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Abstract Coal still remains an important source of power generation world over. Along with its usage, comes unwanted
generation of noxious gas emissions, toxic metal releases into wastewater and other pollutants which ultimately lead to
environmental concerns. So cleaning of coal through physical or chemical processes becomes utmost important. There are
several coals which cannot be cleaned by physical beneficiation techniques to produce low ash cleaner coals. Such coals
can be cleaned only through chemical cleaning techniques. The present paper reviews the chemical demineralisation and
desulphurisation of coals over the years using various inorganic and organic acids, alkalis, oxidants, leachants and various
acids and alkali-acid combinations to reduce the ash and sulphur contents in coals. As high as 90% demineralisation and
desulfurization could be achieved with the use of these cheap inorganic acids as compared to the expensive solvents used
for solvent extraction processes, a parallel approach of cleaning and refining coals.

Keywords Coal - Demineralisation - Desulfurization - Acids - Alkalis

Abbreviations

Ca(OH), Calcium hydroxide
CaO Calcium oxide
NaOH Sodium hydroxide
Na,CO3 Sodium carbonate
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EDTA Ethylenediamminetetraacetic acid
FeNO; Ferric nitrate

1 Introduction

Coal is still the largest contributor to the power generation
and steel production. It still remains one of the most
important fossil fuels and is likely to sustain that position
over the years till suitable renewable replacements are not
developed. However, the presence of inorganic mineral
matter which is analysed as ash and sulfur limits the use of
coal along with rise in the environmental concerns. Even in
India, currently almost 55% of the power generation is still
met by coal however; Indian coals are low grade coals
because of the high ash contents (Meshram et al. 2015).
The ash contents in Indian coals vary from 5% to as high as
55% in most of Indian coals with an average ash content of
35%. The washability characteristics of Indian coals are
also poor, as coal mostly contains near gravity material and
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the inorganic mineral matter is finely dispersed in organic
matter of these coals.

Physical beneficiation techniques such as dry fluidiza-
tion, jigging, dense media/heavy media separations,
hydroclone washings, magnetic separations, oil agglomer-
ations, float and sink, air dense medium separations etc.
can remove ash but to a limited extent (Rahman et al.
2017). These processes have their own limitations. The
coal needs to be pulverised in order to effectively support
the action of water, air, pressure or any magnetic separating
device. The selective separation and not complete removal
of mineral matter makes these processes ineffective with
liberation yields. The coal obtained could also be required
to be extensively dried for its maximum effective utiliza-
tion in order to retain its calorific value.

The need to reduce ash in coal amounts from the fact of
the disadvantages associated with its presence. Ash basi-
cally reduces the calorific value of coal and increases the
transportation cost. Moreover, the presence of silicates and
aluminosilicates largely result in fouling, slagging and
clinkering of the furnance, heaters, turbines which ulti-
mately corrode and erode the equipment thereby reducing
its lifetime (Elliot 1981). Some of the volatile and extre-
mely vulnerable toxic elements such as As, Se, Hg, B,
cynates which when released into the atmosphere on coal
combustion, result in acute health issues (Elliot 1981). The
presence of certain metals such as Na and K which when
present above the permissible limit have the ability to act as
an adhesive between the ash particles and thereby making
the process of ash deposition on the boilers etc. much faster
(Elliot 1981). So ash removal should form an integral part
of coal utilization through physical or chemical processes.

Mineral matter in coal has been classified by Speight
(2012) as the (a) inherent mineral matter and (b) extraneous
mineral matter. The inherent mineral matter that is asso-
ciated with the plant material during coal formation which
may or may not be derived from coal-forming plants. The
extraneous mineral matter is the inorganic substances that
were carried by the wind, water bodies and other
mechanical means that were left on the coal beds or which
gets added to the coal from over burden during mining
operation. The inherent minerals are more difficult to be
separated from the coal matrix because of their already
developed extensive interactions with the organic matrix of
coal as compared to the extraneous mineral matter. Almost
all the elements present in the periodic table are present in
coals. Coal ash is primarily composed of silicon, alu-
minium, iron oxides with variants of other oxides such as
that of calcium, magnesium, sodium, potassium, titanium
which are listed as the major constituents. The other minor
elements or trace elements that are present are strontium,
nickel, zinc, cadmium, mercury, lead, antimony, uranium,
chromium, vanadium etc. (Deonarine et al. 2015).
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In order to achieve maximum reduction in inorganic
matter, chemical cleaning processes are used. This may
also result in the deep cleaning of coals by removing a
large portion of ash which is normally not possible by
physical beneficiation techniques. Advanced techniques of
beneficiation of coals have been reviewed by Meshram
et al. (2015) some coals where only exterior ash is present
mostly would show good liberation by physical beneficia-
tion techniques whereas for others, chemical processes may
have to be employed. It is essential to clean coals by
removing the undesirable and non-combustible inorganic
mineral matter from coal. There are two techniques of
separation engineering which can be employed to clean the
coal. In one of the techniques the organic matter is
extracted from the coal through the solvent extraction
leaving behind ash rich residual coal (Deonarine et al.
2015). In another method, the inorganic mineral matter is
removed from the coal by chemical leaching by using
inorganic chemicals. One obvious advantage of chemical
leaching of coals over solvent extraction i.e. organo-refin-
ing of coal could be that here the yields of clean coal are
much higher in comparison to organo-refining of coals
(Deonarine et al. 2015). Moreover, inorganic minerals are
separated from coals can lead to the recovery of value
added minerals from the same. Table 1 summarises the
disadvantages and advantages of the various leaching
methods used for demineralisation of coals.

Parallel approach could also involve the use of
bioleaching techniques by using microbes or their enzymes
(Sharma and Wadhwa 1997; Bhatia 2007). Bhatia (2007)
have reported the bioleaching and biodesulfurisation of
coals by using Acidithiobacillus ferroodoxins. In fact, the
extractability of coals in organic solvents under milder
ambient pressure conditions is normally less than 25%-—
30%. Extraction yields can be enhanced by using higher
pressure at elevated temperature. However, this leads to
changes in the organic chemical structure of coals.
Therefore, chemical leaching of coals by using inorganic
chemicals seems to be a better option of cleaning the coals
to obtain low ash cleaner coals. In this the coal is treated
with inorganic acids and alkalis to reduce the ash as well as
sulfur contents in coals. The most common reagents that
have been used are NaOH, Na,CO;, CaO, Ca(OH),, lime,
KOH, mineral acids such as HCI, HF, HNO;, H,SO,4,HI.
Oxidizing agents such as H,O,, Fe, (S04)3;, K,Cr,0O,
NaOCl, have also been used by some researchers. The mild
leachants such as EDTA, citric acids, pyroligenous acids
have also been used. The presence of oxidizing agents in
acids is also one method that has been used as this may also
lead to the removal of pyritic sulfur. The reduction in
mineral matter in chemical leaching of coals is defined by
its degree of demineralisation. The degree of deminerali-
sation (%) is calculated as follows:
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Table 1 Advantages and disadvantages of the leaching methods

