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Abstract
In coal mining areas, the ambient atmospheric and aqueous oxidation of pyrite minerals (FeS2) associated with coal as 
well as the other accompanying strata is significant in understanding the extent of acid mine drainage (AMD), the cause of 
severe environmental pollution. Therefore, in this paper, the oxidation kinetics of the coal-associated pyrite (CAPy) present 
in a coal sample (TpHM1) has been studied via aqueous leaching depyritization experiments at variety of temperatures and 
time intervals without the incorporation of any oxidizer. The outcomes obtained are juxtaposed with the standard pyrite 
mineral (SPM) oxidation at the same experimental conditions. Also, the coal and SPM slurry residues and filtrates obtained 
after aqueous leaching at 25 °C and 90 °C for 0 h and 24 h, respectively, were extensively analyzed through high-resolution 
transmission electron microscopy (HR-TEM), Powder X-ray diffraction (P-XRD), and X-ray-photoelectron spectroscopy 
(XPS) for evaluation of the mineralogical composition and proportions of iron and sulfur components during progression 
of the oxidation reaction. Both the reactions obey pseudo first-order kinetics during pyrite (FeS2) oxidation but a significant 
difference in the experimentally found activation energies (Ea) and rate constants (k) values of oxidation kinetics of both 
CAPy and SPM may be attributed to the varied geochemical compositions of the coal associated pyrite (CAPy). The rate 
constant for CAPy is much greater than that of SPM implying a higher Ea around 10.838 kJ/mol for SPM as compared to 
1.941 kJ/mol for CAPy. The CAPy in coal (TpHM1) is more susceptible to atmospheric oxidation than that of SPM, lead-
ing to the formation of acid mine drainage with lower pH. In this paper, the pH values on the basis of stoichiometric pyrite 
oxidation reaction were calculated and compared with the pH values obtained after aqueous leaching of CAPy to interpret 
the extent of acid formation and pyrite dissolution. Hence, with the assistance of the current study, further studies on the 
effects of mineral impurities, whereabouts of pyrite minerals in coal seams, the significance of compositional differences 
in the CAPy, the effect of metal oxides, and the role of alkalinity producing neutralizing agents of coal in the oxidative dis-
solution process of pyrite can be investigated.
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1  Introduction

The economic growth of India is significantly influenced 
by coal mining enterprises, which additionally contribute 
to meet the constantly increasing energy needs of several 

industries, including the power and fertilizer sectors, paper 
and textile manufacturing, etc. However, coal-mining activi-
ties influence the forest, aquatic environment, atmosphere, 
and habitats for wildlife adjacent to the mining zone. More 
than 95% of the sulfides found on Earth's surface have been 
identified in sediments, where they mostly acquire the form 
of pyrite (Rickard et al. 2017). Pyrite is pervasive in both 
terrestrial and aquatic habitats and is vital to iron redox 
cycling (Tabelin et al. 2017). In terms of the environment, 
pyrite is significant because of its direct impact on the devel-
opment of acid mine drainage (AMD). India has third larg-
est coal resources in the world and its northeast part con-
tains low-ash, low-rank Cenozoic coal deposits with high 
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levels of sulfur and various potentially dangerous organic 
and mineral-bound elements (Saikia et al. 2015). Coal min-
ing is conducive to a discharge of mine waste, dust, land 
subsidence, deforestation, spontaneous coal combustion, 
etc. When exposed to the environment, pyrite (FeS2) under-
goes oxidation due to natural processes or anthropogenic 
activities, forming sulfuric acid in the presence of humidity 
(Equeenuddin 2010). The formation and movement of this 
highly acidic water is called AMD (Saikia et al. 2016). Thus, 
coal mining activity in the northeastern coalfield, Margherita 
(northeast India) has caused noteworthy ecological degrada-
tion surrounding the mining area and has left an indelible 
mark on the landscape and ecosystem. This activity cannot 
only burn up coal resources and bring about staggering eco-
nomic harm but also produce harmful gases and seriously 
pollute the environmental conditions (Baruah and Khare 
2010; Dutta et al. 2017). Pyrite oxidation in the presence of 
water and air (ambient condition), leading to the formation 
of acid (H+), sulfates (SO4 2−), and aqueous Fe (II) ions:

To comprehend the kinetics and process by which pyrite 
is transformed into the AMD products in an aqueous media, 
numerous studies have been carried out (Saikia et al. 2015). 
The spontaneous combustion of coal mine waste is a global 
environmental hazard. Sulfurous iron ore and low-heating 
value coal oxidize during the oxidation stage in compliance 
with the following reactions (Liu et al. 1998).

These reactions involve in the release of significant quan-
tity of heat exchanges during the atmospheric oxidation 
stage. Although pyrite is immune to both acidic and alkaline 
attacks, it dissolves relatively quickly when exposed to oxi-
dants like O2 and Fe3+ through an electrochemical process.

