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Abstract In the present study, an attempt has been made to determine the leacha-
bility of selected trace metals like As, Cr, Co, Se, Ni, Cu, Zn, Cd, Pb and Mn from coal
gangue sourced from an underground and open cast mining area(s) of Bhupalpally
Coalfields of Telangana State, India. A standard laboratory leaching test (dynamic in
nature) developed for combustion residues has been adopted to study the leachability
of these trace elements as a function of liquid to solid ratio and pH. A series of static
column leaching tests were also conducted to investigate the leachability of these
selected heavy metal ions simulating field conditions. The column tests revealed that
heavy metals from coal gangue exhibit greater mobility particularly under acidic
conditions. Further, relatively higher concentrations were leached for both static and
dynamic leaching conditions at low pH levels and is attributed to the difference in
solubility product values of respective metal ion complexes. Among the targeted
metal ions, with a metal extraction of 30% and 65%, respectively, As and Se showed
highest mobility from both static and dynamic leaching tests.
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1 Introduction

Mining is a primary activity in obtaining minerals and fossil fuels that produce
enormous amounts of waste, which is a continuous source of contamination posing a
threat to the surrounding environment [1]. In India, coal is the fundamental source of
fuel for the production of commercial energy. Coal mining is often associated with
the generation of huge volumes of wastes at various stages of its extraction and waste
generated during the mineral processing phase is popularly known as ‘coal gangue’.

Of the total mining waste, coal gangue alone accounts to 20-40% and it is char-
acterised by its diversity in grain size and petrographic composition [1-4]. Among
the industrial solid wastes, coal gangue is one of the largest and most harmful wastes
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generated from the coal production process [5]. Currently, coal gangue is loosely
stockpiled at the mining sites and annual accumulative stockpiles of coal gangue
in India are to an extent of 550 million tonnes [6]. The disposal of such a large
amount of coal gangue induces many environmental and ecological issues like the
contamination of soil and underground water bodies.

Coal gangue is used extensively as a raw material in thermal power plants to
effectively leverage its calorific value. Though, such utilisation measures of reducing
the amount of coal gangue can yield immediate economic benefits but can give rise
to serious environmental implications. Exploring avenues for sustainable recycling
of coal gangue for economic and environmental concerns is a pressing task for
geotechnical and environmental engineers [5].

The significant factor which limits the bulk utilisation of many novel geomaterials
is the leaching phenomenon of trace elements into the ground surface. Trace elements
due to their cumulative nature and inability to decompose in natural processes pose a
special concern [7]. Leaching has proven to be one of the primary pathways for trace
elements entry into the ecosystem and studies focused on the leaching behaviour
of trace elements from coal gangue are relatively sparse [8]. Compared to coal,
coal gangue has shown higher trace element concentrations and subsequently, the
emission behaviour of coal gangue trace elements will be in contrast to that of coal
[9]. Thus, understanding the type and extent of trace element mobilisation in coal
gangue becomes extremely pivotal.

In this context, the present work intends to analyse the leaching phenomenon
of trace elements from coal gangue from a sustainability perspective. Based on the
review of the literature, As, Cr, Co, Se, Ni, Cu, Zn, Cd, Pb and Mn are the trace
metal elements selected for the current study. An attempt has been made to study
the effect of testing methodology on the leaching behaviour of trace elements by
adopting static and dynamic leaching methods. The effect of liquid to solid ratio on
the leaching phenomenon of trace metal elements from coal gangue has also been
studied.

2 Materials and Methodology

Coal gangue was procured from Kakatiya Coal mines, Bhupalpally, Telangana. The
sourced samples were immediately sealed in plastic bags to prevent contamination.
These samples were air-dried and crushed prior to passing through a 2 mm mesh sieve
to homogenise them for the subsequent analysis. The powdered coal gangue samples
were dried in a temperature-controlled oven at 100 °C for 24 h to remove moisture.
Later the content was stored in air-tight polyethylene containers. The samples were
sealed for 30 days to reach radioactive equilibrium.

The coal gangue samples were digested using an acid mixture (HCI: HNO3) in
the ratio of 3:1 in accordance with the procedure described in USEPA (3050B) [11].
After digestion, the concentrations of toxic elements in coal gangue were determined
by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The shake
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Table 1 Physical properties Properties Values
of coal gangue
Specific gravity 2.57
Grain size distribution 11
Coarse fraction (%) 89
Fine fraction (%)
Atterberg limits 28
Liquid limit (%) NP
Plastic limit (%) NP
Plasticity Index (%)
Compaction characteristics 17.6
Optimum moisture content (%) 21
Maximum dry density (kN/m?)
pH 7.24
Carbon content (%) 3.5

extraction of solids as detailed in ASTM D3987-85 [12] was carried out for dynamic
leaching analysis. In this method, a varying liquid to solid ratio of 5-100 has been
used and agitated at a rate of 29 rpm for a period of 18 h at a controlled temperature
of 27 °C.