Method Advantages

Disadvantages

Single acid
washings
Stepwise acid
washings

the earlier washings

Oxidizing agents

and chelating result in the ruggedness of the reactors

agents
Alkali-acid Result in effective ash removal (> 90%) with just simple
leachings two step washings

Acid solubilises most minerals such as phosphates,
carbonates, sulphates depending upon the acid used

Two acids could be used with the ability of one acid to
remove those minerals which could not be removed in

Result in effective desulphurisation of the coals, do not

Not all the minerals are washed with just one acid

The use HF, HC1 and HNO; would require special and rugged
materials of construction of reactors. Process economics may
discourage the use of these acids on high ash coals. They
may alter the coal structure and the coal morphological
properties

Oxidizing and chelating agents could be pH sensitive and may
result in complexations difficult to remove from coal

Excessive use can hinder the coal structure, reduce CV of coals

Degree of demineralisation(%)
_ Ash (feed coal) — Ash(leached coal)

Ash(feed coal)

x 100%

Biochemicals are also used which may also be generated
through by using microbes, enzymes or their metabolic
compounds. Since bioleaching also involves the use of
mostly chemicals, generated biochemically, therefore,
presently authors have attempted to include some impor-
tant biochemical cleaning processes under chemical
leaching of coals. The first and the easiest washing that is
performed is the water washing of coals. This would dis-
solve all the water soluble and vulnerable salts that are
present as exterior components. Then ammonium acetate
can be used to attack the ion-exchangeable cations which
are generally present as carbonates in coals (Wijaya and
Zhang 2011). Based upon the latest developments in the
area of chemical leaching, the present paper categorizes the
following methods for chemical demineralisation based
upon the action of different inorganic reagents i.e. acids,
alkalis and other chemicals:

Single acid leaching of coals

Stepwise acid leaching of coals

Use of oxidizing agents for leaching of coals

Alkali treatment of coals

Alkali-acid sequential treatment of coals

e Chemical leaching of coals through biochemical route

(Fig. 1).

2 Single acid leaching of coals

Most of the metal ions in coal are solubilised in acids
generally at low pH. Therefore, single step acid washings
have been used to remove the ash and sulfur in coals to a
maximum extent possible using these acids. It has been

reported by Steel et al. (2001a, b) that HCI has the ability to
solubilise almost all minerals such as phosphates, carbon-
ates, sulfates which are largely associated with major ele-
ments such as Ca, Mg, Fe, Al, K, Ti but fails to dissolve
silicates, some aluminosilicates and pyrites in coal. Thus
HF (Speight 2012) was proposed to be an effective acid to
solubilise almost all minerals in coal but it still failed to
remove pyrites. Therefore, subsequent treatments with HCI
followed by HF were proposed to remove almost all the
minerals. For pyrite removal, Steel and Patrick (2003) have
suggested the use of HNO3, however, the action of nitric
acid could only be proved effective if used above a certain
concentration.

In one of the works demonstrated on single acid treat-
ment of coal, the use of hydroiodic acid (HI) at 260 °C and
60 bar pressure on one of the Spanish coals could suc-
cessfully completely remove in the first 10 min inorganic
sulfur and 70% of the organic sulfur in the next 10 min of
the acid treatment (Andres et al. 1996). Acidic ferric sulfate
solution has also been used for the removal of pyritic sulfur
which is commonly called as the Meyers Process (Meyers
1977).

Treatment with nitric acid (almost 30%) has been
demonstrated by some of the scientists (Rodriguez et al.
1996) on the Spanish coals. Almost 80%—-90% of both
pyritic and organic sulfur could be removed using HNO;
but on further studies it was concluded that rigorous
treatment with HNOj3 could alter the structure of coals, so
single washing with HNO; has not been encouraged. Steel
et al. (2001a, b) have performed HCI treatment of the
Australian bituminous coals and it was concluded that HCI1
could successfully dissolve mineral matter that was linked
to carbonates, phosphates (mainly Ca, Mg, Fe, Na, Al, Ti)
but preferably not silicates and some aluminosilicates (Si).
The variations in the demineralisation have been studied by
Giilen (2007) on Nallihan lignite with 5% HCI, H,SOy,
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Alkali treatments
(NaOH, KOH, Na,CO3,
Ca0, Ca (OH),)

Alkali-acid leachings
(NaOH-HF, NaOH-HCI,
NaOH-H,S0,4, KOH-HCI,
NaOH-HCI-H,S04 )

Fig. 1 Various chemical leaching processes to produce clean coal

HNOj; and HF. Maximum deashing was reported by 5% HF
treatment of the sample which was further verified using
X-ray results and it also resulted in the subsequent increase
in the calorific values from 16,652 to 23,950 kJ/kg. Then
further ash reduction was observed by HNO;.
> HCl > H,SO, treatment which resulted in a lignite
product that showed a higher calorific value. In fact, it is
natural that the inorganic constituents in coal would vary
depending upon the geological location of the mines and
accordingly the action of these reagents on the coals differs
due to their different chemical constitution. Another work
(Hacifazlioglu 2016) also reports the production of ultra
clean coal from a Turkish bituminous coal, Zonguldak coal
where the ash contents have been brought down to 0.82%
with aq.HF treatment. The optimization was carried out for
varied temperatures, leaching time, acids (HCI, HF, HNO3,
citric acid), acid concentration, coal particle size and the
best results were obtained were when the coal was treated
for 240 min, 25% HF treatment at 80 °C with coal particle
size — 63 pm which resulted in the production of UCC
(Ultra Clean coal) with the initial coal feed containing
8.84% ash.
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Stepwise acid washings (HF-HCI,
HCI-HNO3, HF-HNO3, HF-FeNO3)

Oxidizing agents and chelating agents
(HzOZ, K2Cr207, NaOCl, FEZ(SO4)3’ EDTA,
pyroligenous acid )

— Single acid washings ——— I
= (HCI, HF, HNO;, HI,
H,S04)

3 Stepwise acid leaching of coals

Two stage leaching becomes necessary because of the
inability of one acid to completely remove the inorganic
matter from coals. The partial ability of these acids to
selectively act upon the minerals requires the use of mul-
tiple acids on coals.

Steel et al. (2001a, b) and Steel and Patrick (2003) have
studied the action of HF leaching followed by HCI treat-
ment on Australian Black coals at varying concentrations
and time. The resulting product showed less than 1% ash
contents in washed coals. The collective action of HF on
the silicates and aluminosilcates and the ability of HCI to
act on Ca, Mg, Fe, Na, Al and Ti mostly as carbonates,
phosphates could drastically reduce the mineral matter
concentration in these coals.