Since, heavy metals and poisonous metalloids are known 
to be embedded in the crystal structure of natural pyrite 
(Abraitis et al. 2004), so AMD also includes potentially dan-
gerous elements due to its dissolution in water. A variety of 
kinds of pyrite, including nodular, layered, fissure filling, 
and aggregated are enormous, typically occur in coal seams 
(Ma et al. 2022). The self-thermal oxidation property of 
pyrite results in the production of ferric sulphate and ferrous 
sulfate, which enhances the pore structures and surface area 
of coal in proximity with oxygen. Pyrite's rate of oxidation 
is influenced by a number of factors, such as oxidant (Fe3+ or 
O2), pH, redox potential, etc. Due to the metabolism of cer-
tain acidophilic bacteria as Thiobacillus ferroxidans, pyrite 
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encountered in coal is leached to generate acidic drainage 
(Baruah and Khare 2010). Microorganisms oxidize pyrite 
at a rate that is several, even hundreds of times quicker 
than that produced by normal chemical oxidation (Ma et al. 
2023). The interaction of metal oxides like hematite and 
alumina with pyrite and how they impact the general dynam-
ics of pyrite oxidation in nature is one of the significant, 
but sometimes disregardedphenomenon. Some, previously 
addressed subjects mostly emphasize on the consequences 
of metal ions produced from these oxides during dissolu-
tion, such as Fe3+, Fe2+, Mn2+, and Al3+ (Aller and Rude 
1988). Reports say that the coal's depositional environment 
also impacts the abundance of pyrite and its size distribu-
tion (Ma et al. 2022). While fine-grained pyrite has a par-
tially varied occurrence state, including framboidal, euhe-
dral crystalline, spherical, fine-grained agglomerated; etc. 
Coarse-particle pyrite is mostly abundant in agglomerated, 
nodular, and fracture-filling forms. The fine-grained pyrite 
nonetheless has the potential to develop a sophisticated sym-
biotic connection with the coal matrix (Wang et al. 2016). 
In conclusion, oxidants (Fe3+ and O2) and bacteria found in 
coal seams participate in the oxidation process of naturally 
occurring pyrite, making it far more intricate than the stand-
ard mineral pyrite system. However, the majority of ear-
lier investigations (Chen and Chen 1986; Zhao et al. 2022) 
employed mineral-pyrite for model examinations of pyrite 
oxidation. The formation conditions and composition of 
coal-pyrite and mineral-pyrite differ in particular instances, 
which may render it challenging to extrapolate experimental 
findings. In this study, two representative samples consisting 
of raw coal (TpHM1) and grains of standard pyrite mineral 
(SPM) were subjected to study the oxidation experiments 
of the intrinsic pyrite present in coal (TpHM1) and SPM 
sample in order to compare their depyritization kinetics in 
a controlled atmospheric environment. The chemical and 
nano-mineralogical makeup of processed coal (TpHM1) 
and SPM samples, alongside other rate-influencing param-
eters, were correlated to comprehend precisely why the 
reaction processes of coal-assisted pyrite (CAPy) and SPM 
diverge from one another. Furthermore, a comparison of the 
theoretically calculated pH value and the experimental pH 
value, on following the aqueous atmospheric oxidation of 
coal (TpHM1) was assessed for correlation between the two 
oxidation conditions. In order to gain insight into the oxida-
tion properties of pyrite in coal seams and eventually to cut 
back on coal spontaneous combustion, the difference in the 
reaction processes between coal pyrite and mineral pyrite, 
as well as the influencing elements, were analyzed. Thus, 
this study will be immensely helpful in comprehending the 
pyrite dissolving or depyritization kinetics process towards 
the regulation of acid mine drainage and coal spontaneous 
combustion.
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2 � Methods and materials

2.1 � Raw coal and standard pyrite mineral samples

The raw coal sample (TpHM1) was collected from the 
Makum coalfield, Margherita (northeast India) and the 
standard pyrite mineral (SPM) was purchased from AlfaA-
sear (specific gravity 5 g/cm3, hardness 6.5 Mohs scale, and 
molecular weight of 119.965 g/mol). The raw coal samples 
were collected in sealed polythene bags and stored in sealed 
HDPE plastic bottle to avoid any air contact with proper 
labelling. The acids and reagents used for this study were 
of analytical grade reagents. The standard pyrite mineral 
(SPM) sample was composed of Fe and S with no other 
major trace elements as mentioned. Pyrite mineral sam-
ple was first crushed manually using a hammer. The sample 
was then crushed further to a size of 2–30 mm using a jaw 
crusher and classified into different particle sizes with dis-
tinct crystal grains using a series of sieves.

The selected coal sample (TpHM1) was also pulverized 
to a size of 2–30 mm using a jaw crusher and then to sizes 
of < 0.5 mm using Rotor Beater Mill. Then, crushed coal 
samples were processed with a series of sieves into different 
particle sizes. A particle size less than 212 µm was used for 
both the processed samples of TPHM1 and SPM.

2.2 � Aqueous leaching of samples (depyritisation 
experiment)

In order to investigate the kinetics of pyrite oxidation in 
atmospheric conditions, 5 g of both the samples (coal and 
SPM) were taken in two beakers separately and mixed 
with 100 ml of distilled water. The solutions in the beaker 
were then constantly stirred by a magnetic stirrer at about 
300 rpm. The stirring experiments were conducted for 0, 0.5, 
1, 6, 8, and 24 h (overnight) at the temperature of 25, 50, 75, 
and 90 °C, respectively, separately for both the samples. The 
obtained slurry was than filtered to separate the solid phase 
from the filtrate with a Whatmann-41 filter paper. The fil-
trates as well as the residues were stored for further analysis.

2.3 � Physico‑chemical analysis of the aqueous 
leachates

The aqueous leachates (filtrates) obtained from both the 
coal and SPM  samples after the leaching experiments 
were recovered and subjected to different physico-chem-
ical analyses including pH, EC (electrical conductivity), 
TDS (total dissolved solid), iron (Fe), and sulfate (SO4

2−) 
contents by using the “water analysis kit” (LAQUAtwin-
pH-11, LAQUAtwin-EC-33, and TDS meter). The Fe and 
SO4

2− concentrations were analyzed by using standard 

analytical technique (Standard 2006) and atomic absorption 
spectroscopic analysis (AAS model No. ZEEnit 700P). The 
results of physico-chemical analysis of the aqueous leachates 
obtained from coal (TpHM1) and SPM samples at different 
leaching times and reaction temperatures are summarized in 
Tables 1 and 2, respectively.

2.4 � Determination of pyrite oxidation kinetics

For evaluation of the pyrite oxidation kinetics, the residues 
obtained from the both leached-out coal (TpHM1) and SPM 
slurry were dried at 60 °C and the contents of pyritic sul-
fur were determined by using the ASTM Standard Methods 
D-2492 and D-3177 (Shimp et al. 1977). In many studies of 
sulfide oxidation kinetics, oxidation rates were measured by 
evaluation of production rates of Fe and SO4

2−, along with 
decrease in pH values. Therefore, the kinetic parameters of 
the oxidation reaction of CAPy and SPM (depyritisation) 
were derived from the contents of unreacted pyritic sulfur 
(FeS2) present in both the residue samples taking them as 
reactants of the oxidation reaction. Based on the experimen-
tal conditions, SO4

2− along with Fe3+ is produced by the 
oxidation of pyrite (FeS2). The ratio of atomic percentage 
of Fe to S in pyrite is 2:1, and thus, the pyrite oxidation rate 
can be expressed as follows:

Where, [pyrite], [SO4
2−], [Fe2+], and [Fe3+] denote the 

concentration changes of pyrite, SO4
2−, Fe2+, and Fe3+ in 

the reaction system, respectively; and ‘t’ is the reaction time. 
Hence, we have considered the variation of (wt%) pyritic 
sulfur (FeS2) in the remaining coal and standard pyrite resi-
dues after aqueous leaching to evaluate the pyrite oxidation 
rates in both the aqueous leaching depyritization reaction. 
Aqueous depyritization experiments of coal (TpHM1) and 
SPM were performed maintaining the reaction parameters as 
mentioned in Table 3. The calculation for pseudo-first-order 
reaction kinetics was performed by using the following equa-
tions reported elsewhere (Baruah et al. 2006):

