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Bioremediation of acid mine drainage contaminated soils using
bioattenuation, wastewater and air-injection system
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School of Chemical and Metallurgical Engineering, University of the Witwatersrand, Johannesburg, South Africa

ABSTRACT
Acid mine drainage (AMD) poses a serious challenge to the ecosystem due to its disastrous
effect on soil and water resources which contributes to the pollution and reduction of the
accessibility of potable water and arable land for agricultural activities. The treatment of
contaminated soils using physical, chemical, or thermal methods requires some improve-
ments to meet the required remediation purpose. The purpose of this study is to investigate
the application of bioattenuation, wastewater, and air-injection for the remediation of AMD
polluted soils. A microcosm comprising 1 kg of polluted soil was amended with varying
loadings of domestic and brewery wastewaters for biostimulation treatments, and the bioat-
tenuation received no amendment while the bioventing treatment was supplied with waste-
waters and atmospheric air at 3 L/min for 30 mins intervals every 48 h. The investigation
conducted under the ambient condition for 28 days recorded average metal removal effi-
ciencies of 12–31% (bioattenuation), 50–66% for all heavy metals (iron, aluminum, copper
and zinc) except manganese (28%) (biostimulation) and 56–70% (bioventing) while 32%,
35% and 52% sulfate removal efficiencies were recorded for bioattenuation, bioventing and
biostimulation respectively. The study revealed that wastewater and bioventing systems can
be efficiently utilized as an eco-friendly approach for the treatment of acid mine contami-
nated soils and pollution mitigation in the mining environments. In addition, from a com-
parative point of view, the results of the study further showed that the amendment of
wastewater is more effective for sulfate removal while air injection enhanced metal removal
from acid mine drainage contaminated soils. The synergetic effects have also been
observed; the current study demonstrates that the combined application of biostimulation
and bioventing system requires constant monitoring to ensure the provision of appropriate
anoxic conditions for biosulfidogenic activity by enhancing sulfate removal while promoting
an oxic environment for the oxidation process to facilitate metal removal for the effective
treatment of acid mine drainage contaminated soil.

KEYWORDS
Acid mine drainage;
bioattenuation;
biostimulation; bioventing;
wastewaters

Introduction

Industrialization has contributed immensely to
the development and advancement of technolo-
gies worldwide poised to enhance the production
of goods and services for the satisfaction of
human wants which improves the living standard.
It is indisputable that most anthropogenic, agri-
cultural and industrial activities (mining and
exploration of mineral resources) continue to
play an integral part in the economic growth,
development, and sustainability of most countries
like South Africa and many other countries that
are actively engaged in mining of mineral resour-
ces which account for their major exports and

income. These activities have continued to rise
with the growth of the human population and do
not seem to retard in future. While these have
brought a significant amount of wealth to indi-
viduals and government, it is worth noting that
this “progress” has come at the price of extensive
ecological damage because of little or no strategy
to effectively manage the direct and indirect
effects of mine waste contaminants. Despite
efforts by man to move toward sustainable proc-
esses in the nearest future, it is a known fact that
the very much desired transition will take place
at a price. As we prepare toward ensuring the
price has been met, the status quo has to be
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explored in a very responsible manner such that
any potential damage to the environment is min-
imal. Mine waste is among the major soil and
water pollutants that contribute to the degrad-
ation and reduction of agricultural arable lands
and the availability of potable water. This causes
contamination of proximate water bodies and
physical soil deterioration through soil compac-
tion, sealing of pores, reduction in root penetra-
tion, low infiltration, waterlogging and runoff,
and accelerated erosion (Osman2014). The nega-
tive impact as a result of this contamination has
directly and indirectly affected both aquatic and
terrestrial organisms. Furthermore, most of the
areas affected by these pollutants do not have
immediate access to alternative solutions consid-
ering their remote locations. Notably among the
pollutants from the mining sector is acid mine
drainage (AMD). Although AMD is attributed to
various discharges from the mining industry, it is
important to note its varied composition as such
it can come in various acidic strengths as well as
the composition of heavy metals. The myriad
nature of its composition clearly implies a very
vast impact on both the area of discharge and
organisms that are very much dependent on the
discharge areas such as water and soils
among others.

Soils are the source of primary deposits for
metal pollutants in terrestrial habitats, while sedi-
ments are the main deposit for heavy metals in
marine ecosystems. Heavy Metals can also be
found in organic fragments, mostly in an encap-
sulated state, with some metal recovery taking
place because of the degradation of organic mate-
rials in the soil. The aqueous process offers a
mobile platform for metal transport and redistri-
bution through soil and animals, as well as in the
marine ecosystem (Warren and Haack2001). The
marine ecosystem also includes a large number of
heavy metals existing in several chemical phases
with most of the heavy metals settling in sedi-
ments (Warren and Haack2001; Gilmour and
Riedel2009). While some of these elements could
be detrimental to the ecosystem, it is important
to note that many of them play vital roles in dif-
ferent sectors of the economy including agricul-
ture among others. Some elements such as
carbon (C), Hydrogen (H), Nitrogen (N)

Oxygen(O), Phosphorous (P) and Sulfur (S)
account for most nutrients in the plant, animal,
and microbial biomass; besides, many other ele-
ments are commonly found in organisms, the
majority of which have basic biochemical and
physiological functions such as Potassium (K),
calcium (Ca), Magnesium (Mg), Boron (B),
Chlorine (Cl), Iron (Fe), Manganese (Mn),
Cupper (Cu), Zinc (Zn), Molybdenum (Mo),
Nickel (Ni), Cupper (Co), Selenium (Se), Sodium
(Na) and Tin (Sn). Also, plants, animals, and
microbes may contain approximately 90 known
natural elements, including gold (Au), Arsenic
(As), Mercury (Hg), cadmium (Cd) & Uranium
(Ur). Any of these heavy metals can end up in
food and the ecosystem as pollutants. Metal pol-
lutants can influence the terrestrial and aquatic
environment via different means such as runoff,
leaching, and mobile colloid transport (Adriano
2013). The adverse effect of some of these metals
could be lethal leading to losses and damage to
the ecosystem, in addition, these metals could
have had economic value hence, their discharge
in effluent streams does not only have environ-
mental and health impacts but also could pose
economic challenges. Metalloids, organometals,
and organometalloids are pollutants linked to
heavy metals and other radionuclides that pene-
trate the ecosystem. However, metals are import-
ant inherent constituents of all soils, where they
comprise a collection of possible mobile metallic
ions, plant and microbe vital nutrients and solid
materials (such as clays, minerals, iron and man-
ganese, etc) that can significantly alter the bio-
geochemical activities of soil (Huanget al. 2004).

