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Abstract

Bioleaching is a technique for reducing the heavy metal content of coal ash by using bacteria, fungi, or yeast. Previous studies
in heavy metal bioleaching of coal ash discussed the factors affecting the process, but as yet there is little information on the
challenges of using microorganisms. Therefore, this study aimed to obtain comprehensive information regarding the use of
microorganisms in heavy metal bioleaching. Heavy metal concentrations in coal ash are low, and the metals are diverse. The
components of coal ash are complexes that cannot leach certain heavy metals according to previous studies. These low
concentrations and complex components make it difficult to investigate the bioleaching mechanism. The combination of
biological and chemical interactions involves various components in this system. The high concentration of iron and heavy
metal leached could be toxic for microorganisms. The process is influenced by several factors, such as particle size, pH, and
pulp density. Most heavy metal bioleaching studies on coal ash have been conducted on a small scale to control conditions
affecting the process. Bioleaching kinetics in coal is a liquid-solid reaction that can be represented by the shrinking core
model, which was mainly used in this study.
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Introduction

Coal ash causes environmental pollution in the air, water, and soil due to toxic elements, such as Cr, As, Pb, Co,
Ni, Zn, Se, and Cu [1-5]. In India, Fe, Cr, Ni, Mn, and Pb concentrations have been found in groundwater near
coal ash dumping sites, with concentrations exceeding the WHO quality standard [1,3]. Furthermore, Cu and Cr
have been found in soil and impact soil quality around Serbia’s power plants [2]. In Indonesia, The Jakarta Post
[6] has reported that fly and bottom ashes were found illegally dumped by companies and caused environmental
problems around a landfill area in Kalimantan due to poor waste management.

Metal extraction from fly ash is widely carried out in the industrial sector, primarily through chemical methods
[7]. However, a biological extraction method, called bioleaching, separates metals from solid materials.
Bioleaching using microorganisms has a leaching efficiency of 6 to 100%, depending on the type of metal and
the factors affecting the activity (temperature, pH, nutrition, amount of microorganism biomass, organic acid,
etc.) [8-11]. Several factors affect the biological leaching process. For example, microbial biomass and coal ash
pulp density influence the bioleaching efficiency of Zn and Cu [7]. Organic acids are essential leaching agents
when using fungi and bacteria in the biological process. The most investigated acids are tartaric, citric, gluconic,
and oxalic acid [8]. Microorganisms produce gluconic and other organic acids that can increase the effectiveness
of leaching rare earth elements (REE) from waste. Meanwhile, the production of these acids is directly
proportional to the bioleaching efficiency [12].
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The bioleaching of heavy metals (Cr and Zn) from coal ash by Acidithiobacillus sp. obtained 56.38 to 85.01%
efficiency. However, this study did not look at the effect of pulp density and kinetics [8]. A study on the
bioleaching of heavy metals (Cu and Pb) in coal ash using yeast obtained 40.7 to 42.4% bioleaching efficiency
but did not test the factors affecting the mechanism (e.g., pH, temperature, pulp density, microbial biomass,
organic acid) [9]. Bioleaching studies using fungi also showed promising results. Reference [10] used Aspergillus
niger in the bioleaching of metals (Ti, Zr, Ga, Ba, and Sr) from coal fly ash. One-step bioleaching and chemical
hydrothermal methods enabled the extraction of 35 to 86.20% of metals. The use of a consortium of indigenous
bacteria performed better than the exogenous candidates [13]. Bacteria, fungi, and yeast have been used in the
biological leaching of heavy metals from waste and other solid materials [14-16]. However, few studies have
been conducted on bioleaching heavy metals in coal ash from power plants [9,11,17-21]. The present study
reviewed bioleaching of heavy metals in coal ash from power plants. The progress and challenges in heavy metal
bioleaching from coal ash using microorganisms in several aspects are discussed in this paper.