Here, C0, Ct, and C∞ stand for the concentrations of 
pyritic sulfur in the leached-out residue samples of coal 
(TpHM1) and SPM at 0 (initial), t (at any time), and ∞ 
(overnight). The specific rate constants (k) were calculated 
for each temperature of 25, 50, 75, and 90 °C by applying 
standard regression method from the graph plotted between 
ln [(C0—C∞/(Ct—C∞] as Y axis and time (hour) as X axis.
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2.5 � Analytical characterization techniques 
of the filtrates and residues

2.5.1 � X‑ray photo‑electron spectroscopy

The nature of the chemical bonding and/or environment/
compositions of the residue samples were evaluated by using 
X-ray photoelectron spectroscopy (XPS) analysis (Thermo 
Fisher Scientific ESCALAB Xi+). A spherical energy analyzer 
with an electromagnetic lens mode and an Al Kα monochro-
matic X-ray source operating at 1486.6 eV was used to run the 
XPS analyzer. The constant analyzer energy was 100 eV and 
50 eV for the survey spectrum and a high-resolution spectrum, 
respectively. To evaluate the extent of pyrite oxidation and 
acid formation, two sets of filtrate samples obtained from the 
controlled oxidation of coal and SPM samples were also sub-
jected for XPS analysis. One set comprises of initial filtrates 
of coal (TpHM1) and SPM by simply mixing with distilled 
water at room temperature, without giving enough time for 
stirring (0 h,25 °C) i.e., CTpF-1 and PyF-1 to the immediate 
effects. Another set contains filtrates of coal (TpHM1) and 

SPM slurry, obtained after a leaching time of 24 h and at a 
temperature 90 °C i.e., CTpF-1 and CTpF-24. Filtrate sam-
ples to be analyzed by XPS were coated in a small glass slide 
(12 mm × 6 mm × 1 mm) and dried in a hot air oven (tempera-
ture 50 °C) to form a thick layer. This analysis was performed 
to find the impact of pyrite and other ferric ions along with the 
C-S bond in AMD generation. Moreover, in our study, XPS 
analysis gives a quantitative approach for comparing intensi-
ties of ferric and ferrous ions to determine the amount of active 
ions at the surface of the dissolved compounds present in the 
samples.

2.5.2 � High resolution‑transmission electron microscopic 
analysis (HR‑TEM)

The nano- and micro-structural analysis of the two residues 
samples, i.e., CTpR-1(0 h at 25 °C) and CTpR-24 (24 h at 
90 °C), obtained from the coal (TpHM1) leaching experi-
ments were evaluated by performing the HRTEM analysis 
(JEOL JEM-2100 Plus). Then, the TEM images were used 

Table 1   Summary of the physico-chemical parameters of the aqueous leachates (filtrates) obtained from coal (TpHM1) leaching at different 
leaching times and reaction temperatures

Sl. No. Reaction parameters Stirring 
rate (rpm)

Filtrates of coal 
(TpHM1) slurry

pH Fe (mg/L) EC (Sm−1) SO4
2− (mg/L) TDS (mg/L)

Time (hour) Tempera-
ture (°C)

1 0 25 300 CTpF-1 2.91 15.6 548.8 61.57 274.8
2 0.5 CTpF-2 2.98 25.0 409.5 18.36 198.5
3 1 CTpF-3 3.50 19.90 231.7 10.05 114.2
4 6 CTpF-4 3.34 13.25 314.0 40.70 154.3
5 8 CTpF-5 2.97 7.10 382.5 42.95 182.7
6 24 CTpF-6 2.58 20.9 1118.0 30.57 548.4
7 0 50 300 CTpF-7 2.82 15.6 652.3 43.11 308.2
8 0.5 CTpF-8 2.60 5.85 826.5 35.97 404.9
9 1 CTpF-9 2.64 13.7 877.2 12.62 426.5
10 6 CTpF-10 2.59 9.5 848.5 15.56 442.5
11 8 CTpF-11 2.72 13.7 607.1 27.04 295.8
12 24 CTpF-12 2.94 9.06 763.1 23.99 367.8
13 0 75 300 CTpF-13 2.68 15.6 679.1 96.02 328.4
14 0.5 CTpF-14 2.56 11.7 892.2 50.53 427.4
15 1 CTpF-15 2.78 18.9 528.8 56.52 255.5
16 6 CTpF-16 2.75 21.2 723.2 42.76 348.1
17 8 CTpF-17 2.66 15.7 1123.0 30.83 545.2
18 24 CTpF-18 2.61 16.7 1127.0 48.75 542.7
19 0 90 300 CTpF-19 2.83 15.6 578.8 44.04 280.9
20 0.5 CTpF-20 2.82 11.7 551.2 27.43 266.8
21 1 CTpF-21 2.70 14.8 692.9 42.66 336.4
22 6 CTpF-22 2.65 16.0 927.4 69.11 927.4
23 8 CTpF-23 2.70 14.9 878.2 83.31 878.2
24 24 CTpF-24 2.55 10.6 1264.0 37.29 1264.0
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for analyzing the presence of the nanoparticles and nano-
structural features in the residual samples.

2.5.3 � X‑ray powder diffraction (P‑XRD)

The mineralogy of raw coal (TpHM1), SPM, and two residue 
samples CTpR-1 (0 h at 25 °C) and CTpR-24 (24 h at 90 °C), 
obtained from the coal (TpHM1) were analyzed by using 
P-XRD (Model: Bruker D8 Advance) in the range of angle 
5°–90° at a 1° per minute scan rate with Cu K-alpha radiation.

3 � Results and discussion

3.1 � Physico‑chemical characteristics of the aqueous 
leachate samples (filtrates)

The physico-chemical parameters including pH, EC, 
TDS, and the Fe contents of the leachates/filtrates, that 
were obtained after aqueous leaching experiments of coal 

(TpHM1) and SPM samples were measured and sum-
marized in Table 1. The pH values of the coal leachates 
decrease gradually from initial stage of reaction to 24 h 
of leaching time at all the four temperatures (25, 50, 75, 
and 90 °C). The EC of the filtrates at same temperature 
and different reaction time shows a continuous increment, 
suggesting generation of dissolved ions in the solution 
on faster progress of the oxidation reaction. Similarly, 
the TDS values are found to be increased gradually with 
increase in the time period of leaching and leaching tem-
perature (from 25 °C to 90 °C). In the initial stage of the 
reaction (0–1 h), the concentration of each component (Fe, 
SO4

2−, H+, etc.) changes rapidly and then tends to become 
stable with increase in the time period and temperature of 
leaching (see Tables 1 and 2). Moreover, the SO4