The weathering and degradation of minerals
and rocks are attributed to physical, biological,
and chemical processes and for biodegradation,
metal-microbe associations are often involved.
Bioweathering involved microbial activities for
rock and mineral degradation. The great majority
of minerals contain heavy metals, and there is an
enormous number of mineral forms associated
with each heavy metal, with varying environmen-
tal distribution and physicochemical characteris-
tics. For instance, Mn is present in more than
100 naturally prevalent mineral deposits, mostly
as oxides, carbonates and silicates, as a main or
minor constituent (Ehrlich 1998). Moreover,
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heavy metals can be a standard part of several
minerals such as natural or industrial impurities
(silicates, sulfides, oxides, carbonates, and phos-
phates) that can contain possibly hazardous or
other heavy metals. No matter if they are of geo-
logical or biogenic source, microorganisms can
associate with minerals and influence their struc-
tural design through mechanical and biochemical
processes which alter heavy metal speciation and
mobility (Ehrlich 1996; Landa 2005; Gleeson,
McDermott, and Clipson2007).

Weathering of Fe-minerals on the surface
(rocks, soils), and subsurface (sediments) zone is
aided by bacterial and fungal activities, as well as
chemical reactions (Kashefi and Lovley2000).
Sulfate-reducing bacteria contribute significantly
to the production of some sulfide minerals, par-
ticularly Fe-pyrite (FeS2), in some sedimentary
deposits. Bacteria such asAcidithiobacillus fer-
rooxidans, and Leptospirillum ferrooxidanscan
oxidize metal sulfides. Bacterial action can entail
either a direct oxidative effect on the crystalline
structure of a metal sulfide or an indirect oxida-
tive effect through the production of acid ferric
sulfate, for the chemical oxidation of the metal
sulfide. In the solubilization of uraninite, for
instance, the indirect process plays a crucial role.
Metals are extracted from low-grade metal sulfide
ores and uraninite using bacterial oxidation of
metal sulfides. The oxidation of FeS2 by these
bacteria in exposed old, abandoned or active
bituminous coal seams or gold mines is an envir-
onmentally hazardous process that contributes to
acid mine drainage (AMD) (Ehrlich 1998;
Rawlings, Dew, and du Plessis2003; Rawlings
2005; Ehrlich, Newman, and Kappler2015).

Acid mine drainage (AMD) is generated
through pyrite oxidation which is triggered by
the exposure of mine water containing pyrite to
oxygen. This exposure leads to a series of chem-
ical reactions as shown withEquations 1–5.
While acid mine drainage could vary in compos-
ition based on its origin, it has been shown to
exhibit high sulfate content, low pH, heavy met-
als, and sometimes, the presence of radioactive
elements such as Uranium (Ur) and Radium (Ra)
depending on the type of mine site (Diels and
Vanbroekhoven2008). Pyrite weathering, which
is the initiation phase in the overall AMD

production is represented usingEq. 1where oxi-
dation of pyrite (FeS2) forms ferrous iron (Fe2þ )
and sulfate. Subsequently, the ferrous iron is con-
verted to ferric iron (Fe3þ ) (Eq. 2); this step is
facilitated by the presence of bacteria. Hydrolysis
of ferric iron to form ferric hydroxide(which is
regarded as the AMD)is represented inEq. 3 of
the weathering process which occurred at pH 3.5
and above and no precipitation is feasible at a
lower pH while the oxidation of the additional
FeS2 with Fe3þ as the oxidizing agent (not O2)
continues until the depletion of either FeS2 or
Fe3þ (Eq. 4) (Lottermoser2003). The summary of
the pyrite weathering process for the generation
of AMD is illustrated inEq. 5.

2FeS2 þ 7O2 þ 2H2O ! 2Fe2þ þ 4SO4
2� þ 4Hþ

(1)

4Fe2þ þ O2 þ 4Hþ ! 4Fe3þ þ 2H2O (2)

4Fe3þ þ 12H2O ! 4Fe OHð Þ3
� þ 12Hþ (3)

FeS2 þ 14Fe3þ þ 8H2O ! 15Fe2þ þ 2SO4
2�

þ 16Hþ (4)

4FeS2 þ 15O2 þ 14H2O ! 4Fe OHð Þ3
� þ 8H2SO4

(5)

Metal speciation in soil involves the chemical
nature of the soil solution metal, as a free ion or
complexed to a ligand, during the gaseous stage
and dispersed in solid phases throughout the soil.
These characteristics regulate the chemical activ-
ity of components, whether on the soil surface or
the aquatic and contribute immensely to toxicity
determination. The chemical and physical aspects
defining metal speciation in soil regulate its inter-
action, reactivity, and fate in soil, and in certain
cases, toxicity, including its solubility, and uptake.
In environmental soil chemistry, the quantitative
speciation and variation of metals over time are
necessary for the study of metal concentrations
in the soil. Although species have formed for
thousands and millions of years in the presence
of heavy metals in the natural world, it is only
after industrialization that large concentrations of
metals have consistently been added globally to
soil ecosystems. The need to classify and reduce
the concentration of those species in soils that
pose a great challenge to organisms is crucial to
minimizing high exposure of soil organics and
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microbes to heavy metals toxicity (Roberts,
Nachtegaal, and Sparks2005; Reeder, Schoonen,
and Lanzirotti 2006). Many cations are found in
soil environments, and they struggle for the sorb-
ents’ surface sites. Sorption competition between
two or more metal cations is critical for deter-
mining their relative affinity for a specific sor-
bent. According to Violante et al. (2013),
competition between two or more cations in the
absence or presence of anions is an area of inter-
est. The effect of anions (such as SO4

2- or CO3
2-)

on the sorption/desorption operations of metal
cations on/from minerals with variable charge is
more complex, as organic and inorganic ligands
can interact directly with the surfaces of minerals
with variable charge or metal ions in solution,
altering metal ion sorption/desorption. This can
result in the increased sorption of some polyva-
lent cations (Al, Ca, Fe, Mg, and Zn) on metal
oxides in the presence of sulfate or ligands.

