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ABSTRACT
Coals (Lignite and Bituminous), are a major source of energy

worldwide and also its utilization is a source of environmental hazards.

i Upon exposure to the atmosphere post mining or during storage, these
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coals undergo exothermic LTO (Low Temperature Oxidation) process

Haim Cohen
Department of Chemical by atmospheric oxygen, that diminishes their calorific value and
Sciences, Ariel University, involves emission of toxic and flammable gases, endangering people
Ramat HaGolan St 65, and environment. It may lead to self-heating and potentially to fire
Ariel, Israel.

eruptions if the temperature exceeds 300°C. One of the most hazardous

released gases is Hy, released in Bituminous coals but not in Lignite. Thus, unexplained
explosions in underground coal mines where no accumulation of coal dust, methane, or
carbon monoxide was reported (the common source of explosions), could stem from
hydrogen accumulation. It was suggested that H, release from coal hydroperoxides oxidation
of formaldehyde produce unstable dioxirane which decomposes to hydrogen and carbon
dioxide. The combined TGA (Thermal Gravimetric Analysis) /DSC (Differential Scanning
Calorimetry) unit is a new and unique technique to follow the LTO process, it corroborated
the suggested mechanism and provided critical insights into the thermal processes and
mechanisms involved in the H, generation via the LTO process. This emphasizes the

importance of the TGA/DSC in studying complex chemical and thermal reactions.

KEYWORDS: Bituminous coal, Lignite coal, Low Temperature Oxidation, combined

TGA/DSC, H; emission from coal, Dioxirane from Formaldehyde.
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1. INTRODUCTION

Lignite and Bituminous coals are the 2 main solid fossil fuels used for power production and
the steel industry!™1® and probably will stay as an important source! in the next decades
until green energy sources that can compete economically with them will be developed. From
the moment that the mined coal is exposed to the atmosphere, low temperature oxidation
processes (LTO) begin to occur, in a temperature range between room temperature and
approximately 150°C, which reduce the quality of the coals to be used as energy source.>!
The rate of these processes is dependent on the chemical nature of the coal macromolecule.
The coal macromolecule main constituent is carbon C, but it contains also hydrogen H,
oxygen O, nitrogen N, sulfur S and some moisture and inorganic matter.?® The organic
structure is composed of aromatic rings (which is the source of the black color of the coal)
but also several organic functional groups®1*® such as aliphatic -C-H bonds, aldehydes -
CH=0, amines -NH, thiols -SH, alcohols -OH groups, carbonyls C=0 and this is just a short
list. The LTO process is the result of the gas/solid reactions of atmospheric oxygen O,, with

the coal macromolecule.

The lignite coal is much more reactive than the bituminous coal and thus can’t be stored and
has to be used immediately post the mining process.!?% This is the reason that the utilities
have to be in the vicinity of the mine. The source of the LTO higher reactivity of the lignite is
the much higher content of the more reactive aliphatic -C-H groups compared to the more

stable aromatic -CH groups.

In contrast, the lower LTO reactivity of bituminous coals enables long storage periods and
thus it can be transported over large distances by trains or ships and stored in the yards of the
utilities for months or even years.”! Thus, for example Israel which has no coal resources is
using coal as an important source for electricity supply.?? In order to obtain safe supply, the
2 large utilities in Israel have several months coal supply which is stored in the yards of the

utilities under open air in large piles.

The overall LTO process is an exothermic process and if the heat dissipation from the coal
pile where the coal is stored, is lower than the heat release via the LTO process, self-heating
of the pile and formation of hot spots can occur. In extreme cases if the temperature of the hot
spot in the pile exceeds 300°C, self-ignition and fire eruption will rise.”*?%! Indeed, in the 2
coal storage yards of Israel Electric Corp., in Hadera and Ashkelon several small fires erupted
in the past.®®'?" and it continues to be a safety treat, Fig 1.
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Fig 1: Fire at Rutenberg Coal Fired Power Station, Ashkelon, Israel (November, 2008).

