang boleh meningkatkan kesihatan dan keadaan air
lombong dengan cara yang menjimatkan dan mampan. Pencirian media rawatan yang
digunakan untuk pemulihan AMD telah dilakukan untuk kompos sisa cendawan (SMC),
batu kapur, dan enapcemar diaktifkan. SMC banyak membantu penyingkiran sulfat dan
logam dan juga bertindak sebagai sumber karbon penting untuk bakteria pengurangan
sulfat (BSR). Eksperimen kolum telah dijalankan untuk menilai prestasi bioreaktor
pengurangan sulfat dalam sistem aliran berterusan berkeadaan anoksik. Media rawatan
yang terdiri daripada 40% batu kapur yang dipecah, 30% SMC, 20% enapcemar diaktifkan
dan 10% sisa kayu telah digunakan dalam eksperimen kolum.Secara umumnya, Fe, Pb,
Cu, Zn, dan Al telah berkesan disingkirkan dalam rawatan dengan 87 ke 100%
penyingkiran. Walau bagaimanapun, Mn tidak berjaya disingkirkan dari rawatan pada
akhir eksperimen di sebalik penurunan Mn awal semasa fasa awal eksperimen. Ia didapati
daripada eksperimen kolum bahawa 15 hari pertama rawatan adalah tahap yang penting
untuk penyingkiran bagi kebanyakan logam di mana terutamanya bahan cemar telah
disingkirkan oleh BSR dalam keadaan pengurangan, di samping fungsi pembubaran
calcite. Keadaan rawatan telah menjadi pilihan oleh adanya sumber karbon yang
mencukupi dari bahan-bahan organik untuk membolehkan pengurangan sulfat bakteria
berlaku dengan berkesan. Kepentingan mekanisme pengurangan sulfat bakteria dalam
kehadiran bahan organik juga disokong oleh analisis pengumpulan logam dalam substrat
rawatan yang pengumpulan logam utama berlaku terutamanya melalui penjerapan logam
ke bahan organik dan pecahan Fe/Mn oksida.
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CHAPTER 1

INTRODUCTION

1.1  Background of the Study

Acid mine drainage (AMD) is typically known as a serious environmental problem
resulting from active and abandoned mining activities, causing undesirable impacts on
the environment such as on the aquatic life, groundwater, streams, and humans (Akcil
and Koldas, 2006; Diz et al., 2006; Lottermoser, 2007; Kruse et al., 2012). High acidity
and concentrations of heavy metals and sulfate are often observed in most AMDs. The
toxic metals that received most attention in AMD include As, Ag, Cd, Cr, Cu, Fe, Hg,
Mn, Pb, and Zn. AMD may cause severe impacts on biological systems and the problem
may persist in the environment for many decades to thousands of years (Luptakova and
Macingova, 2012). Acid generation and metals dissolution in coal or non-coal mining
are resulted when pyrite (FeS,) is oxidized and exposed to oxygen and water. This results
in the release of hydrogen ion that increases acidity, sulfate ions, and soluble metal
cations (Costello, 2003).

Specifically, AMD is formed by the weathering of minerals i.e. iron sulfide (FeS»), often
known as pyrite. The production of acidic water is due to oxidation of pyrite in the
presence of water and oxygen, in which pyrite can dissolve heavy metals to be
transported into the streams and oceans (Motsi, 2010). The processes of pyrite oxidation
are explained in these following equations:

FeS; )+ 712 Oy ot H,O = Fe** (aq) T+ 28042’ (agq) T+ 2H* (aq) (11)
Fe?* (aq)t 1/4 O, @t H* (aq) = Fe’* (aq)+ 1/2H,0 (1.2)
Fe* (aq)+ 3H,0 = FG(OH)3 )T+ 3H* (aq) (13)

FeS; )+ 14Fe’t (aq) + 8H,O = 15Fe* (aq) + 28042' (aq) T+ 16H* (aq) (14)

As in the equation 1.1, FeS; is oxidized, thereby releasing ferrous iron which is the
reduced form of iron, sulfate, and acid. Ferrous iron can be oxidized to form ferric iron
in the equation 1.2. Equation 1.3 shows that ferric iron can then be hydrolyzed and form
ferrous hydroxide and acidity H* or it can act as a catalyst in generating much greater
amounts of ferrous iron, sulfate, and acidity shown in equation 1.4.

AMD has been encountered around the world such as in South Africa (Vadapalli e? al.,
2012), Ontario, Canada (Kwong et al., 2007), Utah, USA (Mayo et al., 2000), Makum



Coalfiled, India (Equeenuddin et al., 2010) and many more. The examples of former
mining areas in Malaysia include former tin mining sites in Bestari Jaya, Selangor
(Ashraf et al., 2012), iron ore mines in Sungai Lembing, Pahang (Alshaebi et al., 2009;
Yaacob et al., 2009), tin mining district in Kinta Valley, Perak (Ahmad and Jones, 2013),
and copper mining area in Mamut, Sabah (Jopony and Tongkul, 2009). In terms of
environmental degradation, the Mamut former mining area has been reported to cause
severe water pollution in nearby water bodies. The site was known to have contaminated
ariver several kilometers away from the source. The mining area was known as the only
copper mine located in Sabah. The mining activities started in 1975 and came to an end
after 24 years of mining operation. It was known as an abandoned toxic legacy of residual
pollution in the nearby waterways and was the worst AMD scenario that had given
catastrophic impact to the environment (Choe, 2014). The mining area had suffered
severe environmental degradation with AMD known as notable pollution for the post-
mining stage (Daily Express, 2014). Nevertheless, this environmental issue of AMD is
uncommon in Malaysia.