Many physical, geochemical, and biological
processes influence metal behavior in the soil sur-
face and subsurface environments. Much
emphasis has been put on the mechanism that
mobilizes or immobilizes metals because mobility
ensures the availability of metals. A dissolved
metal may be moved by fluid flow and ultimately
join the water supply or be used in an ecosystem.
The bioavailability of geomaterials in certain
cases is equated with the phenomenon of dis-
solved metal. Metals that are linked to small
mobile particles can have greater exposure poten-
tial. Colloids and airborne particles, for example,
are mobile and all have metals connected to
them (Roberts, Nachtegaal, and Sparks2005;
Reeder, Schoonen, and Lanzirotti2006). The rela-
tionship between metals or metallic compounds
with soil elements, including clay and other min-
erals, humic materials, soil colloidal particles, bio-
genic debris and foreign bodies, and microbes,
decides metal bioaccessibility in biological ecosys-
tems. Metal sorption to cells may significantly
contribute to the overall interactions among
microorganisms, metals and minerals (Burford,
Fomina, and Gadd2003), occurring over a long
period. Most studies have shown microbial cells
can display higher metal-sorption values than any
clay minerals on a particular unit area basis.
Biosorption processes likely contribute to metal

speciation, bioaccessibility, and distribution in the
ecosystem than originally understood (Krantz-
R€ulcker, Allard, and Schn€urer 1993, 1996; Ledin
and Pedersen1996). Metal association with par-
ticular cell-surface categories may indeed facilitate
or hinder metal transfer, conversion, and biomi-
neralization activities.

The deployment of physicochemical methods
for the remediation of AMD polluted soils has
proven to be challenging and even criticized due
to high operation cost, non-eco-friendly, inability
to effectively meet the remediation purpose and
the possibility of recontamination of the site in
the course of reclamation. The need to find alter-
native treatment techniques that can address
these major concerns should be explored and
encouraged. However, bioremediation technology
provides a cost-effective and eco-friendly method
for the effective remediation of polluted soils
using a biologically induced method.
Bioremediation can take the form of organic or
inorganic nutrient application (biostimulation),
air injection into the treatment system (biovent-
ing), natural attenuation (bioattenuation) or
inoculation of genetically modified microorgan-
isms or consortium (bioaugmentation) to provide
sufficient energy source, ventilate the contami-
nated environment, control the environmental
conditions or increase microbial load respectively
to increase hydrogenase and facilitate the treat-
ment of contaminated soil.

Previous studies by McCullough and Lund
(2011), Costa and Duarte (2005), Greben et al.
(2009), Sanchez-Andrea, Triana, and Sanz (2012)
have shown that the application of organic waste
like wastewaters, sludge, fertilizer animal waste,
and inorganic substrates has been viable in the
remediation of AMD contaminated environment.
This bioremediation method also known as bio-
stimulation uses relevant media to stimulate the
contaminated soil environment and provide
nutrients to the indigenous microorganisms to
enhance the microbial degradation of contami-
nants. In contrast to biostimulation, bioattenua-
tion is a passive biodegradation approach that is
dependent on the natural environmental factors
to revive and sustain the growth of the microbial
communities to enhance the natural biodegrad-
ation of pollutants without human intervention
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aside from monitoring the degradation rate
(Garbisuet al. 2017).

A bioventing system is designed to aerate the
treatment environment to create the oxic condi-
tion by introducing O2 using hydrogen peroxide
and/or air and/or water. This ventilates the pol-
luted environment to increase the rate of metab-
olism. Air injection triggers an oxidation reaction
which in turn precipitates metals such as sulfide,
carbonates, or hydroxide to enhance removal
from the contaminated environment (Ibanez
et al. 2008). However, the use of H2O2 has been
criticized due to its low penetration power and
the inhibitory role attributed to a high concentra-
tion above 100 mg/l according to Hinchee,
Downey, and Aggarwal (1991) which limits the
availability of O2 to the microbial community in
the vadose zone and reduced the rate of biodeg-
radation respectively.

These bioremediation methods can be applied
as a single method, incorporated or enhanced by
genetic manipulation to improve the remediation
process. However, irrespective of the success of
bioremediation application, removal of these con-
taminants still depends on some factors such as
temperature, pH, nutrient availability, nature and
concentration of contaminants, availability of
microbes, suitable bioremediation environment
(aerobic or anaerobic) for microbial growth, tox-
icity and bioavailability of contaminants to
degrading bacteria (Alexander1999; Boopathy
2000). Moreover, adjustment and optimization of
bioremediation conditions are necessary to miti-
gate most of these drawbacks and to provide
effective treatment of the polluted sites (Awasthi
et al. 2015). Owing to the aforementioned ineffi-
ciencies of physicochemical and other contamin-
ant remediation methods, the need to develop a
viable, environmentally friendly, readily accessible
and cost-effective method for the remediation of
contaminants becomes imperative for environ-
mental sustainability. The objective of this study
is to investigate the potential of bioattenuation,

air-injection and wastewater systems as eco-
friendly biostimulants for the treatment of acid
mine drainage (AMD) polluted soils.

Materials and methods

The samples of soil used in this study were from
the city of Durban, which is located in the prov-
ince of KwaZulu-Natal in South Africa. After
being exposed to air for twenty-four hours, the
samples were then put through a conventional set
of sieves, the highest one of which had a screen
size of 2 mm. Based on the results of the separ-
ation, the soil sample was made up of 79.32%
sand (2–0.02 mm), 14.71% silt (0.02–0.002 mm),
and 5.97% clay (0.002 mm). Before beginning the
bioremediation investigation, soil samples were
stored in a moisture-free polyethylene bag. The
South African Brewery (SAB) and the Local
wastewater treatment facilities were responsible
for providing the Brewery wastewater (BWW)
and the Domestic wastewaters (DWW), respect-
ively. The wastewaters were kept in High-Density
Poly Ethylene (HDPE) containers and stored in
the refrigerator at temperatures that would
inhibit any microbial activity from occurring.
Table 1reports the results of the analysis of the
carbon-oxygen demand (COD) and microbio-
logical count of BWW and DWW.

