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Abstract

Aim: The present study aims to assess the coal desulfurizing efficiency of heterogenous microbial consortia isolated from drainage water of Talabira
Coal Mines, Sambalpur, Odisha.

Methodology: Microbial species inthe mine drainage water were isolated and cultured using 9K+ medium. Identification of microbial species
was performed by the amplification of 16S rDNA. The heterogeneous microbial consortia were incubated with pulverized coal to assess their
desulphurizing efficiency.

Results: The proximate analysis of the coal sample revealed 34.92% fixed carbon, 9.01% moisture, 33.38% ash and 25.44% volatile matter. After
incubation of the pulverized coal with isolated and cultured heterogeneous microbial species from MDW water of Talabira coal mines area, Odisha for 24
days in aerobic condition, the total sulphur content was reduced from 2.86% to 1.61%, while significant removal of pyritic Sulphur (48%) was obtained
from 1.72% 10 0.91%. However, no remarkable reduction was seen in the case of organic Sulphur.

Interpretation: The results showed that drainage water of Talabira Mines inhabits numerous potential desulfurizing bacterial species that need further
isolation, characterization, and process optimization to achieve optimal sulphur removal efficiency.
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Introduction

Coal provides approximately 66.8% of the total energy
generated, contributing as the largest source of energy across the
globe (Zhang et al., 2017). Coal is used as a raw material for
producing energy in industries like iron, steel, aluminium, plastic,
and paint (Prayuenyong, 2002; Cao et al, 2016). The coal
reserve in India (98% Gondwana + 2% Tertiary) are of different
grades ranging from sub-bituminous to bituminous and lignite
type. Depending on the grade of Indian coal, sulphur content in
Indian coal varies widely, from less than 0.5% to over 11%
(Chandra et al., 2004). Sulphur compounds play a key role in
forming sulphur oxides that are released into the environment
during combustion. Therefore, the development of novel and
sustainable clean coal technologies in the energy sector is one of
the major thrust areas for researchers. In coal, sulphur is found in
three forms, i.e., organic, pyritic, and sulfate sulphur (Mishra et
al., 2016, Etemadzadeh et al., 2016). Sulphur can be removed
from the coal matrix by chemical, physical, and biological
processes for obtaining cleaner coal. Although physical methods
effectively remove pyritic sulphur, they are not suitable for the
removal of organic sulphur from coal. Chemical methods need
specific operating conditions such as high temperature and
pressure to effectively remove both organic and inorganic sulphur
from the coal (Mishra et al., 2016) without additional loss of partial
combustible matters. The chemical methods also release huge
amounts of CO,, a potent greenhouse gas, and secondary
hazardous by-products.

The biological method is emerging as an effective way to
remove sulphur from coal without releasing any toxicants into the
environment. Biological methods of desulfurization have several
advantages over conventional physical and chemical methods
such as mild operational conditions and the least generation of
pollutants. Sulphur is one of the major elements required for the
growth and metabolism of microbes. Various enzyme cofactors
and other important chemical compounds such as amino acids,
proteins, biotin, thiamine, and cofactor-A have sulphur as their
principal structural component. Hence, several microorganisms
can uptake sulphur from the coal matrix to fulfill their metabolic
requirement for sulphur via various mechanisms such as
oxidation of carbon-carbon bond cleavage or carbon-sulphur
bond cleavage (Gupta et al., 2005; Rout et al., 2021).

These bacterial strains can break the carbon-sulphur
bond and release the sulphur atoms present in the aromatic ring
of coal structure (Soleimani et al., 2007; Akhtar et al., 2016). Over
the past few years, several species of microorganisms such as
Pseudomonas and Sulfolobus have gained remarkable attention
as these are effective in removing inorganic sulphur, while
Rhodococcus species effectively remove both organic and
inorganic Sulphur from coal (Kilbane et al, 1992). Several
bacterial species such as Acidithiobacillus thiooxidans
(Silverman 1967), Leptospirillum-like bacterium (Merrettig et al.,
1989), Acidianus brierleyi (Larsson et al., 1990; Olsson et
al.1993), Sulfolobus acidocaldarius (Kargi and Robinson 1985;
Durusoy et al., 1992), Pseudomonas putida and Pseudomonas

aeruginosa (Rai and Reyniers 1988) have been used for the
biological removal of sulphur in coal. Among these bacterial
species, the most widely studied chemolithotrophic bacterium is
Acidithiobacillus ferrooxidans, that utilizes energy from the
oxidation of pyrite for its metabolism (Bhanjadeo et al., 2018).