There are various methods that can be applied in treating AMD including active and
passive treatment technologies. Active biotic treatment is the improvement of water
quality that requires continuous inputs of artificial energy and/or biochemical reagents
while passive biotic treatment is more cost effective and the system is low in maintenance
such that it does not need any chemicals addition. The common examples of passive
remediation for AMD include aerobic wetlands, compost bioreactors or wetlands,
permeable reactive barriers, and packed bed iron-oxidation bioreactors (Younger et al.,
2002; Johnson and Hallberg, 2005).

In this study, the treatment concept using a compost-based bioreactor was applied;
utilizing organic materials and limestone as treatment substrates. It is a sulfate-reducing
bioreactor with the concept that resembles those of the reducing- and alkalinity-
producing system (RAPS) or successive alkalinity producing system (SAPS) commonly
used for acidic and sulfate-rich mine water (Younger et al., 2002; PIRAMID, 2003). It
is a long-term AMD treatment, which offers economical and low maintenance
alternatives (Burns et al., 2012), although treatment longevity issue of compost wetlands
e.g. replenishment of carbon sources in such reactor has been reported (Kleinmann,
1990; Kim et al., 2014). Nonetheless, RAPS or SAPS has been successfully used for the
treatment of acidic and sulfate-containing mine water in many applications in the UK,
US and Europe (Younger et al, 2002; PIRAMID, 2003). However, none of the
applications has been developed in Malaysia when given similar nature of contaminated
mine water.

1.2 Overview of Passive Treatment of AMD using Sulfate-Reducing Bioreactor

Passive bioremediation of AMD incorporating sulfate-reducing bacteria (SRB) is the key
treatment mechanism applied in this study. Sulfate-reducing bioreactors have been used
for the treatment of mine drainages where heavy metals and sulfates are the primary
contaminants of concern (e.g. Mayes et al., 2011; Das et al., 2012). SRB utilizes low-
carbon number compounds, most commonly acetate, which is in turn produced by the



hydrolysis of lignocellulosic materials (Younger et al., 2002). Incorporating SRB for
passive AMD remediation requires certain pH range and sufficient source of carbon and
nutrient and a solid matrix on which the SRB can sustain their growth (Cheong et al.,
2010; Mayes et al.,2011). It has been reported that sulfate reduction in systems receiving
acidic water will vigorously occur as long as calcite dissolution can maintain high pH
for the neutrophile SRB to thrive (Younger et al., 2002).

Simple organic carbon sources such as ethanol and lactate have been successfully used
in laboratory-scale bioreactors although the materials are very expensive for full-scale
deployment (Neculita and Zagury, 2008; Cheong et al., 2010). However, higher sulfate
reduction can be achieved in mixture of easily biodegradable organic carbon sources
(Neculita and Zagury, 2008). The carbon source can be obtained from the usage of
carbonaceous material, e.g. spent mushroom compost (SMC) which can minimize the
plugging of bioreactor due to its large pore spaces, low surface area and small void
volume (Cheong et al., 2010). SMC has shown good performance as an electron donor
for SRB and contains various organic matters including lignin, cellulose and
hemicelluloses (Jordan et al., 2008). In fact, the carbon source for SRB remediation in
many bioreactors is present as labile cellulose-rich materials for later breakdown to
sustain the bacterial activity. The SMC is also easily obtainable and is typically regarded
as a waste material. Additionally, limestone has also been used as a substrate in sulfate-
reducing bioreactor as an alkalinity generator to increase the acidic pH of water, which
in turn facilitates the conditions for metal removal (Genty et al., 2011; Kusin et al.,
2014).

1.3 Problem Statement

Acid mine drainage (AMD) persists as a toxic repercussion of overabundant
contaminants to accessible waterways affecting the quality of water environment.
Pollution generated from AMD that contains high concentration of heavy metals and
sulfates with extremely low pH will cause serious threat to environment and aquatic
organisms. In Malaysia, the occurrence of AMD has been reported as an aftermath of
copper contamination at Mamut Copper Mine in Sabah. The copper mines in this country
began to churn out in 1975 until its cessation in 1999 and had been known to have left
behind a toxic legacy of residual pollution to nearby waterways. Human exposure to
toxic heavy metal can be through ingestion, inhalation and dermal contact. The ingestion
effect of heavy metals over a long run is carcinogenic and can increase the rate of
mortality due to many chronic diseases related to heavy metal exposure, such as arsenic,
chromium, copper and lead (Choe, 2014).

It has been reported that some huge area of wasteland where the copper mine was in
operation had been deteriorated and become a serious environmental degradation where
AMD emerges as the most impactful pollution in the phase of post-mining. Continuous
monitoring by the Department of Environment (DOE) and Mineral and Geoscience
Department (JMG) revealed that the water in the mine pit has a constantly high acidity
of between pH 2 and 3 (Daily Express, 2014). The abandoned copper mine was also



associated with potential impact of mining overflow such as in the case of flooding or
earthquake that can bring catastrophic effect to people living surrounding the area.

Even though AMD has been known as a significant environmental issue, the cost for
rehabilitating the mine-impacted area has become an impediment to develop an
appropriate remediation technology. Therefore, instead of using active AMD treatment
that is usually expensive and high in maintenance, it has been suggested that passive
treatment is used, which is more economical, uses naturally available materials, and
requires low system maintenance. In this study, sulfate-reducing bioreactor is used as to
study the performance of passive treatment for AMD that is high in concentrations of
heavy metals and sulfates with extremely low pH resembling the Mamut AMD water.