The Coal Ash Generation

Coal remains the primary source of energy in the world. In 2021, the world’s coal consumption was
5,362,568,071.08 tons of coal [22, 23]. China, India, and United States are the largest consumers of coal [22].
The production of coal is 7,575 Mt which is equivalent to 7,575,000,000 tons of coal and China was the major
producer of coal in 2020 [22]. However, the use of coal creates solid waste (coal ash). The solid waste produced
from the combustion of coal is about 5 to 20% of the coal as raw material [24]. Based on that assumption, about
268 million to 1,072 million tons of coal ash was produced in the year 2020.

Challenges of Heavy Metal Bioleaching on Coal Ash

Heavy Metals in Coal Ash

The components of coal ash from some of Asian countries in Table 1 show that bottom and fly ash consist of
Si0,, MgO, Fe,03, Al,0s, Ca0, K,0, SO3, Na,0, and LOI, with Al203, SiO2, and Fe203 (5.6-61.9 %) as the main
constituents. The percentage of each element is different in each region for fly ash and bottom ash. Loss of
ignition (LOI) is the main component in the form of metal oxides with varying unburnt carbon content [24].
Studies about coal ash components have shown similarities in the content of coal ash. However, in this result,
low concentrations of heavy metals could not be determined.

Tablel Components of coal ash from Some of Asian Countries.

o Fly Ash
Component (%) Indonesia? Malaysia® India® China¢
SiO, 17.78-91.78 47.60-58.20 59.85-60.57 47.9-63.49
Al,O3 0.30-74.72  23.80-24.67 20.86-26.92  20.54-36.6
Fe,03 0.51-29.33 3.86-7.40 5.01-9.15 5.03-5.26
Cao 0.12-27.90 4.76-10.70 1.43-2.00 3.35-5.44
MgO 0.04-11.74 0.71 0.83-1.40 1.30-1.35
SO3 0.03-25.32 0.73 0.10-0.22 -
Na,O 0.01-18.67 0.30-2.10 0.12-0.23 1.01-1.26
K20 0.02-10.48 1.40-2.73 1.31-2.26 0.92-1.05
LOI 0.01-39.33 0.43-3.79 1.77-1.82 1.70-4.55
o Bottom Ash
Component (%) Indonesia? Malaysia® Indiac China?
SiO, 0.28-89.40 45.3-52.50 56.40-56.44 51.30-57.85
Al;03 0.25-31.20 17.65-18.10 29.13-29.24 17.56-32.10
Fe,03 0.08-36.12 8.30-19.84 8.31-8.44 4.30-7.46
Cao 0.12-60.41 4.72-8.70 0.75-0.78 5.60-10.09
MgO 0.04-8.99 0.58-0.69 0.40-0.42 1.10-1.52
SO3 0.01-24.11 0.30-0.84 0.21-0.24 0.50
Na,O 0.01-22.12 0.16 0.07-0.09 0.60
K0 0.01-8.76 0.83-2.48 1.27-1.29 1.91

LOI 0.01-89.57 0.1-4.01 0.87-0.89 -
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Source: 2[25] ®[26-29] ¢[30-32] 9[33-36]

Determination of heavy metals was conducted by measuring the total concentration. In Table 2, fly ash contains
metals such as Co, Pb, Cr, Mn, Zn, Cu, and Hg in low concentrations (0.1-9.41 mg/kg). It had more Mn, Zn, and
Cr concentrations than the other metals. In comparison, bottom ash contained Fe, Co, Cr, Mn, Ce, and Ti (5.15-
94.49 mg/kg), and Fe, Ti, and Cr had higher concentrations than the other metals. Coal ash contains chemical
fractions of heavy metals: exchangeable, easily reduced (bounding of Fe-Mn), organic or sulfide-bound, and
residue fraction. Metals in the exchangeable fraction are quickly mobilized or can become mobile, depending
on environmental conditions (potential redox and acidity) [37].