Simulation of AMD-contaminated soil

This work has taken into account the non-uni-
form distribution of AMD in soils, it has also
accounted for the need to ensure that the find-
ings are not in any way influenced by variation
in sample composition. It was therefore decided
to produce representative soils in the laboratory.
Acid mine drainage was replicated according to
Anekwe and Isa (2021a) with metal constituents
that were comparable to those found in central
Witwatersrand (Humphries, McCarthy, and Pillay
2017): consisting of 25.70 zinc sulfate hydrate
(ZnSO4.H2O); 10.70 copper sulfate pentahydrate
(CuSO4.5H2O), 200.01 iron sulfate heptahydrate
(FeSO4.7H2O), 20.00 manganese sulfate hydrate
(MnSO4.H2O), 50.50 Aluminum sulfate octadeca-
hydrate (Al2SO4.18H2O) (mg/kg of soil). These
metal sulfates were first dissolved in one liter of

Table 1.Brewery and Domestic Wastewater properties.

Wastewater/Composition pH COD (mg/L)
Microbial Count

(CFU/100mL)

BWW 8.2 750 1.7 x 106

DWW 7.9 704 9.2 x 104
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deionized water, and then the pH was modified
to 2.7 using sulfuric acid to provide the necessary
acidic medium for acid mine drainage. The mix-
ture was agitated at 200 revolutions per minute
(rpm) for 60 minutes to ensure that the metal
sulfates were homogenized. In order to create soil
that was contaminated with acid mine drainage,
simulated mine water was combined with the soil
sample, and then the acid mine drainage-tainted
soil was agitated at a speed of 180 rpm to ensure
that the acid mine drainage solution was distrib-
uted evenly throughout the soil sample. Before
the administration of bioremediation treatments,
the contaminated sample was dried and allowed
to sit undisturbed for forty-eight hours. This was
done to allow for aging and to simulate the con-
ditions of the actual contaminated soil
environment.

Biostimulation (BST) and bioattenuation (BAT)
studies for AMD-contaminated soil

Biostimulation and bioattenuation treatments for
acid mine drainage were carried out in two sets
of five plastic bioreactors designated as BST and
BAT to represent biostimulation and bioattenua-
tion respectively. Each bioreactor was charged
with 1 kg of acid mine drainage contaminated
soil samples. The five bioreactors for BST were
amended with different ratios of the brewery
(BWW) and domestic waste (DWW) each as
shown in Table 2. The bioreactor for BAT treat-
ment was not amended with wastewater effluents
which also served as the control treatment.

Bioventing studies for AMD contaminated soil

The bioventing investigation for the treatment of
AMD polluted soil was conducted in 4 plastic
bioreactors with similar contents and designated
as BVT. Each bioreactor contained 1 kg of acid
mine drainage polluted soil. One bioreactor
received simply air injection while the other three
bioreactors received varied ratios of BWW,
DWW, and ambient air as amendments. In order
to ensure that there was sufficient air circulation
all around the bioreactors, atmospheric air was
pumped in via the vadose unsaturated zone into
the bioreactors using an air compressor pump.

Since bioventing will be more cost-effective if the
lowest flow rate and largest flow interval are
taken into consideration as reported by (Thom�e
et al. 2014), atmospheric air was provided at a
flow rate of 3 liters per minute for 30 minutes
every 48 hours.

Analytical procedure

The carbon-oxygen demand (COD) was quanti-
fied by the standard method utilizing a COD
reactor (Hach) and Spectrophotometry (DR
3900) (APHA 1995) while an electronic pH meter
was employed to determine the pH of samples.
Soil pH was measured according to Peechet al.
(1947): 20 g of homogenized soil sample was
mixed with 20 ml of distilled water (1:1 w/v) in a
50 ml beaker and the suspension was stirred for
60 minutes. The microbiological count was deter-
mined by the vapor phase transfer procedure
according to Amanchukwu, Obafemi, and
Okpokwasili (1989).

Heavy metals and sulfate analyses
To avoid heavy metal degradation and loss, soil
samples were dried in an oven set at 35 degrees
Celsius. A sample of 5 g of dry soil was pulver-
ized with a mortar and pestle to achieve a fine
texture, and then it was allowed to run through a
sieve with a mesh size of 63 micrometers in order
to eliminate any rocks, pebbles, or stick particles.
Subsequently, Scanning electron microscopy
(SEM) and Energy-dispersive X-ray spectroscopy
(EDXS) using Zeiss Sigma 300 VP equipped with
a field emission gun and Oxford instruments x-
act PentaFET precision respectively while the X-
ray fluorescence (XRF) analysis using Spectro X-

Table 2.Composition of biostimulation (BST), bioventing
(BVT) and bioattenuation (BAT) treatment systems for AMD
contaminated soil.

Bioreactors BWW (g/kg) DWW (g/kg)
ATM-Air
(3L/min)

Amendments
(Ratio)

BST-1 100 0 – 4:0
BST-2 0 100 – 3:1
BST-3 50 50 – 2:2
BST-4 25 75 – 1:3
BST-5 0 100 – 0:4
BVT-1 0 0 � 0:0
BVT-2 100 0 � 0:4
BVT-3 0 100 � 0:0
BVT-4 50 50 � 4:0
BAT 0 0 – 4:0
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Lab 2000 XRF equipment were conducted on the
samples to determine the qualitative and quanti-
tative composition of heavy metals in the soil as
reported in the work of Baranowski, Rybak, and
Baranowska (2002). Aqueous Extractionwas used
to extract residue heavy metals from the soil for
sulfate analysis according to Walker (1972). 15 g
of homogeneous soil samples were weighed out,
after which 150 mL of deionized water was added
to the weighed-out sample. The mixture contain-
ing the sample was then shaken at 300 rpm for
30mins and filtered. The sample was mixed with
reagent via the instrument while SO4

2- ion was
precipitated with BaCl2 in an acidic medium and
color was detected at 420 nm with a Thermo sci-
entific gallery plus discrete analyzer.