1.4  Scope of Work

This study focuses on the development of laboratory-scale sulfate-reducing bioreactor
for passive treatment of metal- and sulfate-rich AMD. A series of experimental column
study was conducted to evaluate treatment performance of the continuous flow
bioreactor system. The treatment media used (i.e. limestone, spent mushroom compost,
and activated sludge) were characterized for their physico-chemical characteristics,
surface morphological structure, elemental components and bacterial composition.
Performance of the bioreactor system was evaluated according to treatment efficiency
using synthetic AMD prepared similar to the range of the concentrations of heavy metals
and sulfates of Mamut former mining pond and with some modifications on the
concentrations. This is because it is not possible to obtain the actual mine water from the
Mamut mining site, and the difficulty in making the concentrations to be exactly similar
with the original concentration.

1.5 Significance of the Study

Acid mine drainage needs to be appropriately treated before being released into the
environment as to avoid the contamination due to heavy metals into the surface and
groundwater. The concept of passive AMD treatment was used in this study because the
treatment is relatively low in cost, the materials are easily available and it does not
require frequent maintenance. A sulfate-reducing bioreactor has the potential of
removing metals and sulfates as well as neutralizing acidic water, which is essential for
the remediation of AMD. This study provides detailed information on the treatment
performance and the characteristics of each substrate used for the removal of heavy
metals such as Mn, Fe, Cu, Pb, Zn, and Al as well as sulfate removal mechanisms from
the AMD. The experimental findings would be useful for the design of potential on-site
treatment application for such AMD cases. Therefore, performance of the sulfate-
reducing bioreactor will be sufficiently evaluated as toreflect the treatment concept using
a Reducing and Alkalinity Producing System. This passive treatment technique can also
be regarded as a green technology for securing environmental sustainability in terms of
the protection of our water environments.



1.6  Research Objectives

The main objective of this study is to evaluate the performance of a passive remediation
for acid mine drainage (AMD) using a sulfate-reducing bioreactor for reduction of
acidity and concentrations of heavy metals and sulfates. The specific aims of this study
are:

1. To characterize the treatment media (i.e. limestone, spent mushroom compost
and activated sludge) used for the treatment of metal- and sulfate-rich AMD

2. To assess treatment performance in a continuous flow sulfate-reducing
bioreactor for alkalinity generation and removal of sulfate and heavy metals
(column study)

1.7 Thesis Organization

Following this chapter, the remaining chapters of the thesis are outlined below:

Chapter 2 details on the topics covered throughout the study which consists the overview
of the development of mining activities in Malaysia, the fundamentals and occurrence of
acid mine drainage (AMD) and related processes, treatment options for AMD,
mechanisms of metal removal in AMD treatment and potential substrates for AMD
remediation.

Chapter 3 presents the research design for this study. This includes the characterization
of treatment media used in the treatment of AMD, experimental design and methods,
measurement technique of the analyzed experimental parameters/variables, and data
analysis.

Chapter 4 discusses the results of the laboratory batch test and column experiments of
the AMD treatment. The findings presented are the comparison between different
substrates and mode of treatment for remediating AMD in terms of physico-chemical
parameter improvement and removal efficiency of heavy metal and sulfate in mine water
and their accumulation in the substrates. Bacterial identification in the treatment media
used is also presented.

Chapter 5 summarizes the major findings of the study in the fulfillment of the research
objectives. Recommendations for future studies in this field are also included.



REFERENCES

Ahmad, S. and Jones, D. (2013). The importance and significance of heritage
conservation of ex-tin mining landscape in Perak, the Abode of Grace, in ACAS
2013: Intersecting belongings: cultural conviviality and cosmopolitan futures:
Proceedings of the Asian Conference on Asian Studies 2013, The International
Academic Forum (IAFOR), Aichi.

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

Alshaebi, F.Y., Yaacob, W.Z.W., Samsudin, A.R. and Alsabahi, E. (2009). Risk
assessment at abandoned tin mine in Sungai Lembing, Pahang. Electronic Journal
of Geotechnical Engineering 14:1-9.

Ashraf, M.A., Maah, M.J. and Yusoff, I. (2012). Morphology, geology and water quality
assessment of former tin mining catchment. The Scientific World Journal 2012:1-
15.

Aziz, A.S.A, Manaf, L.A., Man, H.C. and Kumar, N.S. (2014). Kinetic modeling and
isotherm studies for copper(II) adsorption onto palm oil boiler mill fly ash (POFA)
as a natural low-cost adsorbent. Bioresources 9:336-356.

Balintova, M. and Petrilakova, A. (2005). Study of pH influence on selective
precipitation of heavy metals from acid mine drainage. In: 14" International
Conference on Progress Integration, Modelling and Optimisation for Energy Saving
and Pollution Reduction. Florence, Italy, 8-11 May 2011.

Balintova, M., Holub, M. and Singovszka, E. (2012). Study of iron, copper and zinc
removal from acidic solutions by sorption. Chemical Engineering Transactions
28:175-180.

Barton, L.L. and Tomei, F.A. (1995). Sulphate reducing bacteria. In: L.L. Barton (Ed.).
New York: Plenum.

Bernier, L.R. (2005). The potential use of serpentinite in the passive treatment of acid
mine drainage: batch experiments. Environ Geol. 47:670-684.

Bhatnagar, M. and Singh, G. (1991). Growth inhibition and leakage of cellular material
from Thiobacillus ferrooxidans by organic compounds. Journal of Environmental
Biology 12:385-399.