Table2 Metals in coal fly ash from some countries.

. . , India’s Indonesia’s
Metals United Kingdom’s Fly Ash (mg/kg) Fly Ash (mg/kg) Fly Ash (mg/ke)

Cd <0.01-4 (no data found)
Co 2-11 128-520 41.96-66.41
Cr 33-19 210-404 62.26-138
Cu 33-47 (no data found) 12.35
Hg <0.01-0.61 9-48 0.10-0.53
Mn 103-1.55 (no data found) 624-9,415
Ni 35-583 (no data found)
Pb <1-976 (no data found) 8.95
Zn 49-918 2,029-3,100 58.57-440

Sources: [4], [38-40]

Microorganisms in Heavy Metal Bioleaching

The ability of microorganisms in bioleaching is varied. Table 3 describes the bacteria, fungi, and yeast that
participate in the bioleaching process. A comparison of the ability of bacteria in bioleaching is illustrated in Table
4. Bioleaching is a method that refers to using the natural ability of microorganisms to dissolve some rocks or
ores. These microorganisms can manifest themselves in extracting or mobilizing metal from minerals.

Two groups are actively involved in bioleaching. The first are chemolithotrophic bacteria, such as Thiobacillus
ferroxidan (Acidithiobacillus ferooxidan) and other species. The second are heterotrophic microorganisms, which
can be bacteria, yeast, and fungi, such as Pseudomonas sp., Bacillus sp., Aspergillus niger, and other species
[8,10,19,41].

Table 3 Efficiency of metal bioleaching by microorganisms.

Bioleaching efficiency (%)

Metals Fungi® Bacteria® Yeastc

\'% 12.5 15-18 70.2
Cr (no data found) 13.77-85.01 51.8
Fe 1.4-8.6 3.50-70.40 40.9
Ni 11.83-50 30-64 42.6
Zn 62.33-90.84 12.18-100 55.3
Mn (no data found) 6.33 57.5
Mo 100 (no data found)  79.5
Cd (no data found) 100 45
Pb (no data found) <1 40.7
Cu 29.46-33.45 14.61-31.00 42.4

Sources:

3[10, 19, 42-45]

b[11, 14, 18, 41, 42, 46, 47]
9]
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Table 4 Comparison of heavy metal bioleaching efficiency by heterotrophic and chemolithotrophic bacteria.

Heterotrophic Chemolithotrophic
Metals Blolfe?chlng Bacteria Blol_e?chlng Bacteria
Efficiency Efficiency
Cu 12.05-<100% L5 pseudomonas sp. <5% LAcidithiobacillus
3Mixed strains and Thellobacillus sp. thiooxidans
4Alicyclobacillus sp.
As <100% 1 pseudomonas sp. - (No data found)
Pb 31.26-<100% 1pseudomonas sp. 4.12-59 % 3Acidophylic strain (mix)
3 Mixed strains and Thellobacillus sp. 16 Mixed strains
7Acidithiobacillus
ferooxidan
Cr 8.04-28% L5 pseudomonas sp. 24-88% 12,14 A, thiooxidan
16 Mixed strains
Zn 10.63-28.71% 2 pseudomonas aeruginosa 72.5-74.1% 16 Mixed strains
> Pseudomonas sp.
Cd 28.98-60.97% 3 Mixed strains and Thellobacillus sp. 80.7-82.1% 16 Mixed strains
Ni 6-44.67% 10Bacillus megaterium 11.88-<100% 12,14 Acidithiobacillus
8Bacillus subtillis thiooxidan
Co 38.19% 10Bacillus megaterium - (No data found)
Fe 15-53.11% 9Bacillus cereus 15-22% 5Thiobacillus thiooxidan

Sources : 1[48]; [49]; 3[50]; *[14]; *[18]; ¥[51]; °[52]; *°[53]; *[54];"[55]; B*[56]; *[46]; *°[57]; *[58]; [59]