About 56.26% of the total energy generated in India
comes from coal-dependent thermal power plants. However, coal
extracted in this region is of sub-bituminous type and contains 3-
6% organic and inorganic sulphur. Sulphur removal from coal
before combustion is of considerable interest to avoid the
emission of sulphur oxides. Chemical and physical methods have
been developed for removing inorganic sulphur component in
coal which are expensive and energy intensive, and destroy the
caking properties of coal. On the other hand, microbiological
processes are known to remove most of the pyritic sulphur, as
well as some of the organic sulphur, without affecting the caking
properties of caking coal. Water discharge mostly from draining
mineral spoil heaps and tailings as well as abandoned coal and
metal mines are rich in components released through the
oxidative dissolution of pyrites such as soluble iron, heavy metals
and sulfate (Sunetal., 2019).

Acid mine drainage water is reported to house numerous
microbial species such as Acidithiobacillus ferrooxidans,
Acidithiobacillus ferrivorans and Acidiphilium multivorum, which
are well adapted to acidic water and possess the ability to remove
sulphur (Aytar et al., 2013; Singh et al., 2018). Several microbial
species with promising desulfurization capacity have been
isolated from the drainage water of different mines across the
globe. Talabira Coal Mine, a subsidiary of Mahanadi Coalfield
Limited is situated within the Jharsuguda and Sambalpur districts
of Odisha state. Preliminary studies carried out in our laboratory
(Rao et al., 2023) showed the presence of numerous microbial
species and high sulfur content in mine drainage water. However,
no systematic scientific investigation has been carried out to
asssess the desulfurization capacity of these microbial species.
In the present study, a few microbial species inhabiting Talabira
Coal Mines drainage water were isolated, and evaluated for their
desulfurization efficiency of coal under aerobic conditions.

Materials and Methods

Collection and characterization of coal samples: Pulverized
coal samples were collected from the captive thermal power plant
of Vedanta Aluminium Limited, Jharsuguda, Odisha. For the
characterization of coal samples, ultimate analyses followed by
the proximate analysis were carried out.

Proximate analysis: Proximate analysis of coal sample included
determining moisture content, volatile matter, carbon, and ash
content. Pre-weighed sample of powdered raw coal of 200 pm
size in an uncovered crucible was placed in the oven at 108+2°C
along with the lid. The sample was cooled to room temperature
and weighed again. The loss in weight gave moisture content. A
fresh sample of crushed coal was weighed, placed in a covered
crucible, and heated in a furnace at 900 £15°C. The sample was
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cooled and weighed. Loss in weight represents moisture and
volatile matter. The cover of the crucible used in the last test was
removed and the crucible was heated over the Bunsen burner
until all the carbon is burned. The residue was weighed, which
gave the incombustible ash. The difference in the weight from the
previous reading was taken as the fixed carbon.

Ultimate analysis: Total sulphur, organic and inorganic sulphur
was estimated by the Eschka method to determine the ultimate
analysis of coal samples, approximately 1g of coal sample and 3 g
of Eschka mixture were taken in a porcelain crucible (Eschka et
al., 1874; Mott et al., 1953). The crucible was placed in a cold
vented muffle and the temperature was gradually increased up to
800 £ 25°C for one hour till the disappearance of black particles.
The ignited mixture was digested with 100 ml of hot water for 30 to
45 min. After filtering the solution thoroughly, it was neutralized
methyl orange followed by slow addition of 1 ml Hel and 10 ml of
BaCl, solution with constant stirring after boiling and was allowed
to stand just below boiling temperature. Filter paper without any
ash residue was used to filter the solution. In a porcelain crucible,
the wet filter was put and heated at 800 £ 25°C for 15 min in a
muffle furnace and weighed after cooling the filter. A blank
analysis without coal was carried out to avoid possible
background contribution.

Characterization of acid mines drainage water collected
from the Talabira Coal Mines area: Grab water samples were
collected from the waste dumps at the Talabira Cool Mine.
Samples for bacteriological analyses were collected in sterile
glass bottles the samples were collected for physico-chemical
analyses whereas in polyethylene bottles. Except for pH and
conductivity, all the elemental and analyses heavy metals was
carried out by Inductively Coupled Plasma-atomic Emission
Spectrometry (ICP-AES).