Column apparatus setup described in ASTM D4874-95 [13] has been used for
static leaching study. The coal gangue sample was moved into a fixed glass column
of 30 mm internal diameter and having a length of 60 cm. The column setup was
packed at the top of the sample for uniform dispersion of the solution. The physical
properties and chemical composition of the coal gangue are presented in Tables 1
and 2, respectively. And, the particle grain size distribution curve of coal gangue
is shown in Fig. 1. It was observed from the grain size distribution curve that no
substantial amount of sample passed through the sieve sizes smaller than 0.2 mm
mesh sieve.

Table 2 Chemical

composition of coal gangue Constituents Values (%)
Silica (SiO7) 52.70
Alumina (Al,03) 22.60
Ferric (Fe;03) 6.37
Calcium (CaO) 2.45
Magnesium (MgO) 1.22
Titanium (TiO,) 0.98
Potassium (K;0) 2.48
Sulfur (SO3) 0.43
Sodium (Na,O) 0.65
Loss on ignition 12.65
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Fig. 1 Grain size distribution curve of pulverised coal gangue
3 Results and Discussion

3.1 pH of Coal Gangue

The pH of the coal gangue sample was determined using a digital pH metre as detailed
in ASTM 4972-13 [14]. The pH was established corresponding to varying liquid to
solid (L/S) ratio of 5-100 of deionised double distilled water and coal gangue. From
the pH results presented in Fig. 2, it is evident that coal gangue is mostly acidic
in nature and the acidity of the sample keeps increasing with L/S ratio up to 80.
The highest variation and transition towards the acidic nature from neutral pH was
observed at L/S ratio of 20. The continuous decrease in pH with increasing L/S
ratio is attributed to an increase in the attack on mineral phases of trace elements by
hydrogen ions. Similar observations have been made by Sivapullaiah and Baig [15].

3.2 Static and Dynamic Leaching of Coal Gangue

The cumulative concentration of selected trace metal elements with varying L/S ratio
is presented in Fig. 3 and it can be inferred that the leaching phenomenon is complex
and distinct to each trace metal element. The variation of cumulative concentration
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Fig. 3 Cumulative concentration(s) of trace metal elements versus L/S ratio
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Fig. 4 Metal extraction (%) rates of trace elements from coal gangue with different L/S ratio

of selected trace metal elements at any L/S ratio is observed to be in the following
order: Zn > Mn > Cu > Ni > As > Cr > Se > Co > Pb > Cd. The variation in the
cumulative concentration of trace elements with the L/S ratio is may be due to the
variations in pH with the L/S ratio.

The metal extraction % (ME) of selected trace elements with varying L/S ratio
is presented in Fig. 4. At any L/S ratio, ME of selected trace metal elements was
found to be in the order of As > Ni > Zn > Cu > Se > Mn > Cd > Co > Cr > Pb.
The oxyanionic elements like As, Cr and pH-sensitive elements like Ni, Cu and Mn
exhibited greater leaching under acidic medium with increasing L/S ratio. Whereas,
Zn and Se have shown amphoteric leaching phenomenon in both acidic and neutral
media. The trace metal elements Pb, Cd and Co have shown a relatively lower amount
of extraction even at higher L/S ratio.

To simulate static leaching condition which is usually the case in open cast mines,
column studies were performed. A comparison of ME from coal gangue for static
leaching and dynamic leaching test was performed at L/S ratio of 20 and the results are
presented in Fig. 5. From the results, an inconsistent leaching pattern was observed
for both the leaching methods. It was observed that the order of ME is the same for
both the tests, but the quantity of ME was relatively higher in static leaching method.