2− content 
of the oxidation products in the filtrates also increases. As 
the reaction progressed, the pH value shows a decreasing 
trend for both coal (TpHM1) and SPM leaching reactions 
(Tables 1 and 2), indicating that pyrite oxidation involves 
acid production and oxidant consumption. The pH value 

Table 2   Summary of the physico-chemical parameters of the aqueous leachates obtained from SPM leaching at different leaching times and 
reaction temperatures

Sl. No. Reaction parameters Stirring rate 
(rpm)

Filtrates of 
SPM slurry

pH Fe (mg/L) EC (Sm−1) SO4
2− (mg/L) TDS (mg/L)

Time (hour) Tempera-
ture (°C)

1 0 25 300 PyF-1 4.40 10.95 78.98 62.71 37.99
2 0.5 PyF-2 5.14 0.97 84.25 60.15 39.58
3 1 PyF-3 6.16 0.05 96.01 66.72 44.18
4 6 PyF-4 6.28 0.03 114.0 66.69 52.60
5 8 PyF-5 6.10 0.28 108.6 68.36 50.41
6 24 PyF-6 6.03 0.09 124.1 75.12 102.2
7 0 50 300 PyF-7 4.30 10.95 74.84 56.14 34.17
8 0.5 PyF-8 5.66 0.76 93.5 65.84 43.86
9 1 PyF-9 6.21 0.26 95.24 67.78 45.85
10 6 PyF-10 6.01 0.04 225.5 74.30 105.2
11 8 PyF-11 6.33 0.03 239.0 79.20 112.2
12 24 PyF-12 5.90 0.12 343.7 96.83 157.5
13 0 75 300 PyF-13 5.07 10.95 64.89 55.61 30.49
14 0.5 PyF-14 5.51 1.13 104.2 67.67 48.67
15 1 PyF-15 6.43 0.55 106.5 75.95 55.43
16 6 PyF-16 6.50 0.20 295.0 81.40 138.7
17 8 PyF-17 6.15 0.19 274.5 83.69 128.1
18 24 PyF-18 6.65 0.08 463.7 98.89 211.4
19 0 90 300 PyF-19 4.49 10.95 100.2 66.05 45.51
20 0.5 PyF-20 6.22 0.94 111.4 72.94 52.57
21 1 PyF-21 5.38 0.47 118.6 75.83 57.50
22 6 PyF-22 6.43 0.12 282.6 84.31 132.2
23 8 PyF-23 5.22 1.50 758.5 139.50 358.8
24 24 PyF-24 6.62 0.17 575.7 105.56 271.2
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initially increases and then decreases in the reaction sys-
tem of aqueous leaching of both coal (TpHM1) and SPM 
samples. However, the pH for all the coal leachates are 
found to be relatively consistent around 2.90–2.55 over a 
temperature range of 25 to 90 °C (see Table 1). The pH 
of the coal leachate (CTpF-24) is found to be extremely 
acidic (2.55) after 24 h of leaching at 90 °C, indicating the 
release of excessive H+ ions.

The leachable level of Fe sharply decreases to 10.6 mg/L 
for coal filtrate CTpF-24 that is obtained after leaching 
at extreme condition of temperature and time (90 °C, 24 
h) (Table 1), towards highly acidic values (pH 2.55). From 
the results of physicochemical analysis of the filtrates of 
leaching experiments (Tables 1 and 2), it can be interpreted 
that at low pH conditions, Fe solubility in the filtrates 
increases, as the high concentration of protons (H+) weaken 
the Fe-S bonds of pyrite facilitating the detachment of Fe 
from the surface lattice (Izquierdo and Querol 2012). Since 
oxidation of Fe2+ from FeS2 triggers the release of Fe3+, it 
can potentially be speculated that acidification stimulates 
dissolution kinetics. The concentrations of the total dissolved 
Fe particles (Fe2+ and Fe3+) in the filtrates of coal (TpHM1) 

slurry and SPM slurry show a significant difference for the 
two system. The emergence of Fe3+ is still inhibited as pyrite 
oxidation advances and dissolved Fe level rise because of 
the low pH values. However, even though dissolved Fe3+ ion 
is a potent oxidant during pyrite oxidation (Evangelou and 
Zhang 1995), its impacts on our studies may be overlooked. 
Tables 1 and 2 reflect that, the generated ion concentrations 
such as Fe2+/Fe3+ or SO4

2− are higher in case of CAPy than 
that of SPM system; suggesting the presence of some other 
(excluding pyrite) dissolved Fe-containing minerals in the 
reaction system of coal. The information in Table 1 shows 
that the quantities of released ions (i.e., H+, Fe ions, and 
SO4

2−) in the coal filtrates (TpHM1) are considerably higher 
than those of SPM filtrates (Table 2), which explains why 
the pH value of the SPM is quite higher and also suggests the 
presence of some other dissolved iron-containing minerals 
except pyrite in the reaction system of raw coal.

Furthermore, compared to SPM, the variation range for 
each component (Fe, SO4

2−, H+, etc.) in the CAPy during 
coal (TpHM1) leaching is more severe. The SO4

2− and TDS 
concentration values rise throughout the system as leaching 
time and temperature rise for both coal and SPM systems.

Table 3   Pyritic sulfur (FeS2) analysis in the coal (TpHM1) residues and SPM residues at different temperature and time periods (wt %)

Sl. No. Reaction parameters Coal residues SPM residues

Time (hour) Tempera-
ture (°C)

Stirring rate 
(rpm)

Sample code FeS2 FeS2 dissolved Sample codes FeS2 FeS2 dissolved

1 0 25 300 CTpR-1 0.51 70.58 PyR-1 40.7 66.14
2 0.5 CTpR-2 0.5 PyR-2 40.69
3 1 CTpR-3 0.48 PyR-3 40.69
4 6 CTpR-4 0.31 PyR-4 40.64
5 8 CTpR-5 0.23 PyR-5 40.6
6 24 CTpR-6 0.15 PyR-6 13.78
7 0 50 300 CTpR-7 0.51 72.54 PyR-7 40.7 66.19
8 0.5 CTpR-8 0.49 PyR-8 40.69
9 1 CTpR-9 0.46 PyR-9 40.68
10 6 CTpR-10 0.31 PyR-10 40.6
11 8 CTpR-11 0.21 PyR-11 40.56
12 24 CTpR-12 0.14 PyR-12 13.76
13 0 75 300 CTpR-13 0.51 78.48 PyR-13 40.7 66.31
14 0.5 CTpR-14 0.48 PyR-14 40.68
15 1 CTpR-15 0.47 PyR-15 40.66
16 6 CTpR-16 0.28 PyR-16 40.59
17 8 CTpR-17 0.18 PyR-17 40.49
18 24 CTpR-18 0.11 PyR-18 13.71
19 0 90 300 CTpR-19 0.51 80.39 PyR-19 40.7 66.83
20 0.5 CTpR-20 0.48 PyR-20 40.68
21 1 CTpR-21 0.45 PyR-21 40.65
22 6 CTpR-22 0.25 PyR-22 40.58
23 8 CTpR-23 0.17 PyR-23 40.47
24 24 CTpR-24 0.10 PyR-24 13.5
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3.2 � Results from the kinetics study