Bigham, J.M., Schwertmann, U. and Pfab, G. (1996). Influence of pH on mineral
speciation in a bioreactor simulating acid mine drainage. Applied Geochemistry

11:845-849.

Blowes, D.W., Ptacek, C.J., Jambor, J.L.. and Weisener, C.G. (2003). The geochemistry
of acid mine drainage. In K. Turekian and H. Holland (Ed.), Treatise on

68



geochemistry: Second edition (pp.149-204). Amsterdam, The Netherlands: Elservier
Science.

Boshoff, G., Duncan, J., and Rose, P.D. (2004).Tannery effluent as a carbon source for
biological sulphate reduction. Water Research. 38:2651-2658.

Brookins, D.G. (1988). Eh-pH diagrams for geochemistry. New York: Springer.

Burke, S.P. and Banwart, S.A. (2002). A geochemical model for the removal of
iron(IT)(aq) from mine water discharges. Applied Geochemistry 17:431-443.

Burns, A.S., Pugh, C.W., Segid, Y.T., Behum, P.T., Lefticariu, L. and Bender, K.S.
(2012). Biodegradation 23:415-429.

Chang, IN., Shin, P.K. and Kim, B.H. (2000). Biological treatment of acid mine drainage
under sulphate-reducing conditions with solid waste materials as substrate. Wat. Res.
34:1269-1277.

Chang, Y.J., Chang, Y.T. and Hung, C.H. (2008). The use of magnesium peroxide fo the
inhibition of sulfate-reducing bacteria under anoxic conditions. J. Ind Microbiol
Biotechnology 35: 1481-1491.

Chen, Y., Wen, Y., Tang, Z., Huang, J., Zhou, Q. and Vymazal, J. (2015). Effects of
plant biomass on bacterial community structure in constructed wetlands used for
tertiary wastewater treatment. Ecological Engineering 84:38-45.

Cheong, Y.W., Das, B.K., Roy, A. and Bhattacharya, J. (2010). Performance of a SAPS-
based chemo-bioreactor treating acid mine drainage using low-DOC spent
mushroom compost, and limestone as substrate. Mine Water Environ. 29:217-224.

Choe, T.C. (2014, May 11). Don’t fool around with safety. New Straits Times. Retrieved
from http://www2.nst.com.my/life-times/health/don-t-fool-around-with-safety-
1.5930332cache=03?page=0/7.227359/7.288587/7.321287/7.704863/7.704863/7.6
48041/7.124478/7.179134/7.861126/7.634954/7.634954/7.860534/7.860534/7.861
126%2

Church, C.D., Wilkin, R.T., Alpers, C.N., Rye, R.O. and McCleskey, R.B. (2007).
Microbial sulfate reduction and metal attenuation in pH 4 acid mine water.
Geochemical Transactions 8:10.

Costa, M.C. and Duarte, J.C. (2005). Bioremediation of acid mine drainage using acidic
soil and organic wastes for promoting sulphate-reducing bacteria activity on a
column reactor. Water, Air, and Soil Pollution 165:325-345.

Costa, M.C., Martins, M., Jesus, C. and Duarte J.C. (2008). Treatment of acid mine
drainage by sulphate-reducing bacteria using low cost matrics. Water Air Soil Pollut.

189:149-162.

Costello, C. (2003). Acid mine drainage: innovative treatment technologies. Washington
DC: U.S. Environmental Protection Agency.

69


http://www2.nst.com.my/life-times/health/don-t-fool-around-with-safety-1.593033?cache=03?page=0/7.227359/7.288587/7.321287/7.704863/7.704863/7.648041/7.124478/7.179134/7.861126/7.634954/7.634954/7.860534/7.860534/7.861126%252
http://www2.nst.com.my/life-times/health/don-t-fool-around-with-safety-1.593033?cache=03?page=0/7.227359/7.288587/7.321287/7.704863/7.704863/7.648041/7.124478/7.179134/7.861126/7.634954/7.634954/7.860534/7.860534/7.861126%252
http://www2.nst.com.my/life-times/health/don-t-fool-around-with-safety-1.593033?cache=03?page=0/7.227359/7.288587/7.321287/7.704863/7.704863/7.648041/7.124478/7.179134/7.861126/7.634954/7.634954/7.860534/7.860534/7.861126%252
http://www2.nst.com.my/life-times/health/don-t-fool-around-with-safety-1.593033?cache=03?page=0/7.227359/7.288587/7.321287/7.704863/7.704863/7.648041/7.124478/7.179134/7.861126/7.634954/7.634954/7.860534/7.860534/7.861126%252

Daily Express. (2014, November 12). RM200m cost to rehabilitate Mamut: Masidi.
Sabah Publishing House Sdn. Bhd. Retrieved from
http://www.dailyexpress.com.my/news.cfm?NewsID=93277

Damariscotta. (2003). Operation and maintenance for passive treatment systems.
Pennsylvania, United States: Somerset County Conservation District.

Das, B.K., Mandal, S.M. and Bhattacharya, J. (2012). Understanding of the biochemical
events in a chemo-bioreactor during continuous acid mine drainage treatment.
Environmental Earth Sciences 66:607-614.

Devi, R.R., Umlong, .M., Das, B., Borah, K., Thakur, A.J., Raul, P.K., Banerjee, S. and
Singh, L. (2014). Removal of iron and arsenic (III) from drinking water using iron
oxide-coated sand and limestone. Appl. Water Sci. 4:175-182.

Diz, HR., Novak, J.T. and Rimstidt, J.D. (2006). Iron precipitation kinetics in synthetic
acid mine drainage. Mine Water and the Environment 2:814.