Heterotrophic microorganisms can also be used in bioleaching. Bosecker [60] stated that in the case of oxide
minerals, silicate, and carbonate, the usefulness of Thiobacillus sp. is limited due to its poor ability to leach
metals. Related to this type of minerals, Bosecker only looked at the use of heterotrophic bacteria and fungi.
Heterotrophic bacteria such as Bacillus sp., Pseudomonas sp., Acinetobacter sp., and Leptospirillum ferriphilum
have been reported to be able to dissolve metal [8,14,61-66]. Bacillus sp., part of heterotrophic bacteria family,
is the most effective in dissolving metals. Meanwhile, Aspergillus sp. and Penicillium sp. are the most commonly
used [60]. Bacillus polymyxa and Bacillus mucilaginosus can remove silica from bauxite, while Aspergillus niger
can solubilize aluminum from silicate aluminum [67]. Heterotrophic microorganisms need organic components
as energy source. Bacillus sp. culture medium contains sucrose, CaCOs, essential salt, and yeast extract, and it is
optimal at pH close to neutral and mesophilic temperature [14,67].

Some heterotrophic microorganisms also contribute to metal leaching by organic acid excretion. For example,
Bacillus megaterium produces citric acid, while Pseudomonas putida yields gluconate and citric acid. Aspergillus
niger produces citric acid, gluconate, succinate, oxalate, tartrate, and malate [68]. Extraction occurs as a result
of a compound containing at least two hydrophilic reactive groups and dissolution of heavy metals through the
direct transfer of metal ions as well as the formation of dissolved and chelated complexes [60].

A study comparing aerobic heterotrophic sulfur-oxidizing bacteria to Thiobacillus sp. has been conducted [69].
The result showed that those sulfur-oxidizing bacterial stayed longer in the soil than Thiobacillus sp. after
applying S°. Therefore, aerobic heterotrophic sulphur oxidizing bacteria had a more important role in S° oxidation
than Thiobacillus sp. in the soil.

Bioleaching Mechanisms of Heavy Metals in Coal Ash

Bioleaching to mobilize, extract, or leach various types of metals from solid materials can be conducted through
several mechanisms, including redoxolysis (oxidation reaction), acidolysis (the formation of acids), complexolysis
(the excretion of a compression agent), and accumulation (the accumulation of metal ions) [68]. Seidel [57]
states that bacteria growth and metal released from coal ash are represented by biological-chemical interactions
related to various elements in this system.

Coal fly ash contains a heavy metal band with sulfides and oxides. It is characterized by hematite (Fe203), mullite
(AleSi2013), magnetite (Fes0a), quartz (SiO2), and several carbons. Besides, some metals also bind to sulfide, such
as marcasite (FeSz), millerite (NiS), sphalerite (ZnS), chalcopyrite (CuFeSz), galena (PbS), cattierite (CoS:), and
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siegenite ((Ni, Co)3S4) [70]. The indirect redoxolysis mechanism allows the bioleaching of heavy metals from coal
ash to occur. In the direct mechanisms, the bioleaching of metals occurs through a redox reaction. The
dissolution occurs through an enzymatic reaction by contact between microorganisms and solid material,
leading to mineral destruction. The direct mechanism involves electron transfer from solid material to an
acceptor (mainly oxygen) or inserting electrons into the solid material from a donor such as Hz (reduction). This
mechanism needs contact between bacteria cells and the surface of sulfide minerals. The direct bioleaching
mechanism is profitable to autotroph microorganisms because it saves energy during solid oxidation [71].