The pyritic sulfur (pyrite contents) remained in the residues 
of both coal (TpHM1) and SPM samples along with the 
amount of pyrite dissolved after aqueous leaching experi-
ments are summarized in Table 3. The pseudo-unimolecular 

kinetic parameters such as rate constant, activation energy, 
and frequency factor measured for both the reactions are 
depicted in Table 4.

The coal (TpHM1) and SPM samples during overnight 
(i.e., 24 h) aqueous leaching reaction undergo oxidation and 
show pyritic sulfur removal (depyritization) up to 80.39% 
and 66.31% at 90 °C for CAPy in coal and the SPM samples, 
respectively. Thus, the removal of pyritic sulfur by ambient 
aqueous oxidation increases with the rise in temperature of 
the reaction systems (Table 3). The oxidation rate of pyrite 
is found to be significantly higher in case of CAPy in coal 
(TpHM1) than that of SPM under the same set of conditions. 
The reaction kinetics of oxidation of CAPy in coal (TpHM1) 
and SPM that are derived from the above-mentioned experi-
mental data and equations (see Table 3) follows pseudo- 
first-order reaction kinetics. The linear type of plot obtained 
is in support with the pseudo-first-order reaction kinetics 
(Fig. 1a and c). Table 4 represents the specific rate constants, 
activation energy, and frequency factor at different chosen 
temperatures for both CAPy in TpHM1 and the SPM. On 
comparing the Arrhenius equation;

Table 4   Kinetics parameters for aqueous oxidation of coal-associated 
pyrite (CAPy) and standard mineral pyrite (SPM)

Sample Tem-
perature 
(K)

Rate 
constants 
(h−1)

Activa-
tion energy 
(kJ mol−1)

Frequency 
factor (h−1)

Coal (TpHM1) 298 0.1779 2.124 0.417
323 0.1873
343 0.1992
363 0.2077

Standard 
Mineral pyrite 
(SPM)

298 0.0004 10.838 0.034
323 0.0007
343 0.0008
363 0.0009

Fig. 1   Pseudo-unimolecular kinetic plots for pyritic sulfur oxidation of a CAPy in coal (TpHM1) and c SPM sample in aqueous leaching experi-
ments at different time periods; b Arrhenius plot for aqueous pyritic sulfur oxidation in b CAPy in coal (TpHM1) and d SPM sample
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the derived equation from the plots between “1/T vs lnk” 
(see Fig. 1b and d) can be written as:

where, Ea is the activation energy of the reaction and 
denotes an energy barrier that the reactants must negoti-
ate in order to proceed the reaction to proceed, and 'A' is a 
"pre-exponential" or frequency component associated with 
the geometry of the activated complex. From the slops of 
Eqs. (8) and (9), the activation energies of 2.124 kJ mol−1 
and 10.838 kJ mol−1 for the depyritisation of coal (TpHM1) 
and SPM, respectively, are calculated for aqueous media. 
The intercepts of the plots yield 0.417 and 0.034 s−1 as the 
frequency factor (A) of the ambient atmospheric oxidation 
reaction of CAPy and SPM, respectively. The rate constants 
are found to be increased with the rise in temperature of the 
reacting systems for both the samples. But the rate constants 
of the CAPy dissolution are much higher than that of SPM. 
This is in accordance with the usual temperature depend-
ence of the rate of a chemical reaction. Differences in the 
calculated activation energies and rate constants values of 
pyrite oxidation associated with CAPy in coal (TpHM1) and 
SPM may be because of the inherently found FeS2 in coal 
(TpHM1). Hence, CAPy is much prone to atmospheric oxi-
dation than that of SPM. Compared to the SPM, the oxida-
tion process and mechanism of inherent CAPy is more com-
plex and affected by many factors. The various compositions 
of CAPy can also lead to different oxidation processes in 
coal leaching reactions. The observation is also well-sup-
ported through combination of analytical and mineralogical 
characterizations of the samples.

3.3 � Observations from analytical characterizations

3.3.1 � X‑ray photoelectronic spectroscopy

Figures 2a–d depict the XPS spectral analysis for Fe2p3/2 
and S2p peaks of the filtrates obtained from SPM slurry on 
oxidation at 25 °C for 0 h (PyF-1) and 90 °C for 24 h (PyF-
24). These spectras demonstrate the chemical states of Fe 
(oxidized or unoxidized) and sulfur (oxidized or unoxidized) 
containing compounds generated during controlled oxidation 
reaction. The deconvoluted XPS spectra of PyF-1 contains 
two doublets, with maxima at 165.62 and 168.3 eV which 
are assigned to thiosulfate (S2O3

2−) and sulfate (SO4
2−) on 

(7)lnk = lnA −
Ea

RT

(8)lnkCAPy = −
255.4

T
− 0.8749

(9)lnkSPM = −
1303.6

T
− 3.3712

surface of the pyrite particles. PyF-1 also have another peak 
at 162.41 eV corresponding to a low weight percentage of 
the persulfate anion(S2

2−). In contrast, deconvoluted S2p 
XPS spectra of PyF-24 reveals only oxidized species such 
as SO4

2−, which suggests the complete oxidation of pyrite 
at 169.86–168.32 eV and also a very low intensity S2O3

2− at 
166.4 eV. Detection of S2O3

2− suggests seven electrons trans-
fer process during pyrite oxidation. The weight percentage of 
S2O3