Mixed microbial consortia and growth culture media: In the
present study, mixed cultures were used as these are reported to
have more efficiency in the desulfurization of coal than pure
culture (Panda et al., 2013, Marhual et al., 2008). The strains were
enriched from the drainage water of Talabira coal mines for bio-
desulfurization experiments. The microorganisms were grown in
the standard 9K+ media. comparasing (NH,),SO, - 3 g ", KH,PO, -
0.5g1",MgSO,.7H,0-0.5g ", KCI- 0.1 g I"and FeSO, - 44.2 g I"
(Silverman and Lundgren, 1959). The strains were repeatedly
sub-cultured in the media at 30°C within an interval of 4 days. The
strains were adapted to a pulp density of 5% (w/v). The adapted
strains with a steady iron oxidation rate were further used for bio-
desulfurization studies.

Optimization of desulfurization process: Previous studies
indicate that desulfurization is more effective in an iron-free 9K
media, hence, optimum conditions were evaluated using a mixed
acidophilic consortium (Merrettig et al., 1989). Shake-flask
experiments were performed using 9K- medium at pH 1.8.
Several factors were optimized, particularly incubation duration,
pulp density, and size fraction. Pulp density (5%) of the coal

sample was taken and subjected to bio-desulfurization testing
utilizing 10% inoculum at 30°C under shaking conditions (150
rpm) for 24 days in five different Erlenmeyer flasks to optimize
time duration. Each solid coal sample from each experimental
flask was tested for desulfurization efficiency at an interval of 3
days.

Desulfurization of coal samples by the microbial isolates
from the AMD sample: The microbial desulfurization of coal
sample was performed as per the procedure laid by IS 1350-3
(1969). Prior to bio-desulfurization experiments, the coal samples
were ground and sieved to get a size fraction of 45um. In order to
perform the preliminary shake-flask experiments, a pulp density
of 5% and an inoculum size of 10% were taken in a 250 ml
Erlenmeyer flask. For the microbial growth, both 9K+ media
(presence of ferrous iron) and 9K- media (devoid of ferrous iron)
were used with pH 1.8 and a temperature of 30°C and an
incubation period of 15 days under shaking conditions (150 rpm).
Desulfurization efficiency was determined by analysis of total
sulphur in the coal samples after 24 days of treatment, and
calculated as the difference in the Total sulphur content of coal
before and after treatment divided by the initial content.

Phylogenetic analysis of acidophilic isolates: 16S rDNA gene
sequences of the selected isolates were compared with those
available in the data banks for phylogenetic analysis. Bacterias
grown on solid media were purified by serial streaking method
(Caicedo et al., 2012). After ascertaining the purity of the colony,
selected one or two colonies were suspended with polymerase
chain reaction lysis buffer and heated at 95°C for 10 min. The
suspended lysis buffer was then mixed with dH,0 (180 pl) and 1
gl of this crude lysate that served as a template for the
amplification of 16S rDNA by PCR (Silverman and Lundergren,
1959) using primers complementary to positions 8 £27 and 1510
+1492 of Escherichia coli 16S rDNA. After amplification, the
product was cloned into the pGEM-T Easy vector (Promega) and
sequenced commercially (MWG Biotech). The 16S rDNA
sequences were compared with others in the GenBank database
using the BLAST program. 16SrDNA sequences of selected
microorganisms were obtained from the GenBank and aligned
with the sequences obtained in this study using CLUSTALW
(Thompson et al., 1994). Accession numbers of the partial 16S
rDNA gene sequences for the isolates described in this study are
given in Table 3, along with the closest matching sequences
already in databases.

Statistical Analysis: The data obtained for assessment of the
coal  desulfurization capacity of microbial consortia were
analyzed using student’s t-test . The statistical significance was
assessed at p-value less than 0.05. The statistical analysis was
performed using MS Excel and presented as Mean +SD.

Results and Discussion

Acid Mine Drainage Water is one of the crucial
environmental challenges and represents an extreme
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Table 1: Physico-chemical characteristics of mine drainage samples

Parameters Talabira Outlet
pH 3.09+0.32
Conductivity (uscm”) 56.3+11.2
Chemical parameters (mg ")