The self-heating process and fires cause maintenance problems which result in higher

operational costs to the utility.

The LTO process is consisted of the following steps™2 14} (201 [28. 1291 'gcheme 1:
1. Physical absorption of O; inside the pores of the coal:
Coal+ 0O, > OZ(ads)

2. Chemisorption of the adsorbed oxygen:

OZ(adsorbed) > OZ(chemisorbed)

3. Chemisorbed oxygen decomposition to surface oxides

O2(chemisorbedy = Surface oxides

| |
pul e
/N (r o} —C¢—¢—C— H—Cc—
o ‘f |
; H ; H ;
4. Surface Oxides = Oxidation products (mainly CO,)

Scheme 1: Mechanism of LTO process in coal.
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The main product of decomposition of the surface oxides is carbon dioxide but also some
secondary reactions result in release of much smaller amounts of toxic and fire hazardous
gaseous product such as carbon monoxide, CO and low molecular weight hydrocarbons2*
CnhHm (mainly methane, CH,) and ethylene. Also, the emission of these gases is temperature

dependent and increases appreciably when the temperature is higher than 80°C.

Steps 3 and 4 are composed of course of several complex reactions which result in the final

different products.

If the coal storage post mining is in confined storage facilities (such as bunkers or ship holds
during the marine transport of the coal), risks of explosions because of accumulation of
explosive gases such as methane or carbon monoxide above the LEL (Lower Explosion
Limit) or coal dust in air might occur. Indeed, the main concern is in the operation in
underground mines and thus, methane and carbon monoxide monitors are posted in the mines
to give alarm if the concentrations are increased and also appropriate ventilation is carried out
including filtering of the dust formed during the mining processes. Sampling inside self-
heated coal piles indicated indeed the presence of carbon monoxide and low molecular

weight hydrocarbons.?!

In 1991 the first report®® appeared to suggest that emission of molecular hydrogen H,, as a
result of secondary reaction, accompanies also the LTO process in bituminous coals and that
in simulation reactors it is observed that the amount of the hydrogen produced is relative to
the amount of molecular oxygen O,, consumed by the LTO process. This is quite a surprising
finding, because molecular hydrogen is a reduction process product, whereas the LTO is an
oxidation process. The laboratory studies™ ¥ have shown that the hydrogen gas released

during self-heating of coal occurs only in bituminous coals but not in lignite coals.

The fact that no former report was published earlier was probably, because no effort was
done to analyze molecular hydrogen while sampling gases in self-heated coal piles in storage.
In order to have the answer to this question we have sampled the gasses inside hot spots
occurring in coal piles in Orot Rabin coal utility and found that indeed molecular hydrogen is

also produced in the samples using mass spectrometry to analyze it.!®!
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This observation indicates that hydrogen gas accumulation in mines or confined spaces
containing coal could be another cause of explosion. Indeed, some unexplained explosions
did occur in well ventilated (no dust accumulation) coal mines in which installed methane
and carbon monoxide detectors didn't show any increase in the concentrations of these gases
prior to the explosion.B#* |f the hydrogen content accumulated to >4.1% (LEL in air) this

might have been the source of these unexpected explosions.

In order to determine the source of the H, release and the chemistry involved, a research
effort has been carried out to determine the mechanism by which it is produced in
conjunction with the LTO process. Namely, to understand why the amounts of hydrogen gas
released (reduction product) is correlated to the amounts of oxygen consumed (oxidation

reaction).

A possible source for the hydrogen gas formed during the LTO process is the unstable cyclic
dioxirane intermediate, H,CO,, which has been reported®%! to be formed via ozonolysis of
carbon double bonds (e.g. from ethylene) and decomposes to carbon dioxide and molecular
hydrogent®! (reaction (4), see below) and has been determined using infrared spectroscopy. It
has been suggested that oxidation of formaldehyde via strong oxidizing reagents like

hydroperoxide occurs via the formation of dioxirane® % as an intermediate.