Results and discussion

Results

BST results
The BST treatment showed yielding results from
the first week with the presence of black precipi-
tate on the surface of the samples as can be seen
in Figure 1afor all the BST treatments amended
with wastewaters except for bioattenuation (BAT)
control treatment which received no amendment
as shown inFigure 1b. Biostimulation (BST-1)
treatments recorded 51.12% average removal effi-
ciencies as the changes in Cu concentration
showed significant removal (65.69%) while Mn
was least removed at a value that was a little over
20% (Figure 2a) after 28 days treatment period.

Interestingly enough, the treatment (BST-1)
showed an increase in sulfate removal efficiency
from week 1 to week 4 (13.20% to 47.10%
respectively) (Figure 2g) it is worth noting that
while the removal might not have been propor-
tional to time, it increased over the four weeks of
study. Also, in treatment BST-2 which recorded
52.75% average removal efficiency, Cu was mostly
removed while Mn was least removed with 71.26
and 25.36% removal efficiencies respectively
(Figure 2b). An average metal removal efficiency
of 58.50% was recorded by BST-3, with individ-
ual metal removal efficiencies of 66.17, 59.38,
69.77, 60.53 and 36.41% for iron, aluminum, cop-
per, zinc and manganese respectively (Figure 2c).
BST-2 and BST-3 treatments resulted in a sub-
stantial decrease in the sulfate removal efficiency
from week 1 to week 2 (50.90 to 30.21% and
47.42 to 32.10% respectively) but later improved
appreciably to 47.91%.and 50.82% in week 4
accordingly (Figure 2g). The average metal
removal efficiencies of 49.38 and 49.82% were
recorded by BST-4 and BST-5 treatments respect-
ively (Figure 2d & e). While BST-4 treatment led
to an increase in sulfate removal efficiency from
week 1 to week 4 with values of 37.0% to 53.4%,
BST-5 treatment recorded a slight increase from
week 1 (29.50%) and climax in week 3 (52.1%)
with a decline to 33.65 in week 4. The BAT treat-
ment showed the lowest metal removal efficien-
cies of 12-33% with the least average metal and
sulfate removal efficiencies of 22.70% (Figure 2f)
and 31.56% respectively.

Figure 1. (a) AMD soilþ Biostimulant (wastewater). (b) Control Treatment (BAT). (a) shows the formation of black ppt. on the sur-
face of the samples amended with wastewater as a result of biosulfidogenic process while in (b) (control treatment), no black ppt.
was formed due to lack of organic amendment.
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Bioventing treatment (BVT) results
The bioventing treatments (BVT) showed a
reduction in metal concentration in all treat-
ments, implying a positive impact on the

investigated parameters. BVT-1 recorded 49.16%
average removal efficiency after the 28 days
(Figure 3a). The sulfate removal efficiency for
this treatment increased from week 1 and

Figure 2. (a–f) Showed metal removal efficiencies for biostimulation (BST) and bioattenuation (BAT) treatments. (g) Sulfate removal
efficiency for BST treatments.
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climaxed in week 3 before taking a downward
trend between weeks 3 and 4, the decline
recorded a change of 3.4% which translates to
about 26.86% removal efficiency (Figure 3e).
BVT-2 and BVT-3 recorded a general increasing
pattern in removal efficiencies for all heavy met-
als from week 1 (59–72% and 60–67% respect-
ively) with 65.25% and 63.56% average removal
efficiencies respectively (Figure 3b & c). The sul-
fate removal efficiency of BVT-2 increased grad-
ually from the first week and continued reaching
41.9% in week 4 (Figure 3e), this trend shows
potential for continuous removal efficiency

beyond the work treatment. The BVT-4 treat-
ment showed an average metal removal efficiency
of 70.20% with significant metal removal efficien-
cies of 75.78, 86.17, 93.42, 88.23, and 80.85% for
Fe, Al, Cu, Zn and Mn respectively (Figure 3d).
There was a reduction in weekly sulfate removal
efficiencies in treatments BVT-3 (from 39.30 in
the second week to 31.60% by the fourth week)
and BVT-4 (from 34.90 in the second week to
26.51% by the third week), nonetheless, the
change between the second and third weeks in
the case of BVT-4 was not continuous as it was
observed that by the fourth week, BVT-4

Figure 3. (a–d) Showed metal removal efficiencies from BVT treatments. (e) Sulfate removal efficiency for BVT treatments.
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appreciated by 5% in whereas efficiency in BVT-
3 slightly decreased further by 3% (Figure 3g).

Scanning electron microscopy (SEM)– energy dis-
persive X-ray spectroscopy (EDS)– results
and discussion
In order to have a comprehensive knowledge of
the structures of the samples and any changes
resulting from the various treatments, they were
exposed to scanning electron microscopy (SEM).
The surface of samples from both treatments
(BST and BVT) was coated with a pervasive layer
based on SEM study (Figure 4a & b); further
analyses show that the samples contain Fe, Al, S,
and O, microelements and little quantity of other
heavy metals as shown in the peaks of EDS spec-
trum (Figure 5a & b). These peaks can be attrib-
uted to the composition of the AMD and their
treatment systems; this further demonstrates that
Fe, Al, and other heavy metals could have been
precipitated in the form of metal sulfides. It can
be deduced (from the SEM-EDS results) that the
earlier observed black precipitate (Figure 1a)
formed on the surface of the treatment is attrib-
uted to the biosulfidogenic process similar to
findings made by Pawlowska and Sadowski
(Pawlowska and Sadowski2019) which reduces
sulfate to elemental sulfur to facilitate the forma-
tion of metal sulfide precipitate. (Dvoraket al.
1992; Lyew and Sheppard1997; Gibert et al.
2003). However, metal complexation and precipi-
tation were feasible during the treatment due to
the formation of amorphous Fe-Al (oxy) hydrox-
ide precipitate since the presence of Fe, Al, S,

and O was evident as shown inFigure 4a & b
which contributed to co-precipitation and
removal of heavy metals from the treatments
(Song et al. 2001; Gibert et al. 2005;
Cravotta2007).

Figures 5 a, b & c allow for a comparative
assessment of the various treatment techniques,
the figures, a, b and c show the elements detected
using the energy dispersive spectroscopy (EDS).
The results indicate the absence of some metals
compared to the BAT treatment, indicating the
effectiveness of the BST and BVT treatment sys-
tems for metal removal.