Druschel, G.K., Baker, B.J., Gihring, T.M. and Banfield J.F. (2004). Acid mine drainage
biogeochemistry at Iron Mountain, California. Geochemical Transactions 5:13-32.

Edwards, J.D. (2008). Removal of manganese from an alkaline mine drainage using a
bioreactor with different organic carbon sources. United States: University of
Kentucky.

Equeenuddin, S.M., Tripathy, S., Sahoo, P.K. and Panigrahi, M.K. (2010).
Hydrogeochemical characteristics of acid mine drainage and water pollution at
Makum Coalfield, India. Journal of Geochemical Exploration 105:75-82.

Europian Commission (2016). Mining waste. Retrieved from
ec.europa.eu/environment/waste/mining/

Fashola, M.O., Ngole-Jeme, V.M. and Babalola O.0. (2015). Diversity of acidophilic
bacteria and archae and their roles in bioremediation of acid mine drainage. British
Microbiology Research Journal 8:443-456.

Ford, K. L. (2003). Passive treatment systems for acid mine drainage.National Science
and Technology Center, U.S. Bureau of Land Management Papers.

Fu, F. and Wang, Q. (2011). Removal of heavy metal ions from wastewaters: a review.
Journal of Environmental Management 92:407-418.

Fu, G., Guo, Z., Zhang, J., Chen, Z. and Wong, M. (2015). Organic matter transplant
improved purification performance of newly built constructed wetlands. Ecological
Engineering 83:338-342.

Gaikwad, R.W., Sapkal, R.S. and Sapkal, V.S. (2010). Removal of copper ions from acid

mine drainage wastewater using ion exchange technique: factorial design analysis.
J. Water Resource and Protection 2:984-989.

70


http://www.dailyexpress.com.my/news.cfm?NewsID=93277

Gandy, C.J. and Jarvis, A.P. (2012). The influence of engineering scale and
environmental conditions on the performance of compost bioreactors for the
remediation of zinc in mine water discharges. Mine Water Environ. 31:82-91.

Gate, R.W. and Gupta, D.V. (2008). Review on removal of heavy metals from acid mine
drainage. Applied Ecology and Environmental Research 6:81-98.

Genty, T., Bussiere, B., Neculita, C. M., Benzaazoua, M., & Zagury, G. J. (2011,
September). Passive treatment of acid mine drainage: Repeatability for sulphate
reducing passive bioreactor column efficiency testing. In 11th International Mine
Water Association Congress. Aachen, Germany (pp. 4-11).

Genty, T., Bussiere, B., Potvin, R., Benzaazoua, M. and Zagury, G.J. (2012). Dissolution
of calcitic marble and dolomitic rock in high iron concentrated acid mine drainage:
application to anoxic limestone drains. Environ Earth Sci 66:2387-2401.

Goldani, E., Moro, C.C. and Maia, S.M. (2013). A study employing differents clays for
Fe and Mn removal in the treatment of acid mine drainage. Water Air Soil Pollut.
224:1401-1412.

Gray, H.E. (2012). Laboratory methods for the advancement of wastewater treatment
modeling. Canada: Wilfrid Laurier University.

He, Q., Mohamed, I., Ali, M., Hassan, W. and Zeng, F. (2013). Assessment of trace and
heavy metal distribution by four sequential extraction procedures in a contaminated
soil. Soil & Water Res. 8:71-76.

Hem, J.D. and Lind, C.J. (1994). Chemistry on manganese precipitation in Pinal Creek,
Arizona, USA: a laboratory study. Geochemica et Cosmochimica Acta 58:1601-
1613.https://archive.epa.gov/epawaste/nonhaz/industrial/special/web/html/index-
S.html

Jena, V., Gupta, S., Dhundhel, R.S., Matic, N., Bilinski, S.F. and Devic, N. (2013).
Determination of total heavy metal by sequential extraction from soil. International
Journal of Research in Environmental Science and Technology 3:35-38.

Johnson, D.B. (2014). Recent developments in microbiological approaches for securing
mine wastes and for recovering metals from mine waters. Minerals 4:279-292.

Johnson, D.B. and Hallberg, K.B. (2003). The microbiology of acidic mine waters.
Research in Microbiology 154:466-473.

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

Jong, T. and Parry, D.L. (2003). Removal of sulfate and heavy metals by sulfate reducing
bacteria in short-term bench scale upflow anaerobic packed bed reactor runs. Water
Research 37:3379-3389.

Jopony, M. and Tongkul, F. (2009). Acid mine drainages at Mamut Coppe Mine, Sabah,
Malaysia. Borneo Science 3:83-94.

71


https://archive.epa.gov/epawaste/nonhaz/industrial/special/web/html/index-5.html
https://archive.epa.gov/epawaste/nonhaz/industrial/special/web/html/index-5.html

Jordan, S.N., Mullen, G.J. and Murphy, M.C. (2008). Composition variability of spent
mushroom compost in Ireland. Bioresource Technol. 99:411-418

Karathanasis, A.D., Edwards, J.D. and Barton, C.D. (2010). Manganese and sulfate
removal from a synthetic mine drainage through pilot scale bioreactor batch
experiments. Mine Water Environ. 29:144-153.

Kasama, T. and Murakami, T. (2001). The effect of microorganisms on Fe precipitation
rates at neutral pH. Chemical Geology 180:117-128.

Kim, G., Kim, D., Kang, J. and Baek, H. (2014). Treatment of synthetic acid mine
drainage using rice wine waste as a carbon source. Environmental Earth Sciences
71:4603-46009.