In the indirect leaching mechanism, ion oxidation, such as Fe?* becoming Fe*, dissolves metal chemically from
solid material. Oxidation of metals occurs by an indirect mechanism mediated by iron ions (Fe3*) from Fe?* ions
(from Fe compounds). Fe3* ions can oxidate compounds such as metal sulfide (by microorganisms) [68]. In
addition, microorganisms, specifically bacteria, will act as oxidizers in this mechanism. In other mechanisms,
metal sulfide will react with Fe3* (the result of oxidation of Fe?*) to become metal ions (such as Cu?*, Zn%, Pb?*,
etc), Fe?*, and sulfide. The metal ions resulting from this reaction will dissolve, and the resulting Fe?* will continue
to react with the remaining metal sulfide. S made from this reaction will react with water (H20) and oxygen (02)
to form sulfuric acid (H25S04). This H2S04 will form a complex with metal oxides (complexolysis mechanism) but
there is very little information regarding heavy metals in metal oxide form in coal fly ash.

Biologically, bioleaching also occurs due to microorganism biosorption and bioaccumulation of metals. However,
this mechanism is more dominant when using fungi or yeast. Su et al. in [10,11] have reported the presence of
biosorption by bacteria (Acidithiobacillus thiooxidan) and fungi. In the liquid phase (leachate solution), metal
ions accumulate through metabolism and adsorption reactions due to the balance between solids and dissolved
metals.

The acidolysis mechanism involves protons for metal extraction, and metal dissolution occurs through metal
compound protonation. It depletes the metal’s availability, converts to a cation, and accelerates solid
disintegration. Proton protonates anions from metal compounds that are not dissolved, such as O2atoms that
encircle metal surfaces (metal oxide). Protons and Oz are joined with H20O to release metal from the surface. The
optimum amount of available protons determines the amount of metal oxide dissolved. This process is usually
quick, and it is the most dominant in fungi bioleaching [72].

The third mechanism is bioleaching by organic acids, which leaches metal through complexation to create a
dissolved complex. This complexolysis mechanism is relatively slower compared to acidolysis. It dissolves metal
ions based on the molecule’s complexity capacity. Metals are detached from the compound particle when the
ions are stronger than the lattice bond [71]. This mechanism is also essential in bioleaching using fungi [72].
Mycelium is a storage container for the metal ions in the accumulation process. Due to active metabolic
reactions and passive adsorption, their accumulation from the leach solution disturbs compounds and dissolved
metal balances. The fungal cell wall contains a variety of functional groups (amine, hydroxyl, amine, phosphate,
carboxyl, and sulfide groups) that can bind metal ions at higher or smaller levels [73]. Aspergillus sp. and
Penicillium sp. can accumulate metals from the external environment [10,19,74].

The Factors that Influence the Bioleaching of Heavy Metals in Coal Ash

The bioleaching system consists of microbial cells, materials, metabolic, and bioleaching products. Each of these
components is interrelated in bioleaching processes [68]. The process is influenced by the physicochemical
parameters and microbiological parameters of the bioleaching environment, the properties of the minerals to
be leached, and the processing applied. However, the present paper will discuss the influence of particle size of
the material, initial pH, and pulp density.

Several studies have been performed to determine how these factors influence the outcomes. Some were
conducted on factors that affect the bioleaching of heavy metals from coal ash using indigenous bacteria.
Particle size can influence the bioleaching process, and it increases with the contact zone between the
microorganism and the material. However, this is not the case in the two-step bioleaching process. Tastan [19]
found that particles with a diameter of 250 um produced better outcomes than particles with a diameter of 120
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pm. Rouchalova et al. [76] conducted a bioleaching study using bacteria in sediments, which showed that a
particle size of 71-100 um gave better results than a particle size of 100-200 pm.

Chemolithotroph bacteria such as Acidithiobacillus sp. can live at low pH [77]. However, some studies [76] used
various pH values according to the type of microorganism. For example, Acidithiobacillus ferrooxidan was used
to investigate metal bioleaching in sediment with a pH range of 1.6 to 2.2. The result showed that the highest
metal solubility yield was at pH 1.8 [76]. Pradhan et al. [78] conducted a bioleaching study using Acidithiobacillus
ferrooxidan at pH 2.0. However, unlike other studies, Ref. [79] applied pH 4.0 for Acidithiobacillus ferrooxidan.
Whereas metals were bioleached from fly ash using Acidithiobacillus thiooxidans at a pH range of 3.5 to 5.0
[11,57]. In the heterotroph bacteria procedure, the pH was about 5 to 9 [14].