Discussions

Biostimulation study
Heavy metal removal in this study was triggered
by the biosulfidogenic activity promoted by sul-
fate-reducing bacteria (SRB), which reduce sulfate
to biogenic hydrogen sulfide while utilizing
organic substrate (brewery and domestic waste-
waters) as an energy source as represented inEq.
6a. The biogenic H2S subsequently reacts with
heavy metals in the treatment system to form
metal sulfides as shown inEq. 6b(Marchioretto,
Bruning, and Rulkens2005; Lu et al. 2011;
�Nancucheo and Johnson2012), by adding alka-
linity in the form of HCO3

-, while lowering dis-
solved SO4

2- concentration and increasing the pH
of the system to enhance remediation of AMD
(Gibert et al. 2003; Bhagatet al. 2004). This pro-
cess can only be feasible if the environment is
amended with organic substrates to foster

Figure 4. (a & b) SEM result showed cryptocrystalline coating layer of spherulitic aggregates consists of Fe, Al, O, S, microele-
ments, and minor amounts of other metals. (from BST & BVT).
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microbial activities of reducing bacteria
(Hammack, Dvorak, and Edenborn1993) which
results in the occurrence of black precipitate
(Figure 4a) as visible on the surface of the sam-
ples amended with wastewaters (Figure 1a) after
week 1 except for the bioattenuation (BAT) treat-
ment without black precipitate on the top layer
(Figure 1b) which suggests the absence of organic
amendment (Baiet al. 2013). The formation of
black precipitate within the first week of treat-
ment could be attributed to the increase in meta-
bolic activities of reducing bacteria present in the
wastewater which enhanced sulfate removal and a
concomitant decrease in heavy metals concentra-
tion. In the biosulfidogenic process, certain bac-
teria are capable of reducing SO4

2- and other

sulfur oxyanions to H2S when supplied with a
suitable carbon source (Postgate1984).

2CH2O þ SO4
2� ! H2S þ 2HCO3

� (6a)

H2S þ Me2þ þ ! MeSðsÞ þ 2Hþ (6b)

The oxidation reaction that initially creates the
AMD with heavy metals in different concentra-
tions is reversed by the precipitation of heavy
metals as sulfide, which is a recurring activity
(Skousenet al. 2017). With the biosulfidogenic
activity, heavy metals are reduced via precipita-
tion as sulfides, hydroxides, or carbonates
(Martins et al. 2011; Bai et al. 2013; Deng and
Lin 2013; van den Berget al. 2016). Aluminum
precipitates at pH greater than 5 while
Manganese removal is a complicated process

Figure 5. (a) BST treatment system. (b) BVT treatment system. (c) BAT treatment system.
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because of the variable oxidation state but is gen-
erally dependent on the oxidation number of cat-
ions at pH of> 7. Sometimes, a high pH (around
10.5) is needed for the complete removal of Mn
as recorded by Balintova and Petrilakova (2011)
which can be attributed to the low removal of
Mn in the present investigation with an average
removal efficiency of 27.92% and 12.82% from
BST and BAT treatment respectively. Also, the
uncatalyzed oxidation of Mn contributes to its
low removal efficiency as Mn is required to be
oxidized from soluble Mn(II) to insoluble
Mn(IV) in order to facilitate removal as MnO2
precipitate (Johnson and Hallberg2005; Sanchez-
Andrea, Triana, and Sanz2012). For Al and diva-
lent transition metals, sorption to organic materi-
als is important, whereas sorption to precipitated
iron and manganese contributes to the removal
of trace metals (Zachara, Cowan, and Resch
1991). However, the removal of divalent metals
(Cu, Fe, Zn) during the treatment was feasible by
precipitation as sulfide minerals after microbial
sulfide reduction (Stumm and Morgan1996) as
shown in Eq. 7 for Fe which also accounts for
the appreciable removal of other heavy metals
(> 50%) when compared to Mn. Additional proc-
esses for metal removal in the AMD treatment
include co-precipitation with these precipitates
(Cravotta and Trahan1999; Song et al. 2001),
biosorption into the organic substrates used for
the treatment purpose (Machemer and Wildeman
1992; Songet al. 2001; Gibert et al. 2003; Willow
and Cohen 2003), exchange to precipitated Fe,
organic materials, and soil-like materials
(Skousenet al. 2017), while Fe and Al precipitate
as hydroxides (Gilbertet al. 2003).

Fe2þ þ H2S þ 2HCO3
� ! FeS þ 2H2O

þ 2CO2 (7)

The BST-1 (BWW only) treatment recorded
slightly higher removal efficiency when compared
to the BST-5 (DWW only) with an average metal
removal efficiency of 51.13 and 49.82% respect-
ively, however, the BST-3 (breweryþ domestic
wastewaters) treatment recorded an appreciable
metal removal efficiency (58.45%) which can be
due to the possible synergy between the two
wastewater effluents in the ratio of 2:2. This

suggests that an appropriate mixture of the
organic amendment is effective in AMD treat-
ment suggesting that getting the right combin-
ation of the two treatments could be more
effective than the application of a single substrate
(Neculita, Zagury, and Bussi�ere 2007;
McCullough and Lund2011). It should however
be noted that brewery wastewater contains a sub-
stantial amount of COD than domestic waste-
water owing to the presence of organic materials
in high quantity which accounts for the signifi-
cant microbial loads (as shown inTable 1) and
attributes to the appreciable removal efficiencies
recorded with this amendment (Jaiyeola and
Bwapwa2016; Amenorfenyoet al. 2019).