Kleinmann, R. (1990). Acid mine water treatment using engineering wetlands. Journal
of Wetlands 269-276.

Kruse, N.A., Mackey, A.L., Bowman, J.R., Brewster, K. and Riefler, R.G. (2012).
Alkalinity production as an indicator of failure in steel slag leach beds treating acid
mine drainage. Environ. Earth Sci. 67:1389-1395.

Kusin, F.M., Muhammad, S.N. and Zahar, M.S.M. (2014). Limestone-based closed
reactor for passive treatment of highly acidic raw water. International Journal of
Research In Earth & Environmental Sciences 2:13-23.

Kwong, Y.T.J., Beauchemin, S., Hossain, M. F. and Gould, W. D. (2007).
Transformation and mobilization of arsenic in the historic Cobalt mining camp,
Ontario, Canada. Journal of Geochemical Exploration 92:133-150.

Lefticariu, L., Walters, E.R., Pugh, C.W. and Bender, K.S. (2015). Sulfate reducing
bioreactor dependence on organic substrates for remediation of coal-generated acid
mine drainage: field experiments. Applied Geochemistry 63:70-82.

Liu, C., Bai, R. and Ly, Q.S. (2008). Selective removal of copper and lead ions by
diethylenetriamine-functionalized adsorbent: behaviors and mechanisms. Water
Research 42:1511-1522.

Liu, F., Zhou, J., Zhou, L., Zhang, S., Liu, L. and Wang, M. (2015). Effect of neutralized
solid waste generated in lime neutralization on the ferrous ion bio-oxidation process
during acid mine drainage treatment. Journal of Hazardous Materials 299:404-411.

LORAX Environmental. (2003). Treatment of sulphate in mine effluents. Canada:
International Network for Acid Prevention (INAP).

Lottermoser, B. (2007). Mine wastes: Characterization, treatment and environmental
impacts (Second Edition). Australia: Springer.

Luis, A.T., Teixeira, P., Almeida, S.F.P., Matos, J.X. and da Silva, E.F. (2011).
Environmental impact of mining activities in the Lousal area (Portugal): chemical
and diatom characterization of metal-contaminated stream sediments and surface
water of Corona stream. Science of the Total Environmnet 409:4312-4325.

72



Luptakova, A. and Macingova, E. (2012). Alternative substrates of bacterial sulphate
reduction suitable for the biological-chemical treatment of acid mine drainage. Acta
Montanistica Slovaca 17:74-80.

Machemer, S. and Wildeman, T. (1992). Adsorption compared with sulfide precipitation
as metal removal processes from acid mine drainage in a constructed wetland.
Journal of Contaminant Hydrology 9:115-131.

Malaysia, Ministry of Health. (2010). Drinking Water Quality Surveillance Programme.

Malaysia. Ministry of Natural Resources and Environment (MNRE). (2013). Malaysia
Mining Industry 2013. Putrajaya, Malaysia: Publisher.

Mandadi, K. (2012). Removal of heavy metals using modified limestone media: zinc and
cadmium. United States: Western Kentucky University.

Matthiessen, M.K., Larney, F.J., Selinger, L.B. and Olson, A.F. (2005). Influence of loss-
on-ignition temperature and heating time on ash content of compost and manure.
Communications in Soil Science and Plant Analysis 36:2561-2573.

Mayes, W.M., Davis, J., Silva, V. and Jarvis, A.P. (2011). Treatment of zinc-rich acid
mine water in low residence time bioreactors incorporating waste shells and
methanol dosing. Journal of Hazardous Materials 193:279-287.

Mayes, W.M., Potter, H.A.B. and Jarvis, A.P. (2009). Novel approach to zinc removal
from circum-neutral mine waters using pelletised recovered hydrous ferric oxide.
Journal of Hazardous Materials 162:512-520.

Mayo, A., Petersen, E. and Kravits, C. (2000). Chemical evolution of coal mine drainage
in a non-acid producing environment, Wasatch Plateau, Utah, USA. Journal of
Hydrology 236:1-16.

Motsi, T. (2010). Remediation of acid mine drainage using natural zeolite. United
Kingdom: University of Birmingham.

Muhammad, S.N., Kusin, F.M., Zahar, M.S.M., Yusuff, F.M. and Halimoon N. (2016).
Passive bioremediation technology incorporating lignocellulosic spent mushroom
compost and limestone for metal- and sulfate-rich acid mine drainage.
Environmental Technology.

Name, T.I. (2013). Remediation of acid mine drainage using metallurgical slags. South
Africa: Universityof Witwatersrand, Johannesburg.

Natarajan, K.A. (2008). Microbial aspects of acid mine drainage and its bioremediation.
Transactions of Nonferrous Metals Society of China 18:1352-1360.

Neculita, C.M. and Zagury, G.J. (2008). Biological treatment of highly contaminated
acid mine drainage in batch reactors: long-term treatment and reactive mixture
characterization. Journal of Hazardous Materials 157:358-366.

73



Neculita, C.M., Yim, G., Lee, G., Ji, S., Jung, JW., Park, H. and Song, H. (2011).
Comparative effectiveness of mixed organic substrates to mushroom compost for
treatment of mine drainage in passive bioreactors. Chemosphere 83:76-82.

Neculita, C.M., Zagury, G.J. and Bussiere, B. (2007). Passive treatment of acid mine
drainage in bioreactors using sulfate-reducing bacteria: critical review and research
needs. Journal of Environmental Quality 36:1-16.