In one such process by Steel et al. (Steel and Patrick
2001), a UK bituminous coal was treated with 3.5 M HCl
solution followed by 1.36 M HNOj; at 65 °C for 3 h in
each step. The ash content reduced from 7.9% to 0.63%
and sulfur content from 2.6% to 1.4% in this two stage
treatment. In another UK bituminous coal (Steel and
Patrick 2003) treatment with 1.17 M HF and 1.4 M HNOs,
the ash content in the coal could be reduced from 4.96% to
0.2% and S from 2.4% to 1.3% at 65 °C in 3 h. When the
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concentration of HF was increased to 3.5 M HF and
treatment time for 0.5 h at 55 °C, the ash content in two
plant coals, Zirab and Tabas coals (Jorjani et al. 2011)
could be reduced to 0.69% from 8.31% to 0.39% from
10.36% respectively with prior microwave treatment. With
2 M HF-HNOj; treatment of Turkish, Australian and Polish
coals (Kizgut et al. 2006), the ash contents could be
reduced by 90% with 3 h treatment at 70 °C. Rubieira et al.
(2002) investigated the action of 25% HF followed by 25%
HNOj treatment on a high volatile bituminous coal for 8 h
and 16 h respectively at 60 °C and the resulting product
contained ash of about 0.6%.

Wu and Steel (2007) investigated the HF-FeNO; action
on a Haworth coal and concluded the ash could be reduced
up to 990 ppm when the coal was treated with 3.51 M HF
for 4 h at 65 °C followed by FeNO; treatment at 100 °C
for 6 h. The major advantage of HF treatment is in the use
of milder conditions under ambient pressure conditions. It
has been reported that the HF can be recovered by fol-
lowing a cycle of reactions which will discussed in detail
later in the text (Steel and Patrick 2004). Authors feel that
the HF treatments were used to study leaching behaviour
mostly on low ash coals which resulted in the production of
UCC with ultra low ash contents. The use HF, HCI and
HNO; would require special and rugged materials of
construction of reactors. Process economics may discour-
age the use of these acids on high ash coals.

4 Oxidizing agents and chelating agents
for leaching of coals

Apart from the inorganic reagents, the use of oxidizing
agents such as H,0,, K,Cr,O;, NaOCl, Fe,(SO,); etc.
(Steel and Patrick 2004) have been tried on a number of
coals. The reduction in ash contents along with effective
desulfurization was demonstrated by a number of scientists
over the years. Two Turkish coals (Karaca and Ceylan
1997) were treated with 15% H>O, for 60 min at 30 °C and
the ash contents in the two coals were found to be 21.4%
and 16.71% which was effectively reduced from 65% to
31% respectively. About 90% pyritic sulfur could also be
removed with just 15% H,0, treatment. Inorganic sulfur
could be completely removed with little reduction in ash
content when H,O, was used with H,SO, for demineral-
ization (Vasilakos and Clinton 1984). Mukherjee and Sri-
vastava (2004) have performed kinetic studies with H,O,
and 0.1 N H,SOy treatment of Indian coals and concluded
that H,SO, acts as a catalyst to bring pyrtic sulfur and
oxygen together in order to carry out effective desulfuri-
sation. Other oxidizing agents such as K,Cr,O; have also
resulted in 24% sulfur and 61% mineral matter removal
from one of the Indian coals, i.e. Ledo coal (Ali et al.

1992). NaOCl treatment followed by hydrolysis with
NaOH has also been tried by Li and Cho (2005) on Piits-
burg No. 8 and Illionis No. 6 coal. About 70% of pyritic
sulfur and 37.8% of the organic sulfur could be removed
with 0.4 M hypochlorite, 0.4 M NaOH at 90 °C in Pitts-
burg No. 8 coal.

The basic disadvantage of using mineral acids is their
ability to alter the coal structure and its morphological
surface properties. So a number of other reagents have been
tried. Ohki et al. (2004) have studied the effect of various
leachants at different concentrations on the effective
removal of metals. A number of treatments with HNO5 and
EDTA have been tried and Ca, Mg and Mn could be
completely removed. The use of pyroligeneous acid and
citric acid has been reported for demineralisation of coal
where these acids have good ability to act as chelating
agents and thus these could effectively make coordination
complexes with inorganic mineral matter of coal which
ultimately bring down the ash contents. Pyroligenous acid
produced by the pyrolysis of woody biomass and this can
have pH as low as 2-3. Citric acid may be produced
chemically or biochemically or from fruits and plants.
EDTA being a good chelating agent has been used with
various acids such as HF, HCl, HNO;3; which further pro-
motes the reduction of ash in coals (Shakirullah et al.
2006). The chemical demineralisation studies at room
temperature using EDTA along with different organic acids
have also been performed by Manoj (2012) where the ash
contents were brought down to 2% and 1.8% of an Indian
coal with citric acid and EDTA treatments. Aluminium,
silica and calcium could be completely removed from the
coal using acetic, citric and gluconic acids with EDTA.
Citric acid has three -COOH groups which can form car-
boxylates with metal cations. Wijaya et al. (2011) treated
two Victorian brown coals with 1 M pyroligenous acid and
citric acid followed by treatment with Na-EDTA for 3 h
and the resulting coals contained 0.08% and 1.5% ash as
compared to 1.65% and 2.35% ash in the feed coals. The
use of strong chelating agent, disodium ethylenediamine
tetra acetic acid (Na-EDTA) was also studied along with
the combination of dilute acid (1 M HNO3) and the com-
bination resulted in breaking of the metallic complexes in
the coal matrix (Wijaya et al. 2012). In this study, the mass
transfer effects were also studied. The effect of coal par-
ticle size was studied and it was observed that the coal
deashing did not significantly improve because of intra
particle diffusion resistance whether it was fine or coarse
particle and these Victorian brown coals treatments were
also independent of temperature used for demineralisation.
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5 Use of alkalis for demineralisation of coals

Alkali treatment of coals helps in the conversion of sili-
cates and aluminosilicates in coal ash into sodium silicates
like sodalite or sodium aluminosilicate and thus the ash
contents can be reduced by following treatments after the
action of alkali on coals.

Friedman and Warzinski (1977) studied the action of
sodium hydroxide solution on the mineral matter of coal at
300 °C that resulted in complete removal of pyritic sulfur
and about 40% organic sulfur from coal. Around 91%
demineralisation could be achieved by Kara and Ceylan
(1988) using aqueous NaOH solution for demineralization
of Turkish lignites. The effect of grinding of coal on ash
reduction and 5% aq.NaOH leaching was studied by Balaz
et al. (2001) that resulted in ash reduction to 1.5 and 0.9%
from 28.2% and 7% respectively in two coals. Mukherjee
and Borthakur (2003) demonstrated the effect of alkali
treatment for ash and sulfur removal from an Indian coal
i.e. Assam coal and concluded that effective deashing and
desulfurization could be achieved at 95 °C with caustic
solution treatments. The aqueous caustic leaching has also
been reported by Saydut et al. (2011) where a Turkish
asphaltite sample was treated under varying conditions
with aqueous NaOH solution from 0.1 to 1 M concentra-
tion with variations in temperature from 100 to 180 °C and
time 4-16 h. The ash content of the asphaltite reduced
from 32.49% to 18% and the total sulfur also dropped to
2.68% from 7.02%.