In accordance with the present BST investiga-
tion which recorded appreciable average metal
removal efficiencies of 59%, 50%, 66%, and 56%
for iron, aluminum, copper, and zinc (with the
exception of Manganese� 28%) after 4 weeks
with an average pH of 7.2, the study by Hughes
and Gray (2013) recorded removal efficiencies of
52–84%, 47–61%, 74–86% and 58–90% for alumi-
num, copper, iron and zinc respectively in the
co-treatment of AMD with municipal wastewater
after 39 days treatment. Moreover, Strosnider
et al. (2013) recorded removal efficiencies of
99%, 99% 73% and 13% for aluminum, iron, zinc
and manganese respectively with final pH of 6.79
after 19 weeks using an organic substrate while
Sanchez-Andrea, Triana, and Sanz (2012)
recorded> 85% heavy metal removal efficiencies
for Fe, Co, Cu, Zn respectively (except for Mn�
13%) after 183 days treatment period. However,
in contrast to the low Mn removal recorded in
this investigation, the study by Silvaet al. (2012)
reported 99% Mn removal after 2 weeks study
period achievable with carbonate ions (intro-
duced as limestone or sodium carbonate) which
provided the pH within the alkaline range prefer-
ably above 9.0 for the precipitation and removal
of Mn.

Bioventing study

The removal of metal occurred through the oxi-
dation process for the BVT study. When the bio-
reactor was vented, the oxidation process was
activated (facilitated by native microbes in the
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brewery and domestic wastewaters), which
resulted in the oxidation of Fe2þ , the main con-
stituent of the AMD was oxidized to Fe3þ . The
interactions that take place between the microbes,
oxygen, and AMD, in addition to the presence of
alkalinity (in form of wastewater), facilitated the
oxidation process in the treatment system
(Berghorn and Hunzeker2001) which accounts
for significant metal removal. Ackman and
Kleinmann (1984) noted that the introduction of
alkalinity into the aeration system invariably
increases microbial activities and the rate of oxi-
dation through neutralization of the AMD
(Vadapalli et al. 2015) which is evident in the
current investigation where treatment with waste-
water combined with bioventing (BST-2, 3, 4)
recorded greater than 15% increase in average
removal efficiency in contrast to the treatment
with air-injection only (BST-1). Precipitation
occurred over the range of pH for various heavy
metals due to the gradual oxidation of Fe2þ to
Fe3þ as a result of oxygen (O2) injected into the
system and its precipitation in the form of
Fe(OH)3 as shown inEq. 8 which enhance Fe
removal alongside other heavy metals such as
copper, Zinc, Aluminum and Manganese via co-
precipitation with iron (Ackman and Kleinmann
1984; Joneset al. 2014). However, unlike the BST
treatment, Mn oxidation was feasible where sol-
uble Mn2þ was oxidized to insoluble Mn4þ to
facilitate Mn removal as MnO2, (Eq. 9) which
results in the average removal efficiency of
58.28% as against 27.92% recorded in BST treat-
ment. This process can be sensitive and sluggish
at low pH (acidic medium) as reported by Nijjer,
Thonstad, and Haarberg (2000), or in the pres-
ence of Fe2þ which either hinders the process or
triggers reverse oxidation (Skousenet al. 2017),
however, bacteria and surface catalysis can accel-
erate the process (Stumm and Morgan1996).
Hence, the combined oxidation and precipitation
process are responsible for the significant Mn
removal efficiency recorded with treatments
amended with wastewaters (BWW and DWW)
and vented (BVT-2, BVT-3 and BVT-4) with
> 60% while BVT-1 (only vented) recorded< 40%
average removal efficiency. The BVT treatment
showed effective Mn removal when compared to
the BST treatment.

Fe2þ þ 0:25O2 þ 2:5H2O ! Fe OHð Þ3 þ 2Hþ

(8)

Mn2þ þ 0:5O2 þ H2O ! MnO2 þ 4Hþ (9)

It is worth noting that reacting parameter
always affects the possible reactions. While the
reactor system was ventilated, it is worth noting
that the ventilation was not continuous through-
out the process. Since the bioreactor was not sub-
jected to constant ventilation, other potential
parameters that could have affected the process
should be considered. Another process that
enhances the removal of heavy metals is the bio-
sulfidogenic process which can be favored in the
presence of organic substrates and this case, in
the form of BWW and DWW, as evident in BST
treatment (Marchioretto, Bruning, and Rulkens
2005; Muyzer and Stams2008; Lu et al. 2011;
�Nancucheo and Johnson2012) which involves
metal precipitation as shown inFigure 4b.
However, sorption to organic materials also pas-
sively contributes to the removal of heavy metals
(Zachara, Cowan, and Resch1991). It, therefore,
implies that there could have been other parame-
ters that contributed to the reactor performance
in addition to bioventing.

With the metal removal efficiencies of 60%,
57%, 69%, 66% and 58% for iron, aluminum,
copper, zinc, and manganese respectively over
4 weeks which recorded a pH of 7.2, the present
BVT study is in agreement with the study by
Balintova and Petrilakova (2011) which recorded
removal efficiencies of 97%, 95%, 93%, 89% and
89% for iron, copper, aluminum, manganese and
zinc respectively after 3 days where O2 was intro-
duced into the system using H2O2 to induced
oxidation of Fe2þ to Fe3þ followed by precipita-
tion of metal hydroxides from the AMD using
NaOH (which introduces alkalinity into the sys-
tem). It can be seen that although the works were
carried out under similar conditions, the differ-
ence in results could be due to the introduction
of other parameters which were not investigated
in the present work. Nonetheless, in both studies,
the removal of copper showed an efficiency of
more than 90%. According to the results
obtained, it can be inferred that the conditions of
the present experiment were not as favorable as
those in the work of Balintova and Petrilakova
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(2011) for the removal of iron, Aluminum and
Zinc despite being conducted at a lower reaction
time; this further confirms that other factors
other than time could play critical roles during
metal removal in bioventing. Other similar works
like that of Cravotta (2007) reported increased
oxidation (of Fe2þ ) after the bioreactor was aer-
ated with an appreciable metal removal efficiency
of > 90% for iron and> 80% for aluminum and
manganese after 24 hours.