Parga, J.R., Valenzuela, J.L., Vazquez, V. and Rodriguez, M. (2013). Removal of
aqueous lead and copper ions by using natural hydroxyapatite powder and sulphide
precipitation in cyanidation process. Materials Sciences and Applications 4:231-
237.

PIRAMID Consortium. (2003). Engineering guidelines for the passive remediation of
acidic and/or metalliferous mine drainage and similar wastewaters. In: Europian
Commission 5 Framework Programme “Passive In-situ Remediation of Acid
Mine/ Industrial Drainage” (PIRAMID). University of Newcastle Upon Tyne,
United Kingdom (pp.166).

Rios, C.A., Williams, C.D. and Roberts, C.L. (2008). Removal of heavy metals from
acid mine drainage (AMD) using coal fly ash, natural clinker and synthetic zeolites.
Journal of Hazardous Materials 156:23-35.

Roetting, T.S., Thomas, R.C., Ayora, C. and Carrera J. (2008). Passive treatment of acid
mine drainage with high metal concentrations using dispersed alkaline substrate.
Journal of Environmental Quality 37:1741-1751.

Rose, A.W., Means, B. and Shah, P.J. (2003). Methods for passive removal of
manganese from acid mine drainage. In: West Virginia Mine Drainage Task Force
Symposium Papers. Available from: www.wvmdtaskforce.com

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

Santomartino, S. and Webb, J.A. (2007). Estimating the longevity of limestone drains in
treating acid mine drainage containing high concentrations of iron. Applied
Geochemistry 22:2344-2361.

Scarascia, G., Wang, T. and Hong, P. (2016). Quorum sensing and the use of quorum
quenchers as natural biocides to inhibit sulfate-reducing bacteria. Antibiotics 5:39.

Sdiri, A. and Hagashi, T. (2013). Simultaneous removal of heavy metals from aqueous
solution by natural limestones. Appl. Water Sci. 3:29-39.

Shabalala, A.N. (2013). Assessment of locally available reactive materials for use in
permeable reactive barriers (PRBs) in remediating acid mine drainage. Water
Research Commission 39:251-256.

Shafie, N.A. (2013). Chemical and mineralogical forms of heavy metals in sediments at
Langat River, Selangor. Malaysia: Universiti Putra Malaysia.

74


http://www.wvmdtaskforce.com/

Sheoran, A.S. and Sheoran, V. (2006). Heavy metal removal mechanism of acid mine
drainage in wetlands: a critical review. Minerals Engineering 19:105-116.

Sidi, N., Aris, A.Z., Talib, S.N., Johan, S., Yusoff, T.S.T.M. and Ismail, M.Z. (2015).
Influential factors on the cation exchange capacity in sediment of Merambong
Shoal, Johor. Procedia Environmental Sciences 30:186-189.

Silva, A.M., Cruz, F.L.S., Lima, RM.F., Teixeira, M.C. and Leao, V.A. (2010).
Manganese and limestone interactions during mine water treatment. Journal of
Hazardous Materials 181:514-520.

Silva, A.M., Cunha, E.C., Silva, F.D.R. and Leao, V.A. (2012). Treatment of high-
manganese mine water with limestone and sodium carbonate. Journal of Cleaner
Production 29-30:11-19.

Song, H., Yim, G, Ji, S., Neculita, C.M. and Hwang, T. (2012). Pilot-scale passive
bioreactors for the treatment of acid mine drainage: efficiency of mushroom
compost vs. mixed substrates for metal removal. Journal of Environmental
Management 111:150-158.

Song, Y., Fitch, M., Burken, J., Ross, C. and Feeler, A. (2000). Lead and zinc removal
by lab-scale constructed wetlands. In: Environmental and Pipeline Engineering
2000. United States: University of Missouri-Rolla.

Sullivan, A.D., Murray, D.A. and Otte, M.L. (2004). Removal of sulfate, zinc, and lead
from alkaline mine wastewater using pilot-scale surface-flow wetlands at Tara
Mines, Ireland. Mine Water and the Environment 23:58-65.

Sung, W. and Morgan, J.J. (1981). Oxiadtive removal of Mn(II) from solution catalyzed
by the y—FeOOH (lepidocrocite) surface. Geochimica et Cosmochimica Acta
45:2377-2383.

Tebo, B.M. and Obraztsova, A.Y. (1998). Sulfate-reducing bacterium grows with
Cr(VD), U(VID), Mn(IV), and Fe(IIl) as electron acceptors. FEMS Microbiology
Letters 162: 193-198.

Tessier, A., Campbell, P.G.C. and Bisson, M. (1979). Sequential extraction procedure
for the speciation of particulate trace metals. Analytical Chemistry 51:844-851.

Thomas, R.C. and Romanek, C.S. (2002). Passive treatment of low-pH, ferric iron-
dominated acid rock drainage in a vertical flow wetland I: acidity neutralization and
alkalinity generation. In: National Meeting of the American Society of Mining and
Reclamation. Kentucky, United States, 9-13 June 2002.

Trumm, D. (2009). Selection of active treatment systems for acid mine drainage..New
Zealand: CRL Energy Limited.

United States Environmental Protection Agency (USEPA). (1994). Acid mine drainage
prediction. (EPA 530-R-94-036 NTIS PB94-201829).

75



United States Environmental Protection Agency (USEPA). (2001). Method 1684-total,
fixed, and volatile solids in water, solids, and biosolids. (EPA-821-R-01-015).