2− peaks of both PyF-1 and PyF-24 reveals the produc-
tion of the oxidized products dominating over the unoxidized 
products with the progress of the reaction. PyF-24 spectra 
shows that thiosulfate is only present at the initial stage of 
pyrite oxidation, thereby indicating that thiosulfate rapidly 
converts to sulfate. XPS Fe 2p3/2 spectra of the PyF-1 con-
tains peaks at 709.14 eV assigned to Fe2+-O type species 
(Eggleston et al. 1996). PyF-1 shows peaks at 724.2 and 
728.03 eV corresponding to the Fe2p1/2 state indicating the 
presence of Fe3+-O with a very low intensity. Peak value at 
714.25–715.70 eV is corresponds to Fe2+-S (Li et al. 2019). 
After 24 h reaction in aqueous media at 90 °C; one of the fit-
ted peaks at 709.14 eV, which (Fig. 2b) corresponds to Fe2+ 
in Fe–O is replaced possibly by Fe3+-O (711.11 eV) due 
to incipient oxidation in PyF-24 (Fig. 2d). Moreover, one 
satellite peak of Fe 2p1/2 in PyF-1 is replaced by a broader 
peak of Fe3+ at 725.04 eV in PyF-24. From the literature, 
it is known that the peak at 711.1 eV can be assigned to the 
Fe3+ in oxides or oxyhydroxides (Li et al. 2019). XPS Fe2p3/2 
spectra of coal filtrates (CTpF-1 and CTpF-24) in Fig. 2e, f 
were deconvoluted into three peaks at binding energies of 
715.09(Fe2+-S), 711.44(Fe3+-S), and 709.6(Fe3+-S) eV. The 
S2p peak of CTpF-1 (Fig. 2e) can be deconvoluted into three 
peaks, with binding energies 169.63, 168.41are responsible 
for SO4

2− and 165.45 eV is responsible for S2O3
2− group 

respectively. S2P spectra of CTpF-24 contains peak fitting at 
binding energies 169.57, 168.78, and 167.99 eV that are char-
acteristics peak for SO4

2− group. Both the S2p XPS spectras 
of the coal filtrate (i.e., CTpF-1 & CTpF-24) samples do not 
have an exact fit at 162.41 eV, which indicate that coal dur-
ing pyrite oxidation forms oxidized S-compounds instead of 
persulfate anion species (S2

2−). The weight percent ratio of the 
Fe3+/Fe2+ and the S/Fe derived from the Fe2p and S 2p XPS 
spectral analysis of the coal and SPM filtrate samples at dif-
ferent oxidation intervals (Table 5) show an increasing trend 
over oxidation time for both coal and SPM system, but varia-
tion is much more significant in the case of raw coal system.

3.3.2 � Transmission electron microscopic (TEM) analysis 
of the aqueous residues

Figures 3 and 4 represent the HRTEM image of two coal 
slurry residue samples CTpR-1 (0 h at 25 °C) and CTpR-24 
(24 h at 90 °C) along with their EDS. These images reveal 
the presence of sub-micron minerals dispersed in the coal 
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Fig. 2   XPS analysis show-
ing the high resolution and 
deconvoluted spectra of S 2p 
a, PyF-1, b PyF-24; Fe2p c 
PyF-1 d PyF-24; S2p e CTpF-1 
f CTpF-24 samples and Fe2p g 
CTpF-1 h CTpF-24 sample
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samples. TEM analysis of CTpR-1 and CTpR-24 indicate 
the presence of some Fe-nanocomposites (nano-hematite) 
(Figs. 3a and 4a), which is in consistent with the results 
reported by Dutta et al. (2017). Jarosite in combination with 
kaolinite containing high concentrations of Al and Si can 
be suspected to be disseminated in agglomerated form in 
CTpR-1 and CTpR-24 coal residues (Figs. 3a and 4a). From 
the evidence of Si and O in EDS spectrometry (Figs. 3d 
and 4d), Quartz is also suspected in the coal residues. The 
surface-topography, microstructural, and the elemental 
compositions of CTpR-1 and CTpR-24 confirmed that, in 
the progress of the oxidation reaction, the iron and sulfide 

components in minerals vanish (on comparing the EDS 
results of CTpR-1 and CTpR-24). It can be validated from 
this characterization study that with increasing oxidation 
reaction parameters, the extent of substituting the pyrite 
lattice by mineral impurity dominates,thus causing crystal 
defects.

3.3.3 � P‑XRD analysis

In Fig. 5, the XRD spectra is shown to depict the crystalline 
properties of SPM, raw coal (TpHM1), and the coal residues 
CTpR-1(0 h, 25 °C) and CTpR-24 (24 h,90 °C). The SPM 

Table 5   Calculation of Fe3+: Fe2+ and Fe:S ratios from the XPS deconvoluted spectra for the residue samples derived from SPM and coal after 
aqueous leaching/oxidation reaction at 25 and 90 °C

Raw sample Analyzed filtrate Time (h) Temperature 
(°C)

Atomic (wt%) Atomic weight ratio

Total S Total Fe Fe3+ Fe2+ Fe:S Fe3+:Fe2+

Standard pyrite PyF-1 0 25 4.04 2.23 29.75 6.350 0.552 4.685
PyF-24 24 90 15.66 2.59 72.78 27.23 0.850 6.040

Coal (TpHM1) CTpF-1 0 25 6.12 3.30 31.73 33.52 0.539 0.946
CTpF-24 24 90 3.52 1.72 63.36 17.06 0.488 3.710

Fig. 3   HRTEM image analysis 
of CTpR-1 (residue of coal 
slurry obtained on leaching 
at 25 °C for 0 h leaching); 
a Indicating the presence of 
Fe-hydroxide/oxides in coal 
residue, b Fe-nanoparticles 
observed as singular nano-hem-
atite, c Disseminated Al and Si 
can be suspected for the exist-
ence of Kaolinite and Quartz in 
CTpR-1 d EDS spectrometry of 
the sample obtained from TEM 
analysis
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demonstrates a good crystallinity and the peaks at 33.1°, 
37.1°, 40.8°, 47.47°, and 56.3° can be well indexed to the 
(200), (210), (211), (220), and (311) planes of Pyrite (FeS2), 
respectively (Li et al. 2019). The XRD result show distinc-
tive peaks that corresponds to pyrite without any other min-
eral impurity. The XRD pattern of raw and leached coal resi-
dues show a wide protrusion in the range of 5–35° without a 
clear peak, which is perceivable in the amorphous structure 
of coal. From the XRD results, Gypsum (CaSO4⋅2H2O), 
Quartz (SiO2), Kaolinite (Al2O3.2SiO2.2H2O) and a minor 
proportion of Pyrite (FeS2) are evident as prime mineral 
matters incorporated in Coal. CTpR-1 According to Pine-
town et al. (2007) and Saikia et al. (2014); the presence 
of these minerals might be the cause of interplay among 
organically-associated Ca, Al, N, and organic-S released 
from the macerals and oxidation of the organic matter dur-
ing low-temperature ashing.A significant amount of minerals 
such as Gypsum (G) and Quartz (Q) are present in the raw 
coal samples, which are also remained after leaching experi-
ment, but get significantly broadened on increasing leaching 
time and temperature as shown in the XRD peaks of CTpR-1 
and CTpR-24.However, peak intensity corresponding to the 
Pyrite (Py) mineral is almost trivial on progress of the oxi-
dation reaction.