Ca 3.78+0.51
Mg 5.38+0.73
Fe 18.8+1.06
Al 6.50+0.84
Cu 3.98+0.29
Mn 0.19+0.08
Ni 0.03+0.002
Co 0.05+0.008
Pb 0.05+0.006
Cd 0.01+0.003
Zn 578+1.13
Si 3.22+0.93

environment to the ecosystem. It harbors comprehensively
studied taxa such as Leptospirillum spp. and Acidithiobacillus
spp. Leptospirillum spp. oxidizing Iron while Acidithiobacillus spp.
are Iron, and/or sulphur-oxidizing. Most members of these genera
can fix carbon and hence, are considered as autotrophs. With the
autotrophic species co-occur many heterotrophic acidophiles.
Members of Acidicaldus, Acidocella, Acidiphilium, Acidomonas
are heterotrophic acidophiles. Along with autotrophs and
acidophile heterotrophs, mixotrophic species such as
Sulfobacillus spp. (Firmicutes) are found in the acid mine
drainage water. Incubation of coal sample with microbial culture
for 24 days significantly reduced the pyritic sulphur content of coal
sample. It was found that drainage water from coal washeries is
enriched with acidophilic bacteria and mixed culture of the
acidophiles effectively bioleach pyrite from coal (Bressler et al.,
2001; Dutta et al., 2020). Therefore, for exploring the potential of
desulfurization of coal, cultured microbes from acid drainage
were used as inoculum. rDNA sequence analysis of various
microbial organisms isolated from the acid mine drainage of
Talabira Coal Mines identified eight microbial species with
potential desulfurization capacity with high conformity. Dominant
population of some known desulfurizing bacterial populations
such as Acidithiobacillus caldus, At. Thiooxidans and
Leptospirillum ferrooxidans was observed in the acid mine
drainage water (Table 2).

Acid Mine Drainage samples collected from Talabira Coal
Mines were acidic in nature due to mineral acidity (presence of

Table 2: Name of microorganisms in acid mine drainage water isolates
based on 16S rDNAgene sequence

Isolates nearest Identity
relative (%)

1 Leptospirillum ferrooxidans DSM 9468 (X72852) 98.9

2 Acidithiobacillus caldus DSM 8584T (229975) 97.9

3 At. ferrooxidans ATCC 33020 (AFE278719) 98.0

4 Acidocella facilis \WJB-3 (AF253412) 96.1

5 At. ThiooxidansATCC 19377T (Y11596) 99.6

6 Acidiphilium acidophilum ATCC 27807T (D86511) ~ 99.8

7 Thermithiobacillus tepidarius DSM 3134T (M79424)  94.5

8 Thermodesulfovibrio islandicus (X96726) 95.7

soluble iron and aluminium) and proton acidity (pH) (Table 1).
Factors such as variation in pH , temperature, mineral content
and heavy metal concentration in drainage water of coal mines
directly influence the community structure of the inhabiting
microbial species. Microbial species capable of carrying out
biochemical processes such as oxidation of iron, reduction of
sulphur as well as iron, production of extracellular slime mostly
dominate in most of the acid mine drainage environments.
Though acid mine drainage water from Talabira Coal mines
inhabit a few taxa of the microbial population but these bacterial
species were observed to be phylogenetically diverse. The
heterogeneous population of bacterial species in the present
study caused higher desulfurization of coal which could be
attributed to the existence of microbial species interaction and
metabolic relationship accelerating the sulfur removal process.
Supporting our findings, several studies have indicated that the
microbial consortia with diverse microbial species more efficiently
remove sulfur from coal compared to the desulfurization using
individual microbial species. Heterotrophic acidophiles remove
toxic organic compounds which may be lethal to autotrophs, while
autotrophs provide organic substances for grow and maintain
once of heterotrophic population (Das et al., 1996; Liu et al.,
2020). Norris et al. (1980) demonstrated that organic matter
obtained from the culture filtrate was sufficient to sustain the
heterotrophic growth of S. thermosul¢dooxidans from the
autotroph Acidithiobacillus ferrooxidans consortia. In another
experiment conducted by Clark and Norris (1996) with
Acidimicrobium ferrooxidans and both S. acidophilus and S.
thermosulfodooxidans efficiency of iron oxidation by mixed
cultures of Sulfobacillus spp. and Acidithiobacillus ferrooxidans
was found to be more extensive than pure cultures. Mixotrophic
growth of Sulfobacillus removed organic by-products of A.
ferrooxidans resulting in greater leaching.

Table 3: Proximate and ultimate analyses of raw coal and residual coal sample after treatment

Proximate analysis (Dry basis %)

Sulphur component (%)

Samples Moisture Ash Volatile Fixed Total Pyritic Sulfate Organic
content matter carbon sulphur

Raw coal 9.01 33.38 2544 34.92 2.86 1.72 0.71 0.43

Residual coal 715 28.93 19.82 34.93 1.61 0.91 0.56 0.428
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Fig. 2: (a) Decrease in pH of the media following 24 days of incubation and (b) Showing changes in Fe content of coal.