Sulfate removal

The removal of sulfate in a very low level of oxy-
gen supplies (BST treatment) facilitates the bio-
sulfidogenic activity that reduces sulfate to sulfide
to improve metal sulfide (black) precipitate for-
mation (Chang, Shin, and Kim2000; Bhagat
et al. 2004). The modification of the treatment
system with organic nutrients (BWW and
DWW) aided this process by providing nutrients
for the SRB to speed up the sulfate removal pro-
cess, these findings were also well echoed in
other works (Gibert et al. 2003; Kaksonen,
Riekkola-Vanhanen, and Puhakka2003; Bhagat
et al. 2004). BST treatments were however more
effective than BVT in sulfate removal, as a result
of the anaerobic condition created by BST bio-
reactors which affirmed that the sulfate removal
process is favored by anoxic conditions (Fr€und
and Cohen1992). This is evident in the current
investigation as the same treatment BST-2
(amended with BWW) with 47% removal effi-
ciency reduced by 5.2% when the air was sup-
plied in BVT-2 and the average sulfate removal
efficiency of 52% (BST) reduced to 35% (BVT)
while bioattenuation (BAT, or control) recorded
31% removal efficiency due to lack of organic
substrate. Consequently, the oxic condition
caused by air injection in BVT treatment systems
affects the sulfidogenic mechanism, reducing the
actions of SRB, resulting in low sulfate removal
in all bioventing systems when compared to BST
treatments (Jørgensen1994; Liu et al. 2015;
Anekwe and Isa2021b).

Furthermore, to substantiate the influence of
the aerobic environment in sulfate removal, it
can be deduced that the removal efficiencies of
biostimulation treatment with brewery wastewater

(BST-1), domestic wastewater (BST-5) and a
combination of the two wastewaters (BST-3)
recorded increased weekly removal efficiency
when compared to corresponding bioventing
treatments (BVT-2, BVT-3 and BVT-4 respect-
ively). This could be due to the air-injection that
provided sufficient O2 in the bioventing system
and consequently reduced SRB activities, as these
bacteria that facilitate sulfate removal function
better in a very low O2 environment, as reported
by Anekwe and Isa (2021a). The present investi-
gation agrees with studies by Lupt�akov�a et al.
(2016), Muhammad et al. (2015), Benner et al.
(2002), Chang, Shin, and Kim (2000) which
recorded sulfate removal efficiency of 12� 66%
with the organic amendment as an energy source
while the sulfate removal efficiency decreased
from 68% recorded under reduced oxic condi-
tions to 45% at a high oxygen concentration in
the system, as reported by Fr€und and
Cohen (1992).

Comparative study
The biostimulation (BST) treatment through the
biosulfidogenic process recorded 51.61% (range:
27-66%) average metal removal efficiency as Fe,
Al, Cu and Zn showed> 50% while Mn recorded
the least average removal efficiency of 27.92%
due to the uncatalyzed Mn oxidation after the
28 days treatment (Figure 6). However, the intro-
duction of atmospheric air for the BVT treatment
provides oxygen to the bioreactor which triggers
the oxidation process to facilitate metal removal,
while the amendment of wastewater to the BVT
system enhanced the metal removal efficiency
when compared to the treatment that was vented
only (without wastewater amendment). BVT
treatment showed average metal removal effi-
ciency of 62.12% (range: 56-69%) with> 56%
removal efficiency for all heavy metals including
Mn due to effective oxidation and precipitation
processes (Figure 6). While the Mn removal effi-
ciency changed among the three treatment meth-
ods, it is worth noting that in both scenarios
(BST and BAT) where the removal efficiency for
Mn was less than 50%, Mn was removed the least
compared to other metals. The bioattenuation
(BAT) showed the least average metal removal
efficiency of 22.70% due to a lack of
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biostimulants. However, the average sulfate
removal efficiency for BST was 17.08%
(135.52 mg/kg) greater than BVT and 20.05%
(159.2 mg/kg) greater than BAT (control) treat-
ment (Figure 7) which recorded the least sulfate
removal. The biostimulation and bioventing treat-
ments were viable in sulfate and heavy metal
removal respectively. Despite the low metal
removal in bioattenuation treatment, it is also
worth noting that the system is effective, however
like in most natural processes, the reactions here
will require much longer periods as such they are
likely to be most effective over very long periods.
While time may be crucial in this research, we
believe that bioattenuation is worth considering
when sustainable processes are to be considered.

Conclusion

The challenges posed by acid mine drainage
(AMD) are enormous and continuous due to the

industrial growth and mining activities in many
countries, these challenges have impacts on both
human health and the environment. With a view
to finding lasting solutions to the threats caused
by AMD, it is necessary to explore viable solu-
tions toward ensuring the safe discharge of the
wastes from the mining industries. Various meth-
ods of treating contaminated soils have been con-
sidered and their performances have shown to be
factors of the treatment conditions. It is interest-
ing to note that all bioremediation methods were
effective in metal removal from simulated soils.
These bioremediation treatments were able to
reduce metal and sulfate concentration in Acid
mine drainage (AMD) contaminated soil but bio-
stimulation treatment recorded appreciable sul-
fate removal with 17.08% and 20.05% higher than
bioventing (34.53%) and bioattenuation (31.56%)
treatments respectively. This implies that the
stimulants used in this study are very promising
biostimulants in soil treatment. From our find-
ings, efforts to boost sulfate removal efficiency
through air-injection were not very effective; this
we suggest is a result of high oxygen concentra-
tion which hindered SRB activities. Metal
removal was most favorable with BVT treatment
which showed significant removal of all heavy
metals with 10.89 and 39.42% efficiencies greater
than BST and BAT treatments, respectively.
Based on the findings, it is evident that sulfates
and metals are removed differently. The results
of this study showed that the amendment of
wastewater is more effective for sulfate removal
while air injection enhanced metal removal from
AMD polluted soils. This study demonstrates that
the combined application of biostimulation and
bioventing system requires constant monitoring
to ensure the provision of appropriate anoxic
conditions for biosulfidogenic activity (to
enhance sulfate removal) while promoting an
oxic environment for the oxidation process (to
facilitate metal removal) for the effective treat-
ment of AMD polluted soil. While this study has
been conducted on a laboratory scale, it is evi-
dent that upscaling this could tremendously assist
in tacking the ever-growing challenges faced as a
result of waste discharges from mines. The pro-
posed techniques do not require sophisticated
equipment or resources as such exploring the

Figure 6.Evaluation of BST, BVT and BAT for metal removal
from AMD contaminated soils. Bars indicate the average of five
replicates while error bars show the standard deviation.

Figure 7.Evaluation of BST, BVT and BAT for sulfate removal
from AMD contaminated soils. Bars indicate the average of five
replicates while error bars show the standard deviation.
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methods will be both economically and environ-
mentally friendly.
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