3.4 � Characteristics of CAPy and SPM samples 
and their implications in depyritization reaction

The distribution of pyrite in the coal sample displays a nota-
ble diversity, with different mineral composition and crys-
tal structure as compared to SPM (Saikia et al. 2014). The 
study on environmental assessment and nano-mineralogi-
cal characterization of Tirap coal by using 57Fe Mossbauer 
spectra and XRD analysis reported the evidence of differ-
ent iron-containing minerals in coal in addition to pyrite 
(Dutta et al. 2017). The nano-mineralogical analysis of the 
coal also reveals the presence of Si minerals like Kaolinite 
[Al2Si2O5(OH)4], Quartz (SiO2). In addition to pyrite, the 
common Fe-containing minerals in coal seams include Hem-
atite (Fe2O3), Ankerite (Ca(Mg, Fe)(CO3)2), Illite (K, H2O)
(Al,Mg,Fe)2(Si,Al)4O10(OH)2(H2O), (Dutta et al. 2017). 
These minerals are more easily dissolved in acidic solutions, 
resulting in a higher Fe2+ concentration increase. Thus reac-
tion rate of the inherited coal pyrite is higher than that of the 
SPM system in the initial stage. From P- XRD and TEM 
analysis, it is noticed that the oxidation products of Pyrite, 
i.e., Jarosite and Iron sulfate, also play a key role in the rate 
of pyrite oxidation in CAPy (Saikia et al. 2014). Moreover, 
the abnormality in the pyrite dissolution (depyritization) 
reaction by atmospheric oxidation in CAPy in contrast to 

Fig. 4   HRTEM image analysis 
of CTpR-24 (residue of coal 
slurry obtained by leaching at 
24 h, 90 °C.). a Sub-micron 
mineral matters composed of 
Al, Si and Fe in coal residue. 
b-c Agglomerated forms of 
nano-particles of these minerals 
containing disseminated Al, Si 
and Fe in high concentration 
and d EDS spectrometry of the 
sample obtained from TEM 
analysis
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SPM can be linked to the formation process of pyrite in 
coal seams. The formation process of pyrite involves two 
evolution modes, direct precipitation and genesis (Tang and 
Ren 1996). Lattice substitution and isomorphism can allow 
impurity elements to infiltrate the lattice during this process. 
Potentially toxic trace elements present in coal in aggregated 
form can occupy some of the lattice sites of the pyrite crystal 
lattice, which may lead to crystal defects (Liu et al. 1998), 
and eventually catalyzing the dissolution process of pyrite. 
The XPS and TEM analysis supports strongly the influence 
of Hematite and Alumina on the overall dynamics of pyrite 
oxidation because of their ability to change the solution 
chemistry and alter the electrochemical properties of pyrite 
itself (Tabelin et al. 2017).

In addition, the organic matter in the coal body can also 
affect the oxidation process of pyrite. CAPy formation is 
more visibly impacted by organic materials than mineral-
pyrite. In that context, humic acids with active groups such 
as carboxyl and hydroxyl functional groups are abundant in 

coal seams and have significant adsorption, complexation, 
and ion exchange properties (Illés and Tombácz 2003; Zheng 
et al. 2018). Moreover, the interface interaction between 
Fe3+/O2 and pyrite can be slowed down or even prevented 
by the adsorption of humic acid on the pyrite surface (Zheng 
et al. 2018). Hence, pyrite can therefore interact with clay 
minerals and organic material in coal bodies, which further 
alters its electrochemical characteristics and contributes to 
the overall oxidation experiment. In view of that, the north-
east Indian coals have unusual physico-chemical characteris-
tic such as high organic sulfur (75%–90% of the total sulfur), 
with majority of the S organically bound (Saikia et al. 2014). 
Hence, the studied coal sample (TpHM1) contain organic 
sulfur, which primarily takes the form of sulfoxides and thio-
phene during the oxidation reaction and eventually contrib-
ute to generation of acids (Saikia et al. 2014).

3.5 � Comparison of theoretically and experimentally 
(aqueous leaching of coal) determined pH 
values of pyrite oxidation reaction

3.5.1 � Complete oxidation reaction of standard pyrite 
mineral (SPM)

Pyrite oxidation in the presence of water and air leads to 
the formation of acid (H+), sulfates (SO4

2−), and aqueous 
Fe (II) ions:

Ideally, the ratio of total iron:proton:sulfate derived from 
the balanced chemical reaction should be 1:2:2. This molar 
ratio of iron:protons:sulfate derived from the stoichiometry 
of the overall reaction reflects complete oxidation of sulfide 
mineral pyrite (FeS2) to sulfate (SO4

2−), if the iron and sul-
fur are properly counted, i.e., if no sulfate minerals or iron 
oxyhydroxide minerals precipitate before sampling the water 
(Druschel et al. 2004). In this study, the approximate value 
of pH as a measure of H+ ion generation potential during the 
pyrite dissolution/oxidation process is calculated. Here, stoi-
chiometry of Eq. (10) is considered as the main mechanistic 
step for H+  ion generation during pyrite oxidation. 

For this purpose, we have considered the pyritic sulfur 
content (%w/w) obtained after aqueous leaching of Tirap 
coal (TpHM1) at 25 °C with 0 h of stirring. From Table 3, 
the variation of % pyritic sulfur (FeS2) in the coal residue 
CTpR-1) (0 h at 25 °C) is found to be 0.51%. Using the stoi-
chiometric ratio derived from the balanced chemical reaction 
(Eq. 10), pH value for the reaction of 0.51% pyrite (w/w) 
with H2O can be calculated theoretically. Thus, one mole of 
FeS2 reacts with one mole of H2O to form two moles of H+ 
(considering complete dissociation of H2SO4) 0.51% w/w 
solution of pyrite contain 0.51 g of pyrite in 100 g coal. As 

(10)FeS2 + 3.5O2 + H2O → Fe2+ + 2HSO−

4

Fig. 5   XRD analysis of coal residues; CTpR-1(0  h at 25  °C) and 
CTpR-24 (0 h at 90 °C) along with SPM and raw coal (TpHM1) for 
observing the modifications in mineral phases of the processed coal 
samples over the raw sample. P-XRD analysis indicates the presence 
of significant mineral phases such as Gypsum (G), Kaolinite (K) and 
Quartz (Q) with their varying intensity
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we have taken 5 g of coal sample in `0.1 L of H2O during 
the experiment, the pyrite content present can be calculated 
as 0.0255 g. Here, we have considered density of subbitu-
minous coal as 1346 kg/m3 in our calculation (Congo et al. 
2023). The calculated values of number of moles and vol-
ume of reactants and products of the stochiometric oxidation 
reaction are given in Table 6, respectively.