The following suggestion for the mechanism was given:
During steps 1-3: Scheme, one of the surface oxides produced is the hydroperoxide -

OONH at the surface of the coal macromolecule.

Also, during the heating of the coal some formaldehyde (which is known to be found

adsorbed in the coal™), is released.

It was reported® BY that during the oxidation of formaldehyde by strong oxidation reagent
(hydroperoxides) the dioxirane ring, H,CO, is formed and it can decompose either to carbon
dioxide and molecular hydrogen (and this is the source of the molecular hydrogen
accompanying the LTO process in coal) or serve as a hydrogenation reagent of organic

double bonds to yield hydrocarbon and carbon dioxide.

Namely, the mechanism by which H, is produced via the LTO process is dependent on the
amount of dioxirane formed. The dioxirane is formed by oxidation of formaldehyde by
hydroperoxide groups which are formed by the LTO process and thus the amount of
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dioxirane is linear to the amount of -O-O-H groups formed. And the amount of the
hydroperoxide groups is linear to the amount of consumed molecular atmospheric oxygen
which reacts with the coal via the LTO process inside the pores.[*! The larger the pores, the
higher the amount of oxygen absorbed and contribute to the LTO process. Thus, the amount
of hydrogen produced (a reduction product) will be linearly dependent on the amount of the

consumed oxygen (an oxidation reagent).

The research has shown??"® that indeed formaldehyde in the presence of bituminous coal is
oxidized by hydrogen peroxide to yield carbon dioxide and molecular hydrogen. The kinetics
of the reaction has been studied and indeed the reaction is pseudo 1* order in formaldehyde
concentration and also in molecular oxygen partial pressure. The activation energy was also

determined in the temperature range 55-115°C. 128142

The dioxirane decomposition is exothermic, and thus heat release will occur during the
process. However, no information on the rates and the temperature effects has been obtained
on the hydrogen production reaction during the self-heating of bituminous coals. Also, no
estimates of the amounts of formaldehyde release from the bituminous coal could be
obtained.

However, no direct evidence for the exact parameters affecting the suggested reaction (e.g.
temperature effects, dioxirane concentration, the amounts of emitted formaldehyde from the

self-heated coal via the LTO process etc.) was reported so far.

Recently, the combined TGA (Thermal Gravimetric Analysis) /DSC (Differential Scanning
Calorimetry) unit has been utilized'® as an efficient tool to analyze coal properties and also to
determine mass changes and energetic processes which accompanies the LTO process of
Lignite*! and bituminous coals. This technique might shed light on the suggested
mechanism to produce H; via the LTO process. Getting a better insight into the mechanism of
hydrogen emission from coal, might lead into finding ways to reduce and inhibit the release
of these toxic and flammable gases, and reduce the hazards of self-ignition of coal and the

occurrence of explosions in coal mines.

During this study an exothermic process which has been observed, is probably another

experimental evidence, that corroborates the mechanism suggested to explain the reaction

WWw.wjert.org ISO 9001: 2015 Certified Journal 151




Hassid et al. World Journal of Engineering Research and Technology

pattern that is the source of molecular hydrogen emission from bituminous coals upon the

exposure of coal to air atmosphere.

We have decided to check in detail the process that leads to the formation of the molecular
hydrogen during the LTO process and to verify the energetics and quantitative amounts of
formaldehyde and dioxirane formed in this process. As no hydrogen emission is observed in
lignite coals the study is focused of a typical bituminous coal Bailey American coal used in

Israeli utilities.

The results of the thermal methods adopted to study the LTO process of coal also give
quantitative measures to the amounts of formaldehyde released from bituminous coal during
the process of self-heating of the coal during storage and the temperature effect as well as to

the rates of the reaction.