United States Environmental Protection Agency (USEPA). (2013). What is acid mine
drainage. Retrieved from http://www.sosbluewaters.org/epa-what-is-acid-mine-
drainage[1].pdf

United States Environmental Protection Agency (USEPA). (2016). Mining waste.
Retrieved from
https://archive.epa.gov/epawaste/nonhaz/industrial/special/web/html/index-5.html

Utgikar, V.P., Harmon, S.M., Chaundhary, N., Tabak, H.H., Govind, R. and Haines, J.R.
(2002). Inhibition of sulfate-reducing bacteria by metal sulfide formation in
bioremediation of acid mine drainage. Environmental Toxicology 17:40-48.

Vadapalli, V.R.K., Gitari, M.W., Petrik, L.F., Etchebers, O. and Ellendt, A. (2012).
Integrated acid mine drainage management using fly ash. Journal of Environmental
Science and Health 47: 60-69.

Van den Brand, T.P.H., Roest, K., Chen, G.H., Brdjanovic, D. and van Loosdrecht,
M.C.M. (2015). Potential for beneficial application of sulfate reducing bacteria in

sulfate containing domestic wastewater treatment. World J. Microbiol Biotechnol.
31:1675-1681.

Wali, A., Colinet, G. and Ksibi, M. (2014). Speciation of heavy metals by modified BCR
sequential extraction in soils contaminated by phosphogypsum in Sfax, Tunisia.
Environmental Research, Engineering and Management 4:14-26.

Watzlaf, G.R., Schroeder, K.T. and Kairies, C.L. (2006). Long-term performance of
anoxic limestone drains. Mine Water and the Environment 2000:98-110.

Westholm, L.J., Repo, E. and Sillanpaa, M. (2014). Filter materials for metal removal
from mine drainage —a review. Environmental Science Pollution Research 21:9109-
9128.

Xavier, A.G. (2006). Environmental-biochemical aspects of heavy metals in acid mine
water. Mine Water and the Environment (pp.43-55).

Yaacob, W.Z., Pauzi, N.S.M. and Mutalib, H. (2009). Acid mine drainage and heavy
metals contamination at abandoned and active mine sites in Pahang. Bulletin of the
Geological Society of Malaysia 55:15-20.

Younger, P.L. (2000). The adoption and adaptation of passive treatment technologies for
mine waters in the United Kingdom. Mine Water and the Environment 19:84-97.

Younger, P.L., Banwart, S.A. and Hedin, R.S. (2002). Mine water: Hydrology, pollution,
remediation. The Netherlands: Kluwer Academic Publishers.

Yuan, C., Mosley, L.M., Fitzpatrick, R. and Marschner, P. (2015). Amount of organic
matter required to induce sulfate reduction in sulfuric material after re-flooding is

affected by soil nitrate concentration. Journal of Environmental Management
151:437-442.

76


http://www.sosbluewaters.org/epa-what-is-acid-mine-drainage%5b1%5d.pdf
http://www.sosbluewaters.org/epa-what-is-acid-mine-drainage%5b1%5d.pdf
https://archive.epa.gov/epawaste/nonhaz/industrial/special/web/html/index-5.html

Yuzir, AM. and Sallis, P. (2008). Advances in water and wastewater treatment
technologies (First Edition). Johor: Penerbit UTM Press.

Zagury, G.J., Kulnieks, V.I. and Neculita, C.M. (2006). Charactrization and reactivity
assessment of organic substrates for sulphate-reducing bacteria in acid mine
drainage treatment. Chemosphere 64:944-954.

Zagury, G.J., Neculita, C.M. and Bussiere, B. (2007). Passive treatment of acid mine
drainage in bioreactors: short review, applications, and research needs. In: Canadian
Geotechnical Society Conference (OTTAWA 2007). Canada (pp. 1439-1446).

Zulkifli, S.Z., Ismail, A., Yusuff, F.M., Arai, T. and Miyazaki, N. (2010). Johor strait as
a hotspot for trace elements contamination in Peninsular Malaysia. Bulletin of
Environmental Contamination and Toxicology 84:568-573.

Zvinowanda, C.M., Okonkwo, J.O., Sekhula, M.M., Agyei, N.M. and Sadiku, R. (2009).
Application of maize tassel for the removal of Pb, Se, Sr, U and V from borehole
water contaminated with mine wastewater in the presence of alkaline metals.
Journal of Hazardous Materials 164:884-891.

77



LIST OF PUBLICATIONS

Muhammad, S.N., Kusin, F.M., and Zahar, M.S.M. The potential use of mixed substrates
in passive treatment of acid mine drainage: batch experiments. In Proceedings of
the Malaysian International Biological Symposium 2014, Palm Garden Hotel,
Putrajaya, Malaysia, 28-29 October 2014.

Muhammad, S.N., Kusin, F.M., Zahar, M.S.M., Madzlen, N.S., and Gaung E.R. (2015).
Passive treatment of metal and sulphate-rich acid mine drainage (AMD) using
mixed limestone, spent mushroom compost and activated sludge. International
Journal for Research in Science, Engineering & Technology 1(4): 234-239.

Muhammad, S.N., Kusin, F.M., Zahar, M.S.M., Halimoon, N., and Mohamat-Yusuff, F.
(2015). Passive treatment of acid mine drainage using mixed substrates: batch
experiments. Procedia Environmental Sciences 30:157-161.

Muhammad, S.N., Kusin, F.M., Zahar, M.S.M., Yusuff, F.M., and Halimoon, N. (2016).
Passive bioremediation technology incorporating lignocellulosic spent
mushroom compost and limestone for metal- and sulfate-rich acid mine drainage.
Environmental Technology. DOI: 10.1080/09593330.2016.1244568

&7