Hence, concentration of H+ ions in terms of Molarity 
(mol/L):

From the above data (for Eq. 10), pH as a measure of hydro-
gen ion (H+) concentration is calculated to be 1.38. The filtrate 
CTpF-1 is the respective filtrate of coal residue CTpR-1 and 
the experimental pH value is observed to be 2.91 (Table 1), 
which is higher than the theoretically calculated pH value. 
This outcome suggests that there are some agents in raw coal 
(TpHM1) that are consuming the acid-causing materials dur-
ing pyrite oxidation/dissolution. The deviation in the experi-
mental pH value from the theoretical value may also be attrib-
uted due to dissolution and alteration of various minerals that 
can contribute to the neutralization of acid; because of this, all 
the H+ ions may not be included in the pH contribution. Vari-
ous minerals present in earth crust can neutralize acidic drain-
age such as, (i) Ca- and Mg-bearing carbonates; (ii) oxides 
and hydroxides of Ca, Mg, and Al; (iii) soluble, nonresistant 
silicate minerals; and (iv) phosphates (primarily apatite). An 
alternative definition of alkalinity for most near surface waters 
can be represented as the summation of [H+] +​ [OH−] ​+​ [​HCO​
3​−​] ​+ ​2[C​O​32−] +​ [NH3] ​+​ [​HS​−]​ ​+ ​2[S​2​​

−​] ​+ ​[HS​iO​​3​
−]​ + ​​2[S​iO​

3​
2​−]​ + ​[B(​O​H​)4​

−​]—​[​H3​PO​4] + [HPO4
2​−]​ + ​2[PO4

3−] (Sherloc​k 
e​t a​l. 1995). Alkalinity may include caustic alkalinity, carbon-
ate alkalinity, and alkalinity (Abraitis et al. 2004; Druschel 
et al. 2004).

As noted above, the ratio of iron:proton:sulfate predicted 
for the complete oxidation of pyrite to sulfuric acid is 1:2:2. 
Due to the difficulties of properly defining total H+ released 
and contributing to acidity practically, deviation of this value 
may occur from theoretical value (Druschel et al. 2004). This 
is because of (i) incomplete reoxidation of Fe2+ to Fe3+, (ii) 
Incomplete oxidation of the pyritic sulfide to S8 or sulfoxy 
anion which is less oxidized than SO4

2−, and (iii) Precipitation 
of iron oxyhydroxide (Ferric) minerals.

(11)
Molarity =

mole of hydrogenion

total volume
=

0.000425 mol

0.1037 L
= 0.04098 M

4 � Summary

This novel study conducts the ambient atmospheric pyrite 
oxidation experiments on the Tirap coal (TpHM1) and 
standard pyrite mineral (SPM) in a temperature and time-
controlled environment without the addition of any oxi-
dizer. From the results of physicochemical analysis of the 
filtrates of leaching experiments, it is observed that at low 
pH conditions, Fe solubility in the filtrates increases as the 
high concentration of protons (H+) weaken the Fe-S bonds 
of pyrite thus facilitating the detachment of Fe3+ from the 
surface lattice. Since oxidation of Fe2+ from FeS2 triggers 
the release of Fe3+, it can potentially be speculated that 
acidification stimulates dissolution kinetics. The emergence 
of Fe3+ is still inhibited as pyrite oxidation advances and 
dissolved Fe3+ level rises because of the low pH values. 
Moreover, under the same conditions, the altering trend in 
each component in the reaction system of coal (TpHM1) 
is higher than that of SPM. Moreover, the oxidation rate 
of coal-associated pyrite (CAPy) seems to be higher than 
that of SPM in the initial reaction. The generated ion con-
centrations such as Fe2+/Fe3+ or SO4

2− are higher in case 
of CAPy than that of SPM system; highlighting the role 
of some other Fe-containing minerals except pyrite to be 
dissolved in the reaction system. Nano-mineralogical char-
acterization reveals the existence of silicate minerals such 
as Kaolinite and Quartz. The most frequent Fe-containing 
minerals encountered in coal sample, alongside Pyrite, are 
Hematite, Ankerite, and Illite. These minerals are more 
readily dissolved in acidic solutions and the increasing 
concentration of Fe2+ contributes to higher initial reaction 
rate of the coal-pyrite than that of SPM. A significant role 
in pyrite oxidation in coal  is also played by the oxidation 
products of pyrite, that produce Jarosite and Iron sulfate. 
All of these additional factors somewhat affect the overall 
dynamics of the CAPy dissolution and eventually alter the 
depyritization rate in coal systems. Additionally, the experi-
mental pH value of the CTpF-1 (0 h at 25 °C of leaching), 
is 2.91, which is considerably higher than the theoretically 
derived pH value of 1.38, indicating the dissolution and 
transformation of various alkalinity producing minerals that 
help enabling neutralization of acid and suggests that all of 
the liberated protons may not be included in the pH contribu-
tion during leaching. In summary, the experimental oxida-
tion of coal-associated pyrite (CAPy) occurs rapidly due to 

Table 6   Theoretically calculated possible pH value obtained by aqueous leaching of coal (with 0.51% pyritic sulfur content) (CTpR-1)

Mass of FeS2 reacted (g) Molecular weight of FeS2 (g/mol) Moles of Volume (L) Total solution volume (L)

FeS2 reacts H+ ions form Coal H2O

0.0255 120 0.0002125 0.000425 0.003714 0.1 0.1037
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variations in the mineral distribution and composition, trace 
elements, crystal structure, and organic components com-
pared to that of standard mineral-pyrite. Moreover, various 
oxidation products may also result from the varied geochem-
ical compositions and environment of the CAPy in coal and 
hence the understanding of CAPy dissolution and oxidation 
process is not simple. Further research and depth review is 
required to comprehend the dynamics of pyrite oxidation, 
to clarify the nature of pH dependency in toxic and anoxic 
systems and AMD production in the natural environment. 
Thus, it is necessary to thoroughly investigate the oxidation 
process of CAPy under the influence of diverse situations to 
appropriately prevent coal spontaneous combustion and the 
problem of acid mine drainage.
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