2. EXPERIMENTAL

Materials

Coals- The coal used for this study is a bituminous American coal (Pittsburgh No. 6)
produced by Bailey Co. (denoted as BA) and it is used in coal utilities for power production.
Its elemental analysis is: Carbon content 75.11%, Hydrogen content 3.23%, Oxygen content
10.92%, Nitrogen content 1.68% (based on DFW dry ash free coal) and calorific value of 26
kJ/Kg.®! In order to compare the bituminous coal to lignite coal, a German lignite coal from
Hambach (denoted as HA) and is used in German utilities. It's elemental analysis is: Carbon
content 64.64%, Hydrogen content 4.55%, Oxygen content 24.14%, Nitrogen content 0.79%
(based on DFW dry ash free coal) and calorific value of 16 kJ/Kg.
The coal types chosen for the study are typical to lignite coals used (in Germany) and

worldwide for power production.

The coals were stored in sealed containers under nitrogen atmosphere and have been used as

is, fresh without any treatment.

In a recent publication'®, the properties of the different coals were determined using the
combined TGA/DSC technique. The properties of the different coal samples are given in
Table 1.
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Ash DF [%] | Volatile gases DF [%] | Moisture [%] | Coal type
8.09 21.14 3.13 BA fresh
7.46 50.79 43.6 HA fresh

Table 1: Calculated values of moisture, ash and volatile content obtained from the TG

experiments with treated and fresh coals (DF=""dry free"'/after drying).

Methods
The coals have been analyzed with the Netzsch combined TGA/DSC model STA 449C unit

in air atmosphere.

The combined TGA/DSC device is a tool for diagnosing and analyzing processes that occur

in a material under different temperature conditions.

The direct measurement in TGA is the measurement of the mass of the sample as a function
of time/temperature: when the sample is exposed to a variable/constant temperature under a
certain gas environment, it undergoes chemical/physical processes (such as oxidation,
adsorption, drying, decomposition) responsible for mass increase/decrease.

The DSC device works in parallel with the TGA. Using this device, one can measure the heat
emission/absorption at any temperature occurring in the sample during the process in
question and can check whether the process is endothermic (such as moisture) or exothermic

(such as the oxidation process).

As discussed in an earlier publication®, the TGA/DSC enables experiments with relatively

small samples (in this case 38.82-50.64 mg).

In a typical LTO (Low Temperature Oxidation) experiment in the thermal analyzer, the coal
sample is heated from 30°C to an isothermal temperature of 115 ‘C/ 95 'C/ 65 "C (the latter 2
target temperatures, as stated in the article, were performed in order to compare it to the
measurements of the LTO at 115 'C), the heating rate was 10 °C/min, (8.5 minutes duration)
and then, kept isothermally for 24 hours. Each analysis was performed 3 times to validate our

result.

The temperatures ranges for the experiments were chosen because as mentioned in the
introduction, the LTO occurs in the temperature between room temperature up to 150°C (at a

higher temperature the rate increases very fast approaching self ignition of the coal.
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In addition a second thermal unit (Mettler Toledo, model STARe TGA/DSC 1, GC100) was

also used in order to validate the results.

Every experiment was carried 3 times in order to have good reproducibility and validity of of
the results. The accuracy of the TGA/DSC unit in determination of the mass is 0.1 pg and the
DSC accuracy is <1 pW.

NETZSCH SOFTWARE Proteus® 6.1.0 was used to analyze the TGA/DSC graphs.
The units of the mass axis of the TGA graph were mass % and the units of the heat
emission/absorption axis of the DSC graph were m\W/mg.

In the 115 "C graphs the mass loss between 30°C and until stable mass was reached (12 min
in the BA and 18min in the HA) was calculated, in addition to the mass loss after 5 hours and
24 hours.

In the 115 "C and the 95 "C graphs, were it was found an exothermic process during the final
stages of the moisture evaporation, the area of the exothermic process was calculated in order

to calculate the value of the exothermic process.