In one of the processes, called as the TRW Gravimelt
process where a mixture of NaOH and KOH was heated at
350 °C for 2-3 h at room temperature which could
(> 90%) desulfurize the coal (Kusakabe et al. 1989). In this
process, sulfur is converted to H,SO,4, CaSQO, or elemental
sulfur after it is removed as Na,S. The used caustic can be
regenerated and reused. Inorganic sulfur could be com-
pletely removed and 70% of the organic sulfur could also
be removed with Na,CO; treatment at 120-150 °C with
one of the coal samples (Markuszewski et al. 1978). The
treatment of a Nigerian coal (Adeleke et al. 2011) with
Na,COs instead of sodium hydroxide was studied and it
was found that ash reduced to 19.90% from 32.55%.
Because of the less corrosiveness of lime on the equip-
ments, CaO and lime Ca (OH), have also been used instead
of NaOH on coals to reduce their ash contents. Stambaugh
et al. (1975) and Stambaugh (1977a, b) made use of 10%
aq.NaOH and 2%-3% Ca(OH), as a leaching agent at
temperature of 250-300 °C and pressure of 3.9-8.4 MPa.
Wang and Tomita (1997) have also rigorously studied the
chemistry of hydrothermal treatment of aq.Ca(OH), with
pure quartz and pure kaolinite. The use of lime though is
not as effective as that of NaOH, but still it results in the
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reduction of cost of the leaching process. There is a wide
scope of using stronger basic solutions for the demineral-
isation of coals. Studies in this direction can be extended in
the future. An environment friendly Coal-Ca(OH),—NaOH
roasting process has been suggested by Zheng et al. (2017)
which when applied on Bayan Obo tailings improved the
leaching ratio of rare earth elements by 90.14% and mag-
netic separation of haematites 2.37. The optimized condi-
tions of the process were found to be 650 °C roasting
temperature, 60 min roasting time, 2% coal dosage, 4%
aq.Ca(OH), dosage and 2% aq.NaOH dosage. Table 2
summarizes some of the processes of desulphurisation of
coal (Edgar 1983). However, these processes were devel-
oped in the past. Authors feel soda-lime process could be
an interesting process even presently. Some research work
on the development of soda lime or lime treatment fol-
lowed by acid treatment under milder ambient pressure
conditions may also be extended (Sharma and Wadhwa
1997).

6 Alkali-acid leaching of coals

The alkali leaching and acid washing together play a great
role in drastically reducing the ash in coals as the formed
sodalites and sod-aluminosilicates which are produced by
the reaction with NaOH and are mostly soluble in acids. So
sometimes, mild acid washing also reduces the extra
sodium compounds along with acid soluble minerals in the
ash of coals. Not only Kaolinites and quartz, pyrites and
sometimes the organic sulfur content is also reduced.

Out of the successive caustic-HF, caustic-HCI-HNO;
and caustic-HCI-H,SO, leaching methods (Kumar and
Shankar 2000), the caustic-HF leaching method has been
found to be the most effective method for coal deminer-
alization. However, the use of HF would increase the cost
of the process. Duz et al. (2008) studied the action of
NaOH at 400 °C for 45 min followed by acid washing of
some asphaltite samples. 100% inorganic sulfur, 70%
organic sulfur and ash contents could be reduced as a result
of the combined sequential treatments. Yang et al. (1985)
have investigated the three step treatment process of coals
in which the aqueous NaOH solution followed by the
action of sulfuric and nitric acid was studied. It was
inferred that NaOH resulted in the formation of sodalites
and sod. aluminosilicates whereas action of sulfuric acid
dissolved most aluminates and silicates and nitric acid
could further reduce the sulfur and iron by dissolving the
pyrites. Wang et al. (1996) used 5% CaO at 340 °C for
120 min followed by hydrochloric acid washing for an
Australian Newstan coal and this resulted in about 76% of
ash removal. Mukherjee and Borthakur (2003) showed that
on action of 16% aq.NaOH solution followed by 10% HCl



Advances in the chemical leaching (inorgano-leaching), bio-leaching and desulphurisation of... 175

Table 2 Processes for chemical desulfurization (and demineralisation) of coals developed in the past (Edgar 1983)

Process Reagents

Advantages

Disadvantages

TRW-Meyer process Aq. Fe(SOy)s,

(98.8-129.4 °C, 0 to 100

psig)
Batelle Hydrothermal NaOH/Ca(OH),
Process (226.6-348.8 °C, 350 to sod. sulfate
2500 psig)

Ledgemont oxygen
leaching process

Ammonia-oxygen—
water(300 psig,
100-148.8 °C)

H,SO, (148.8 °C,

400-500 psig), Aq.
N3.2CO3

NO-NO,-Air mix (98.8 °C,
ambient pressure)

Cl,/H,0 (48.8 °C,

0-100 psig)

Partial oxidation of coal
with air (DOE process)

KVB process

Jet propulsion lab process

Oxidation of pyritic S in coal to eliminate

sulfur, only process tried on larger scales

Inorganic S removes and some S converted to

Removes 90% pyritic S, can remove organic S

Almost all pyritic S, 40% org. S removed

Sulfite and sulfates removed by alkali washing

Sulfur converted to sulfates and removes

Only removes inorganic S

Ash content sometimes increases
due to impregnation by NaOH

Loss of 8%—13% coal heating
value

Losses in heat contents of coal (up
to 50% due to oxidation)

Results in oxidation, nitration of
coal

Increase in chlorine contents in
coal

at 90-95 °C about 43%-50% ash reduction, complete
inorganic sulfur removal and 10% organic sulfur reduction
in two Assam coals containing 8.4% and 10.4% ash in feed
coals and total sulfur 4.3% respectively could be achieved.
Kumar and Gupta carried out demineralisation of Assam
coking coal at 120 °C with 500 g/ NaOH and reported
that 70% demineralization could be obtained through this
treatment. In one of the processes by CSIRO, Australia
(Waugh and Bouling 1984) to achieve 90% demineralisa-
tion, a bituminous coal was treated with 10% NaOH at
200-300 °C under pressure followed by acid treatment.
Bolat et al. (1998) treated a Turkish bituminous coal with
0.5 N aq.NaOH followed by 10% HCI treatment which
resulted in 46.8% of the demineralisation whereas on
treatment of another Indian coking coal (33.6% ash)
(Waugh and Bouling 1984) with 20% NaOH and 10% HClI,
as high as 75%-80% demineralisation could be obtained.