This accounts for close correlation in the populations of A.
ferrooxidans/T. thiooxidans and Acidiphilum in environments
studied by Peccia et al. (2000). The proximate and chemical
analysis of coal sample used in the study disclosed typical
composition (Table 3). The total sulphur in the coal sample was
2.86%, comprising 0.43% organic sulphur 0.71%, sulphate
sulphur and 1.72% pyritic sulphur 1.72 with a fixed carbon of
34.92%. The proximate analysis of raw coal indicates that coal
samples collected for the study contain low to medium quantities
of moisture, medium to high amount of volatile matter, and high
amount of ash. The residual coal sample was analyzed after
undergoing desulfurization for 24 days in a culture flask. The ash
content of the coal sample reduced from 33.38 to 28.93%, volatile
matter reduced from 25.44 to 19.82%, and moisture content
reduced from 9.01 to 7.15%., respectively. On the incubating the

culture media at room temperature, the bacterial population in the
mine drainage water increased and reached to stationary phase
after 24 days of incubation with a population size of approximately
4 million cells (Fig. 1).

The rate of bacterial growth and metabolism depends on
the amount of dissolved oxygen available. The liquid must be
aerated to provide dissolved oxygen (Mishra et al, 2016)
because partial solubility of oxygen takes place in liquids when
propagating bacteria in liquid culture. Previous studies have
reported that initial pH highly influences the desulfurization
process. There was a reduction in the pH of the medium from 2.03
to 1.2 (Fig. 3a). The initial pH ranged between 1.5 and 2.5 not only
reduced the lag phase of the bacteria but also prevents
precipitation of jarosite and another mineral on the coal surface,
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and the acidophilic bacteria thrive best at pH below 2.0 (Acharya
etal., 2004; Falagan and Johnson, 2018), however, initially, there
was a slight increase in the pH of the medium from 2.01 to 2.5 till
8" day ofincubation.

The present study showed that there was a significant
increase in the leached iron content in the medium which
indicates the bio-oxidation of pyritic sulphur present in the coal to
iron (Fig. 3b). Incubation of coal with microbes isolated from the
Mines drainage water, Talabira mines significantly increased (t=
15.27, p=0.05) the Total iron content in the medium compared to
control sterile water without any microbial consortia from 0.1mg I
on day 1 to 2.58 mg I" on day 24. The findings of this study
corroborate with the previous reports (He et al., 2013; Ye et al.,
2016; Li et al., 2023) where similar leaching of iron, following

incubation of coal sample with a pure culture of Acidithiobacillus
ferrooxidans was observed. When investigated for the effect of
different shaking speeds (experimental conditions 10% coal pulp
density, particle size 180um, and pH=1.5), the maximum
desulfurization was achieved at 180 and 210 rpm with 20%
sulphurremovalin 5 days.

The microbial consortia significantly (t= 32.11, p=0.05)
removed the pyritic sulphur from coal compared to coal incubated
with control sterile water. There was duration dependentincrease
in the removal of pyritic sulphur from 11 % on day 1 to 48% on day
24 (Fig. 5a). The microbial consortia significantly (t= 12.11, p=
0.05) removed the sulfate sulphur from coal compared to coal
incubated with control sterile water (Fig. 5b). The removal
efficiency of sulfate sulphur increased with an increase in the
incubation duration.
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On the contrary, microbial consortia hardly removed any
organic sulphur from coal and were comparable to coal incubated
with control sterile water (Fig. 6b). There was no change in the organic
sulphur content of the coal incubated with an increase in the duration
of incubation for 24 days with microbial consortia in mine drainage
water. Moreover, the non-uniform distribution of sulphur in coal might
have been caused due to reduction in size (Shang et al., 2016; Tang et
al., 2020). The sulphur-free coal particles may have created on extra
absorption sites for microorganisms resulting in a low concentration of
microbial cells on sulphur-containing coal particles and therefore, a
reduction in the removal of sulphur. After optimization of the
parameters that affect the process, a total reduction of 48% in pyritic
sulphurand 21% in sulfate sulphur) was achieved using a coal particle
size of 850 um with 10% pulp density, at room temperature and pH
2.0 afterincubation for a period of 24 days.

Incubation of the pulverized coal with isolated and
cultured heterogeneous microbial species from Mines drainage
water water of Talabira coal mines drainage for 24 days in aerobic
condition led to significant reduction in pyritic sulphur content,
while no remarkable reduction was seen in the case of organic
sulphur. The present study demonstrates that Mines drainage
water from Talabira mines inhabits numerous potential
desulfurizing bacterial species that need further isolation,
characterization, and process optimization to achieve optimal
sulphur removal efficiency.
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