Pulp density or the amount of material added to the aqueous medium affects bioleaching. Su et al. in [11]
adapted Acidithiobacillus thiooxidan in 1 to 30% pulp density and 10% pulp density used in bioleaching showed
the best yield. In another study [14], bioleaching of Cu and Fe with heterotroph bacteria was most effective
when 5% pulp density was higher than 20%. The efficiency is also positively correlated to Fe, which dissolves in
media. This is caused by proton H* and the concentration of Fe (lll) influenced by extracellular polymeric
substances (EPS).

Type of Bioleaching

Two types of bioleaching are widely used in the field of bioleaching: one-step (direct) and two-step (indirect).
One-step bioleaching is conducted using microorganisms on the log phase in liquid form into the medium and
the material. The supernatant is employed in the bioleaching process by centrifuging the log phase bacteria, as
in two-step bioleaching (indirect bioleaching) [9-11].

Hassanien et al. in [75] investigated bioleaching using fungi and bacteria with direct and indirect methods. The
results showed that direct bioleaching in monazite was better than indirect bioleaching, i.e., 75.4% and 63.5%
rare earth metals were leached, respectively. Only organic acids (complexation mechanisms) and other
mechanisms such as biosorption indirectly affect metal bioleaching. Direct bioleaching is more efficient because
of several mechanisms. The study also showed that bioleaching is better than chemical leaching. The
enhancement of material concentration (pulp density) caused the amount of microorganism biomass to
decrease. As a result, the yield of bioleaching increased along with time. In indirect bioleaching, the pH decreases
with the bioleaching process. Unlike Hassanien et al. in [75], the results of Tastan using fungi in fly ash were
shown by two-step or indirect bioleaching rather than one-step bioleaching [19].

Bioleaching Kinetics

Few studies have been done on the bioleaching kinetics of heavy metals in coal ash. Based on the results of the
literature review, Pangayao et al. [8] conducted a study on the kinetics of bioleaching trace elements in coal fly
ash using Pseudomonas spp. Other bioleaching kinetics have been studied using different types of
microorganisms and materials (not coal ash). The models suggested were shrinking core and stochastic models
[74,80]. The bioleaching kinetics of heavy metals from coal ash is a typical liquid-solid reaction [15]. A shrinking
core model can mimic bioleaching from coal ash represented by spherical particles. The heavy metal leaching
may be restricted by using the subsequent steps of surface chemical reactions (Eq. 1) or internal diffusion
through a directed kinetic model (Eq. 2) [81].

1-(1-x)"=krt (1)
1-2/3x— (1 - x)?= kat (2)
where,
X = heavy metal leached (efficiency bioleaching)

krand kd =the apparent reaction rate constant (h-1).

t = |leaching time (h)
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According to bioleaching kinetics data covering 30 days using the shrinking core model, metal leaching rates are
controlled by diffusion through the ash layer [8]. The kinetic studies of Ni and Cr from electroplating sludge using
Aspergillus niger by Nikfar et al. in [74] showed that the extraction continued with one kinetic stage for Cr and
two kinetic stages for Ni. Furthermore, Cr extraction was controlled by interface transfer and diffusion over the
item layer.

The primary stage of Ni extraction was controlled by interface transfer and diffusion across the item layer, and
the second stage of Ni leaching was a mixed-control mechanism. Diffusion through the product layer and
chemical reactions were involved. Inevitably, the results of this study describe that Aspergillus niger (filtrate
culture) can extract metals from e-waste sludge. Research on the bioleaching kinetics of heavy metals in coal
ash using the shrinking core model is still limited. Further studies regarding bioleaching kinetics are needed.