Sharma and Gihar (1991) have reported the alkali-acid
leaching of Indian coals under milder ambient pressure
conditions. These authors used 5 wt% to 40 wt% NaOH
solution under reflux conditions in the first step. The alkali-
treated coal samples were treated with 10% aq.HCI and
10% aq.H,SO, in the second stage under reflux conditions.
About 75% degree of demineralisation of Indian coals was
reported by these authors. Sharma and Singh (1995) treated
a low grade Indian coal, Talcher with 2%-20% aq.NaOH
solution, refluxed for 24 h followed by 2% aq.HCI washing
resulting in 75% deashing of coal under ambient pressure
conditions. Nabeel et al. (2009) have studied the stepwise
alkali-acid leaching of Indian coals. These authors have
used 1% aq. alkali and 1% aq. HCl in the successive alkali-
acid treatments which would lead to the reduction in the
cost of alkali and acid through this stepwise alkali-acid

treatment. It is possible to reduce the cost of alkali-acid
treatments. These authors have reported that the ash con-
tents in coals could vary world over and the reactivity of
dilute aqueous alkali solutions would vary accordingly
especially under milder ambient pressure conditions.
Degree of demineralisation of high ash, low grade coals
would be lesser. Chemical leaching of low ash coals has
more chances of producing ultra clean coal having less than
1% ash or may be even almost zero ash. Recently, Behera
et al. (2017a, b) have reported batch studies (2.5 L) of
caustic-H,SO, leaching of a low grade Indian coal where
on treatment with NaOH initially at 100 °C, 26% ash could
be removed and along with H,SO, leaching resulted in
27.5% demineralisation however, on caustic-H,SO4
leaching, 48% demineralisation could be achieved.
Therefore, the reactivity of aqueous NaOH or aq.KOH or
of aq. Ca(OH), can vary depending upon the nature of the
constituents present in coal ash. As low as 3.3% ash con-
tent was obtained from the Tuncbilek lignite which was
treated with 30% aq.NaOH followed by 10% HCI treat-
ment (Karaca and Yildiz 2007). Treatment with 40%
NaOH concentration on heating at 124 °C and followed by
10% HCI treatment and then alkali followed by dilute acid
treatment (10% NaOH, 170 °C, 0.8 MPa pressure and 10%
HCI) was reported by Chong et al. (1995) on two Chinese
coals, Pingxiang and Yangquan coals resulting in 81.0%
and 90.0% demineralisation respectively. Baruah et al.
(2006) studied the action of chemical leaching for 120 h at
45 °C for 120 h on two high sulfur Indian coals, Ledo and
Baragorai coals from Assam (the ash content of 10.35%
and 5.70%, total sulfur content of 3.57% and 5.30%,
respectively). About 89.7% and 77.05% sulfur in Ledo and
Baragorai coals could be removed. Behera et al. (2017a, b)
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reported > 70% demineralisation with a low grade Indian
coal with 40% NaOH leaching at 100 °C for 3 h followed
by leaching with 20% H,0,, H,SO,4, HCl and HF sepa-
rately where HF leaching proved to be most effective
resulting in such high degree of demineralisation. The
reason for such high demineralisation was found to be the
high interaction of OH™ and F~ ions in the reagents with
the mineral matter in coal (Table 3).

In one of the studies the treatment with aq. KOH alone
at 95 °C and 150 °C and also followed by acid washing
were compared (Behera et al. 2017a, b). At 150 °C, action
of coal with 18% KOH and 10% HCI led to 52.7%
desulfurization with complete removal of inorganic sulfur
and 37% removal of organic sulfur. Baruah and Khare
(2007) demonstrated the removal of pyritic and organic
sulfur and minerals through solvent extraction and caustic
treatment of the coal oxidized by H,O,—~HCOOH leaching.

The effect of coal particle size, reaction time, tempera-
ture and change in alkali and acid concentration have also
been studied on various Indian coals to study their effect on
the degree of demineralisation and desulfurisation. Varia-
tions in the particle size helped in the studies on the effect
of mass transfer during chemical leaching of coals. The
effective removal of mineral matter increased on increasing
the time, temperature and alkali concentration as explained
by Dash et al. (2013). The acid treatment resulted in the
reduction of the silica, alumina and phosphorous content.
Phosphorous particularly was noticed to be reduced after
the acid treatment. The complexity in the association of the
P in coal has been discussed by where the occurrence of P
as the apatite, crandallite and other phosphate minerals has
been reported. P has also been found to be associated with
Kaolinite (Saikia et al. 2013; Beck et al. 2005).

Other parameters that could be changed are the pre-
treatment studies of the coal samples through solvent
extraction, change in pressure, oxidation conditions and
coal rank. Three different methods are have been used to
carry out the kinetic studies and then on the determination

Table 3 Alkali-acid leaching of various coals under various conditions

of activation energy and K, for the coal leaching processes
in one of the works reported. Parametric estimation through
rate equation, non-linear regression and parametric esti-
mation through shrinking core model have been used to
study the mechanism behind the chemical leaching of coals
by Srirmajou et al. (2014) concluding that reaction of silica
and alumina was found to be second order and exponential
polynomial was found to be the best fit for the chemical
demineralisation of coals. Demineralisation using NaOH
and HCI was carried out by Choudhury (2013) using
fractional factorial design under the optimum conditions of
0.22 mm particle size, 90 °C in 2 h extraction time. The
maximum deashing was observed under this condition
which was verified using statistical analysis. Not only
demineralisation, but the characterisation of the product
also forms an important aspect to study the process of
leaching at various stages which has been reported by Dash
et al. (2013) using FTIR, SEM, XRD and microscopic
studies. The mechanism of alkali-acid leaching at a 50 kg
batch pilot plant study has also been demonstrated by
Sriramoju et al. (2017) and 150 °C was found to be the
critical temperature for precipitation of sodalite during
alkali treatment with silica and alumina in coal ash. The
60% recovery of the spent acid with almost 99% silica and
80% alumina removal has been reported through the opti-
mization of the process. In another work reported by
Srirmajou et al. (2018), the effect of increased alkali-con-
centration, higher temperature and lower reaction time on
an Indian coal has been studied that resulted in about 68%
ash reduction with the decrease in the alumina to silica
ratio from 0.53 to 0.25 and almost 90% phosphorous
reduction.

Authors feel that there is a wide scope of using super
acids and super bases in the chemical leaching of coals.
Some of the reactive ionic liquids may also be used to
demineralise the coals. Lime and carbonic acid (from the
CO,) seem to be the cheaper chemicals however; there may
be a need to use elevated temperature and high pressure

Research group Coal type

Alkali-acids used

9%Demineralisation/desulfurisation

Bolat et al. (1998)

Nabeel et al. (2009)

Adeleke et al. (2011)

Sharma and Singh (1995)

Chen et al. (1998b)

Mukherjee and Borthakur (2003)
Baruah and Khare (2007)
Behera et al. (2017a, b)

Sharma and Gihar (1991)

High ash bituminous coal
High ash coal Coking
Coking coal

High ash Indian coal

Two low ash Chinese coals
High sulfur bituminous coal
Two high sulfur Indian coals
Low grade Indian coal

Low grade Indian coals

0.5 N NaOH—10% HCl
20%NaOH—10% H,SO,
H,0—Na,CO;—H,0

H,0, NaOH(2-20%)-2% HCl

10% NaOH—10% HCI

18% KOH—10% HCI

H,0-CaCO;

50-150 g/L NaOH—20% H,SO,
5%-40 wt% NaOH-10% HCI, H,SO,

46.8% demineralization
75%—-80% demineralization
38.9% deashing

75% demineralization

81% and 90% demineralization
52.7% desulfurization

89.7% and 77.05% desulfurisation
48% demineralisation

75% demineralisation
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conditions in order to carry out effective demineralisation.
Some of the low rank coals such as lignites or brown coals
are soluble in aq. NaOH and aq. KOH solutions even
milder conditions. Therefore, it would be difficult to
demineralise such low rank coals through alkali-acid
leaching process. Research work on alkali-acid leaching of
Indian coals from Sharma’s laboratory (Bolat et al. 1998;
Sharma and Gihar 1991; Sharma and Singh 1995) has been
carried out under milder ambient pressure conditions. A
comparison of the degree of demineralisation by using aq.
NaOH alone and then followed by HCIl or H,SO, treat-
ments has also been reported. The use of lime in place of
NaOH was also made. Some of the Indian coals have
higher ash contents (> 45%) and the inorganic mineral
matter of some of these coals was found to show lesser
reactivity towards aq. NaOH under milder ambient pres-
sure conditions. With some Indian coals, the treatment with
ag. NaOH at higher temperature led to the formation of
sodiumsilicate salts having varied leaching tendencies with
HCI or H,SO,.