The higher leaching time and greater sample amount in static leaching test are the
possible influencing factors for relatively greater mobility of metals [16]. Thus, from
this study, it can be concluded that the selected trace metal elements have shown the
tendency to leach from the coal gangue. The results obtained are in coherence with
the previous studies [8, 16, 17].
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Fig. 5 Metal extraction (%) rates of trace elements from coal gangue through static and dynamic
leaching tests at a fixed L/S ratio of 20

3.3 Leaching Mechanism of Selected Trace Metal Elements
from Coal Gangue

Arsenic (As) In the current study, As exhibited very high mobility ME of 30%.
Being oxyanionic in nature, leaching phenomenon of arsenic is characterised by its
pH sensitivity particularly in the acidic medium as it impedes the ability of arsenate
to react with other trace elements in forming precipitates [18, 19].

Chromium (Cr (III)) Chromium in bituminous coal is mostly in the trivalent
state Cr (III) which is relatively insoluble compared to Cr (VI). Owing to its feebly
lower solubility, it remains in insoluble form in the coal gangue matrix.

Cobalt (Co) Though the concentrations of Co in coal gangue are found to be
higher, except at L/S of 20, it has largely remained immobile. The greater affinity
of Co towards the iron and Fe-bearing species contributes to its poor leaching even
under acidic conditions.

Selenium (Se) Coal gangue is highly enriched with Se and among the selected
trace metal elements, it exhibited the highest mobility with a ME of 65%. Se usually
exists as Selenate in oxidised coal or is bound to Fe oxides. Under both these modes,
Se is bound weakly to its respective oxides enabling its easy release [22—24].

Nickel (Ni) The release characteristics of Ni are known to be pH-sensitive and
the results from this study reconfirm this fact. The leaching phenomenon of Ni is
observed to be similar to Se and As.
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Copper (Cu) Cu is observed to leach in a greater degree throughout the range of
pH and a rate of mobility was particularly higher in acidic conditions. The Cu ions
are not controlled by the dissolution of minerals but are dependent on adsorption
[18]. The lack of carbonates and oxy-hydroxides, which resist the mobility of Cu by
chemisorption might be the detrimental factor in the higher mobility of copper [20].

Zinc (Zn) The Zn is widely regarded as a mobile element and it is often out-
competed by other cations like Pb and Cu adsorption sites [25, 26]. Zn is controlled
by its ability to form complexes with organic ligands [27]. In the present study, Zn
has shown mobility over a wide range of pH reconfirming its amphoteric nature as
observed by Van der Sloot [28].

Cadmium (Cd) The high solubility potential in aquatic conditions makes Cd the
element of highest concern for the environment. However, compared to other trace
elements, coal gangue is short in Cd concentrations. In addition to this, Cd forms
Otavite [CdCOs], arelatively insoluble mineral, which further minimises its leaching
[18]. In the present study, Cd exhibited relatively lower mobilisation rates compared
to other trace elements (Figs. 4 and 5). Though cadmium has shown considerable
mobility in acidic medium, the concentration of it is still nominally.

Lead (Pb) Though the concentration of Pb in coal gangue is relatively higher
compared to other trace elements, it remains immobile even in acidic medium.
This immobility of Pb is attributed to its mineral form, i.e. pyromorphite which is
formed due to precipitation of phosphate-based minerals, which is stable and resists
hydronium ion interference in acidic medium [20, 29-32].

Manganese (Mn) From the results, the pH-sensitive leaching behaviour of Mn
is observed and mobility of Mn increases with the decrease in pH. The lack of oxy-
hydroxides and carbonates, which resist the mobility of Mn by chemisorption could
have contributed to the higher mobility of Mn.

4 Conclusions

In the present study, the static and dynamic leaching behaviour of trace metal elements
from coal gangue was analysed under varying pH conditions and liquid to solid ratio.
The following conclusions are drawn:

e With an increase in L/S ratio, the pH value of the coal gangue leachate exhibited
consistent decrease. The transition from alkaline to acidic medium occurred at a
L/S ratio of 20.

e The order of variations of cumulative concentrations of selected trace metal
elements at any L/S ratio is observed to be: Zn > Mn > Cu > Ni > As > Cr >
Se > Co > Pb > Cd.

e At a given L/S ratio, metal extraction (%) of selected trace metal elements was
found to be in the order: As > Ni >Zn > Cu > Se > Mn > Cd > Co > Cr > Pb.
The study further revealed that this order remained unchanged with increase in
L/S ratio.
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The oxyanionic elements like As, Cr and other pH-sensitive elements like Ni, Cu
and Mn exhibited greater leaching rates under acidic medium particularly with
an increase in L/S ratio.

Zn and Se exhibited amphoteric leaching behaviour under neutral and acidic
ranges.

Elements Pb, Cd and Co have shown relatively lower extraction rates with increase
in L/S ratio.
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