The Progress of Heavy Metal Bioleaching Research in Coal

Some studies have already been carried out on heavy metal bioleaching in coal using microorganisms [8-11, 41,
82]. Pangayao et al. in [41] examined the ability of the bacteria from the genus of Acidithiobacillus in heavy metal
bioleaching from coal. Park and Liang [9] examined the ability of yeast in metal bioleaching from coal fly ash.
However, they did not analyze the influence of other factors and the mechanism of heavy metal bioleaching.
Some studies investigated the factors influencing metal extraction from coal ash.

Tastan [19] conducted bioremediation by using several fungi to decrease the heavy metal concentration in coal
fly ash. The mechanism correlated to organic acid and the availability of Fe (Il) has not been analyzed. Besides,
Fe (I) has an essential part in heavy metal bioleaching through the indirect redoxylosis mechanism. Su et al. [10,
11] examined the ability of Aspergillus niger and Acidithiobacillus thiooxidan in metal bioleaching using one- and
two-step bioleaching.

Su et al. in [10,11] showed that one-step bioleaching, combined with chemical hydrothermal treatment,
obtained the best result in extracting metals. Park and Liang [9] used two-step bioleaching in their yeast study
and obtained the best results. Tastan [19] also compared two kinds of bioleaching using fungi at some initial pH.
The result showed that two-step bioleaching obtained a higher value than one-step bioleaching. These two
studies showed different results, but Hassanien et al. [75] found out that one-step or direct bioleaching is more
efficient than two-step bioleaching. In Su et al. [10, 11], the importance of oxidizing agents such as Fe?* and S*
in the bioleaching process is not highlighted.

Several studies have investigated metal leaching kinetics in fly ash [83-88]. However, bioleaching kinetics of
heavy metals in coal ash studies using bacteria has only been performed by Pangayao [8]. Heavy metal
bioleaching kinetics in coal ash using yeast or fungi has also been investigated to a limited degree.

Figure 1 shows the number of studies on heavy metal bioleaching in coal ash. The information on heavy metal
bioleaching in coal ash is still quite limited, as described in Figure 1. In addition, only a limited number of studies
on bioleaching mechanisms and kinetics have been conducted. All mechanisms in bioleaching can occur using
bacteria, but which mechanism dominates will be different for each bacterium. Whereas in fungi, yeast, or
bacteria that do not play a role in the iron or sulfur redox reactions, the redoxolysis mechanism does not occur
in bioleaching. However, it is still possible with other mechanisms. Research on which mechanism predominates
in bacteria, fungi, or yeast can be an opportunity for further research. In addition, the study of the bioleaching
kinetics of heavy metals, especially in coal ash using fungi and yeast, needs further investigation. This is due to
the limited information on this topic.
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Figure 1 (a) The number of publications related to heavy metal bioleaching, metal bioleaching in coal ash, and
heavy metal bioleaching of coal ash. The number of publications was obtained by using the Scopus database. (b)
Results of bibliographic analysis by using VOSviewer. The analysis is based on the co-occurrence of keywords related
to bioleaching of coal ash.

Conclusions

According to the findings of this study, coal ash contains varying concentrations of heavy metals. Bioleaching of
heavy metals in coal ash is combined through biological and chemical reactions that involve numerous
constituents in the system. The ability of microorganisms varies and can be influenced by several conditions,
such as pH, pulp density, temperature, nutrients, type of material, and others. One or two kinds of metals cannot
be leached explicitly because of challenges. All metal in the coal ash will be removed through these methods,
and the yield varies according to the bonding and concentration in the coal ash. Furthermore, the high
concentration of Fe and heavy metals leached could be toxic for microorganisms. Most of the studies were
carried out on a small scale in the laboratory using batch reactors. The bioleaching kinetics of heavy metals in
coal ash is a typical liquid-solid reaction as described by the shrinking core model.
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