7 Emerging options in chemical leaching of coals

Sharma and Gihar (1991) have reported that the use of
aqueous NaOH or aqueous Ca(OH), followed by the acid
leaching using either HCl or H,SO,4 can bring about more
than 75% degree of demineralisation of coals including
high ash coals. Sharma’s group (Sharma and Singh 1995;
Sharma and Gihar 1991; Nabeel et al. 2009) has also
demonstrated that it is possible to reduce the concentration
of aq. NaOH and HCI to the minimum extent through
stepwise alkali-acid leaching of coals. The schemes for the
recovery and recycling of chemicals used have also been
proposed. The major advantage of this alkali-acid leaching
process is that this is carried out under milder ambient
pressure conditions and can be said to be the most effective
method out of all discussed for the demineralisation of
coals. The alkali-acid leaching process has been found to
be most effective besides HF leaching. However, HF
leaching is costlier in comparison to alkali-acid leaching
under ambient pressure conditions and recovery and recy-
cling of HF can be difficult and may involve a number of
steps. The authors have carried out the studies on organo-
chemical structure of coal and FTIR spectral analysis of the
coal products and it was found that the organo-chemical
structure is not affected with chemical leaching of coals as
the process involves the action of chemicals on the mineral
matter in coals not on the condensed polyaromatic network.
Dash et al. (2015) employed high pressure and elevated
temperature conditions in the alkali-acid leaching of coals
showing large degree (> 70%) of demineralisation. In fact,
the use of severe conditions and treatments such as

microwave or ultrasonic treatments also result in increasing
the degree of demineralisation of coals. The water, caustic
S and other ash components absorb microwave radiations
more readily than other constituents. Microwave treatments
(Al-Harahsheh and Kingman 2004) have also been used in
the extraction of metals such as copper, gold, nickel,
cobalt, lead, zinc and manganese and coal desulfurisation.
However, the understanding of the process still requires
rigorous understanding of the interaction of the solids with
microwave energy. Work can be extended in this direction
in the future.

The use of Box-Beign experimental design for chemical
demineralisation using NaOH-HCIl of a low ash coal
floatation tailings has also been studied by Suresh et al.
(2015) where the optimization of the process conditions
such as coal particle size, reaction time, reagent concen-
tration %, reaction temperature have been studied and the
STATISTICA software has been used to carry out regres-
sion analysis to develop the model. The most optimized
conditions were found to be 160 °C as reaction tempera-
ture, 60.6 min as reaction time and 17.6% reagent con-
centration where the resulting product was found to have
least ash content. Present authors feel that there is a need to
employ milder conditions in the alkali-acid leaching of
coals. The use of HF-HNO; treatment under milder
ambient pressure conditions also leads to the higher degree
of demineralisation of coals. Since HF is a costly and
corrosive chemical reagent therefore, its use seems to have
been made mostly on low ash coals for their deminerali-
sation to obtain ultra-clean coal having less than 1% ash
contents. Use of HF on high ash coals does not seem to be
advisable and moreover, the recovery of HF is also very
important from the cost of view. There is a need to use
inexpensive reagents such as lime or CO, for the chemical
leaching of coals. One such process is soda-lime process
and Sharma and Gihar (1991) have already reported the use
of lime-acid leaching under milder ambient pressure
conditions.

In a mineral carbonation process CO, can react with
minerals such as magnesium and calcium oxide (Cuéllar-
Franca and Azapagic 2015). Magnesium or calcium sili-
cates can react with HCI to give Mg (OH), or Ca(OH),.
The use of carbonic acid under pressure may also help in
demineralisation of coals through alkali-acid leaching of
coals. The role of acid may be replaced by carbonic acid
under pressure. The use of the resulting coal products
obtained after leaching for power generation is still far-
fetched because of the cost involved and environmental
concerns on the use of these strong harsh chemicals which
affect the nearby water bodies and also disposal of ash
becomes a problem (Jeon et al. 2016). Focus should be on
making these processes cost effective and recoveries of
these chemicals after treatment with coal (Wang et al.
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2017; Sriramoju et al. 2017; Steel and Patrick 2003).
Attempts (Cuéllar-Franca and Azapagic 2015) have been
made to carry out LCA studies on the chemical leaching of
coals and then using the clean coal thus produced in power
plants. It has been reported that it may not be economical to
use such a process for power generation. However, further
process intensification studies may help in reducing the
economics of the chemical leaching process. Present
authors feel these are value added options for using ultra
clean coal obtained through chemical leaching of coals. In
fact, the use of UCC in the gasification for IGCC power
generation systems, may increase the availability of these
plants.”” UCC may be used in carbon fuel cell having
around 75%-80% efficiency. UCC may also be used for the
production of carbon nanotubes, graphenes, graphite,
nanofuels, nano composites, smart coke, needle coke etc.
(Mathur et al. 2007; Dosodia et al. 2009). Separation
engineering technique of chemical leaching of coal by
using inexpensive chemicals such as lime, soda-lime, CO,
and its derivatives, HCI has potential for its application in
cleaner use of coal as clean coal technology.

8 Recovery and recycling of alkalis and acids

The excessive use of chemicals for demineralising coals
especially under severe conditions of high pressure at
elevated temperature leave their structure altered and
reduces the utility as major structural hindrances can even
reduce their calorific value. Moreover, these spent chemi-
cals need to be recycled and reused in order to make these
processes economically attractive. A lot of work has been
reported on the recovery of these acids and alkalis and on
the recovery of useful chemicals and metals from coal
using these reagents.

Steel and Patrick (2004) have already reported the
recovery of HF in one of their processes. It was because to
overall reduce the cost of the demineralisation process and
the separated product containing valuable chemicals made
this procedure even more cost effective. HF has the ability
to dissolve all the major minerals i.e. silicates and alumi-
nosilicates in coal but their inability to remove pyrite made
the use of HNOj; in the process. HNOj3 not only dissolved
pyrite but even reacts with the fluorides in the HF leached
solution. Then AI(NO3); was added to the spent HF lea-
ched solution. The formation of AIF ** and AIF *" ions
and their high stability constants due to presence of free
fluoride ions and fluoride that is bound to silica makes the
separation of silica as silica gel from the solution easier.
The other ions, Fe and Ti present as fluorides and cations
such as Na, K, Ca, Mg can also be easily separated.
Because of high affinity of fluorides to form AIF ** and
AIF 2% ions, other insoluble solids do not form and
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therefore do not solubilise. Water is collected separately
through distillation followed by HNO3;. HNOj; is recycled
to the system and this further converts the nitrates to oxi-
des. The solids basically containing oxides and nitrates are
treated with the water stream to pyrohydrolyse them where
the fluorides are converted into HF which can be recovered
and collected separately. This can then be recycled and
reused.

Sharma and Gihar (1991) have used NaOH and acids,
HCI and H,SO, to effectively demineralise the high ash
Indian coals up to as high as 75% degree of deminerali-
sation. These authors have proposed a scheme to recycle
and reuse these chemicals. The alkali was recovered after
the reaction of the leached alkali solution containing
sodium silicates with lime (Ca(OH),) which generated
calcium silicates and alkali (NaOH). HCI was recovered
using distillation or membrane evaporation (Tomaszewska
et al. 2001) whereas H,SO, was recovered using gypsum.
Gypsum (CaSQ,4) on reaction with silicic acid generated
H,S0,.

Na,SiO;(Leached alkali solution) 4+ Ca(OH),— CaSiO;
+ 2NaOHH,SiO; + CaSO, — CaSiO3 + H,SO4

Coal ash is a major source of recovery of various major
elements such as aluminium, titanium, Iron, calcium,
magnesium and various other minor and trace elements
(Sahoo et al. 2016; Dosodia et al. 2009; Shcherban 1996;
Mayfield and Lewis 2013). The rare earth elements are
used widely in defense, energy, and electronics industries
as petroleum cracking catalysts, catalytic converters, bat-
teries, hard discs, LEDs etc. (Taggart 2015) The use of
alkali-acid leaching, solvent extraction and recrystalliza-
tion has been a common practise to recover major elements
from coal and coal fly ash. In one of the US Patents
(Meyers 1975), Al has been recovered from Fly ash using
combined techniques of magnetic separation and leaching.
The Al is recovered from the leachate using evaporation
and calcinations at high temperatures. Silica recovery has
been mentioned by Steel and Patrick (2004) earlier where
the HF recovered is separated from silica simultaneously in
the form of silica gel. The silicon fluorides formed can be
treated with metallic nitrates where they are converted to
oxides and nitrates which are separated using water (Ah-
maruzzaman 2010). Desilication of coal wastes (sodium
aluminate) has been performed by Padilla and Sohn (1985)
using the soda-lime process. Here, leaching of the collected
sinter solution with water, caustic solutions, Na,CO;
solutions was compared with Ca(OH), solution under mild
conditions where the sinter solution responded better to
desilication with Ca(OH), solution. In one of the US
patents, under oxidizing conditions, ash is chlorinated
which selectively separates Fe from the other elements.
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Then under reducing conditions, the rest of the ash is
chlorinated which vaporizes the chlorides of other metals
apart from Si and particularly Al (70%—-80%) and Ti (80%)
are collected separately through condensation.

Recovery of trace elements requires much precision and
depending upon the nature of the element, its physical and
chemical characteristics process modification are per-
formed (Sahoo et al. 2016). The most common method
used for Vanadium recovery is a wet process where the
residue is passed through a multi-stage process and then
precipitated followed by oxidation and reduction processes
(Sahoo et al. 2016). Because of the high commercial
applicability of Germanium i.e. in fibre optics, photo-
voltaics, diodes, electronic devices etc., it is also extracted
from coal fly ash. In one method, sublimation is used where
under oxidizing conditions (Sahoo et al. 2016), the fly ash
is heated to recover Ge and Ga oxides which are converted
to sub-oxides under reducing conditions which are col-
lected over the sand particles. Selenium recovery is more
pH dependent where it is recovered under high pH condi-
tions (Wang et al. 2007, 2009). Molybdenum because of
high applicability in steel manufacturing industries is
extracted from coal fly ash using Conc. HC1 and HNO; and
then diluting the solution, extracting Mo using dithiocar-
bamate (Taggart 2015). Lithium recovery (Grantham and
Yosim 1974) involves a series of steps where the treatment
with carbon dioxide involves formation of Lithium car-
bonate and then to lithium bicarbonate which is then sep-
arated and recovered. Maslov et al. (2010) have reported
the extraction of radioactive elements uranium and radium
from coal fly ash using mixture of HNOj; and HF extraction
approximately extracting 99% U and 97% Ra in the pro-
cess. The other trace elements such as Cd, Cu, Pd, Zn etc.
require rigorous treatments and processes. Okada et al.
(2007) used acetic acid leaching on coal fly ash to recover
Zn and Pb from CFA, whereas alkaline leaching using 3 M
NaOH recovered 81% Pb and 35.5% Zn in the treatment.

9 Chemical leaching of coals through biochemical
route

Coal desulfurization using microbes is a wet process and it
also provides a cleaning step of preparation of coal slurries
for combustion. It has been estimated that the 70% of the
coal slurry has the same bulk calorific value as the dry coal
(Wise 1992). Microbial desulfurization of coal has shown
various advantages including a higher pyrite removal effi-
ciency and lower coal wastage than with physical methods
and reduced costs compared to chemical methods as
microbial methods operate under ambient conditions with
less consumption of reagents (Andrews and Maczuga
1982). Apart from the chemical processes, various

biorefining processes have been used over the years for
biodesulfurization, bio-denitrogenation, bio-deashing, bio-
demetallation, bio-demineralisation etc. Certain bacteria
such as Acidithiobacillus ferrooxidans, Acidithiobacillus
thiooxidans, Leptospirrulum ferrooxidans, Sulfolobus aci-
docaldarius etc. have been found to grow in coal mines and
then generate sulfuric acid (chemical leachant) in the
mines. This actually results in acid drainage in mines.
However, these chemoautotrophic bacteria which grow on
CO, instead of using costly carbohydrates can be exploited
for the bio-desulfurization and bio-demetallation of coals
and lignites. Interestingly, these chemoautotrophic bacteria
can also be utilized for bio sequestration of CO,. In fact,
these bacteria are also utilized for the multi-million dollar
operations of Cu, Au and U metallurgy world over.
Acidithiobacillus  ferrooxidans is a chemolithoau-
totrophic, aerobic, mesophilic and acidophilic microor-
ganism. It has the ability to oxidise pyritic sulphur in coal
and generate FeSO, and H,SO, which results in coal
desulfurization, metal leaching (Andrews and Maczuga
1982; Valdes et al. 2003; Gasioreck 1994). The scale up
process of bacterial action on coals along with the study on
different parameters need to be performed as demonstrated
in one of the demonstrations (Jeon et al. 2016) using
chemoautotrophic bacteria. Acidithiobacillus ferrooxidans
(At. ferrooxidans) that has great ability to demineralise and
desulfurize the coals e.g. leaching of coals using At. Fer-
rooxidans (Pathak et al. 2013). Being an autotroph, it has
also been reported to possess tolerance to several heavy
metals and based on these characteristic properties, At.
ferrooxidans is known to solve various environmental
problems caused by heavy metals in coals. Thus it pos-
sesses an ability to remove various toxic heavy metals in
coal and also removes Hg. Bhatia (2007) used these for the
biodesulfurisation of Assam coals, Neyveli lignite, Kutch
lignite and Rajasthan lignite. This resulted in not only the
biodesulfurisation of these lignites and coal but this also
led to the biodemineralisation and biodemetallation of
these coals. In fact, biodesulfurisation and biodemetallation
of lignites and coals by using At. ferroxidans 9 k IsA takes
more than 6-7 days. However, if this process is combined
with oil agglomeration process, then the time of
bioleaching and biodesulfurisation of coal/lignites is
brought to 1 h. Thus, this combined oil agglomeration—
biodesulfurisation of coal process is rendered relatively
economical and saves a lot of time, energy, labour,
chemicals etc. In this study, 88%—-98% of the pyritic sul-
phur could be removed by using At. ferroxidans 9 k IsA
from different coals and lignites within a time period of
7-10 days. As high as 98% and 95% pyritic sulphur could
be removed from Assam coal and Rajasthan Lignite in
10 days of the biological treatment. This also resulted in
the removal of 36%—49% of ash reduction from Neyveli
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lignite, Assam coal, Rajasthan lignite and Kutch lignite
after 10 days of treatment with media containing H,SO,4
without Atr. ferroxidans 9 k IsA action. However, this
deashing increased to 46%—56% after treatment with At.
ferroxidans 9 k IsA after 10 days. At. ferroxidans treatment
resulted in the removal of 93%-94% pyritic sulphur from
Assam coal and Rajasthan Lignite in 7 days. The action of
bacteria (At. Ferroxidans) on coal along with oil agglom-
eration studies has also been performed in the authors
laboratory. It was found that before oil agglomeration
process with xylene after conditioning with diesel (die-
sel 4+ xylene) led to almost 88.2% agglomerated clean coal
recovery with very low sulphur content. The oil agglom-
eration process of the bacterially treated coal/lignite sam-
ples led to a considerable time reduction in the
depyritization of coals from 7 days to 35 min. This also
amounted to save in labour and energy expenditure if the
whole process is commercially used. These bacteria can act
on coals containing pyritic sulfur. However, there are
certain bacteria and fungi which can act on nonsulfidic
minerals and most of such minerals are present in coal ash.
These can be used for the bioleaching of coals having
nonsulfidic ash (by generating even organic acids) and this
has been reviewed by Jain and Sharma (2004) and Pathak
et al. (2013).

The action of Acidithiobacillus ferrooxidans (A. fer-
rooxidans) was also studied by Hong et al. (2013) where
the biodesulfurization of coal resulted in 50.6% removal of
sulfur and 69.9% removal of pyritic sulfur after 16 days of
processing. Based on the analysis of the coal product
through SEM, XRD, XANES, it was concluded that the
different sulphur forms affect the bio-oxidation in coals.
There are certain bacteria which utilize CO, instead of
carbohydrates such as chemoautotrophic bacteria which
can grow on S. Chemoautotrophic bacteria such as
Acidithiobacillus thiooxidans (grows on S), Leptospirrulum
ferrooxidans (grows on Fe), Sulfolobus acidocaldarius
(grows on inorganic as well as organic S) can also be
employed for the biodesulfurisation of coals. Obligate
heterotrophs such as Acidophilus cryptum (Sharma and
Wadhwa 1997) and facultative acidphilic autotrophs such
as T. Acidophilus (Sharma and Wadhwa 1997) have been
successfully used along with T. Ferroxidans for removing
inorganic sulfur from coal. Leptospirillum ferroxidans, a
facultative autotroph, has also been reported to oxidize
pyrite efficiently (Helle and Onken 1988; Rawlings et al.
1999). Apart from these bacteria, Acidiphilium and Aci-
docella species are known to carry certain metal resistant
genes (Banerjee 2004) that help in the natural leaching and
demetallation of sulphidic ores. These bacteria can play a
major role in effective deashing and desulphurisation of
coals.
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10 Biosequestration of CO,

It is worth mentioning here that the chemoautotrophic
bacteria such as, Acidithiobacillus ferroxoxidans,
Acidithiobacillus thiooxidans, Leptospirrium ferrooxidans
etc. can utilize CO, for their growth. These do not require
costly carbohydrates for their growth. Therefore, these
bacteria can also be exploited for the biosequestartion of
CO, (Sharma and Sharma 2010) during biodemetallation of
coals and lignites. Therefore, such bacteria can serve twin
purposes of bioleaching as well as of biosequestration of
CO; in coal based power plants. These bacteria are already
being commercially exploited world over in the Cu, Au, U
etc. for metallurgical operations. Their potential in the use
of the metallurgical operations of pyritic ores is well
recognized’.

On the other hand the chemically leached mineral matter
can be subjected to reaction with CO, under pressure ele-
vated temperatures (Cuéllar-Franca and Azapagic 2015)
for the chemical sequestration of CO,. In fact, leached
mineral silicates or aluminates would react with CO, to
make stabilized carbonates to CO, can react with Mg or Ca
rich silicates in coal ash or mineral matter and can form
stable carbonates. The reaction takes place under high
pressure at elevated temperature. Use of aggressive
leaching agents helps this process. The CO, may be used as
present in the flue gas without cleaning or separation (Park
and Fan 2004; Wang and Maroto-valer 2013; Wang and
Maroto-valer 2011a, b; Eloneva et al. 2012; Kodama et al.
2008; Sanna et al. 2012a, b). The coal mineral matter can
be extracted in the HCI as required during alkali-acid or
acid chemical leaching process. The following reactions
can take place here as shown (Park and Fan 2004; Wang
and Maroto-valer 2013; Wang and Maroto-valer 201 1a, b;
Eloneva et al. 2012; Kodama et al. 2008; 2012a, b; Sanna
et al. 2012b):

Ca3Siy0s + 6HCl — 3CaCly + 2Si0, + 5H,0 (at100°C)

CaCl, — CaCl(OH) + HCI + 5H,0 (at250°C, under pressure)
CaCI(OH) — Ca(OH),+CaCl, (at 80°C)

Ca(OH),+C0O, — CaCO3; + H,O (at 375°C and 20 atm pressure)

Similar reactions with calcium silicates or other silicates
may also take place with magnesium silicates in coal
mineral matter. These processes can be combined with the
leaching of coals in order to make these cost effective and
focus should be laid in the minimal utilization of the cor-
rosive regents, their absolute recovery and development of
novel processes for environment friendly commercial uti-
lization of chemical leaching of coals.
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11 Conclusions

The use of acids, alkalis, leachants, oxidants and various
alkalis, acids combinations prove to be an attractive option
to demineralise and desulfurize the coals. With as high as
80%-90% demineralisation and desulfurization being
achieved even in low grade coals, however, cost of these
reagents still remains a concern in order to commercially
use these processes for clean coal utilization. Moreover, the
recovery of these chemicals and their discard in water
sources is of great concern. So work needs to be extended
in this direction to minimize the use of these reagents or
use physical processes with chemical methods to further
reduce the consumption of these chemicals in future for
coal cleaning and efficient coal utilization.
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