3. RESULTS AND DISCUSSION

The simulation experiments of the LTO process in the BA bituminous coal have been carried
out during 24 hours. A 41.01 mg BA coal has been heated in air atmosphere (air flow rate of
25ml/minute) from 30 to 115°C at 10°C/minute heating rate and after reaching the desired
115°C kept isothermally for 24 hours measuring the mass changes and heat

emission/absorption events during the LTO period, Fig 2a.
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Fig 2: The thermal/mass changes (the combined TGA/DSC) occurring during the LTO
of 41.01mg BA bituminous coal sample at 115°C* for a. LTO duration 24 hours b. The
first 40mins LTO*

*During the first 8.5 minutes the sample is heated from 30 to 115°C and then kept
isothermally----- TGA curve ------ DSC curve

The results indicate that during the whole process there is a slight increase of the sample
mass, 0.11% due to the LTO process (which stems from formation of stable surface oxides in
the coal via the LTO process). However, during the initial stages (first 23 minutes) there is an
appreciable reduction in mass and also a simultaneous endothermic process. This is expected
as the moisture content of the coal undergoes evaporation during the heating process of the
coal from room temperature to 115°C. In order to follow accurately these processes, the first

40 minutes of the experiment are shown, Fig 2b.

WWW.Wjert.org 1SO 9001: 2015 Certified Journal 155




Hassid et al. World Journal of Engineering Research and Technology

As can be clearly seen, the initial mass reduction (moisture evaporation) occurs during the
heating process of the coal from 30 to 115°C (the first 8.5 minutes) and the moisture content
evaporated is 2.32% (in good accordance with the coal moisture content, Table 1 in the
experimental section). The evaporation process is endothermic as expected. However, the
DSC curve indicates that in addition to the endothermic event there is an exothermic process
which occurs also at the final stages of the moisture evaporation. Whereas the endothermic
process is due to the moisture’s evaporation (mass reduction), the exothermic process is not

accompanied by any observed appreciable mass changes.

In order to determine if a parallel situation occurs also in a lignite coal, we have repeated the
experiment with HA German lignite coal, Fig 3.
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Fig 3: The thermal/mass changes (the combined TGA/DSC) occurring during the LTO
of 40.76mg HA Lignite coal sample at 115°C* for a. LTO duration 24 hours b. The first
40mins LTO*
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*During the first 8.5 minutes the sample is heated from 30 to 115°C and then kept

isothermally TGA curve ----- DSC curve

In the lignite coal, no exothermic event is observed, only the evaporation of the moisture, Fig
3b, and the evaporation process is terminated at ~12 minutes in which the moisture content,
44.6%, is evaporated (also, in good accordance with the coal moisture content, Table 1 in the

experimental section).
Namely, there is a basic difference between the lignite HA coal and the bituminous BA coal.

In several studies reported™®®! (26 B% jn our group, the basic differences in the LTO process in

bituminous compared to lignite coal are:

1. In bituminous coals the LTO process results in mass increase due to the fact that only
partial percentage of the surface oxides formed (Scheme 1, step 3) decompose and thus
there is some increase in weight. Whereas, in the lignite coals, which are much more
reactive, appreciable amounts of the oxygen content in the carbon dioxide released via the
LTO process is that of intrinsic oxygen which is an inherent part of the coal
macromolecule structure.

2. Inthe lignite coals there is no release of molecular hydrogen which accompanies the LTO

process (Scheme 1, step 4: see above and reactions 1-4: see below).

Thus, we have decided to explore further and check if the exothermic event could be due to

the process of molecular hydrogen release from bituminous coals.

The first evaluation that should be carried out is to separate between the exothermic and
endothermic processes and determine the amount of heat (exothermic or endothermic release)
of these two processes. In order to differentiate between the endothermic and the exothermic
process it is assumed that the endothermic event should have an unsymmetrical bell-shaped
curve (like that found in the case of the HA lignite coal) and have drowned a hypothetical

curve, Fig 4.

WWw.wjert.org ISO 9001: 2015 Certified Journal 157




Hassid et al. World Journal of Engineering Research and Technology

- DSC /(mWimg

/ \\ [1). BAILTO 11524h Ar 30.8 loss
\ subtr
subtr ’

Fig 4: Hypothetic endothermic curve of the evaporation process of a 41.01mg BA coal at
115°C.
TGA curve ----- DSC curve

The value of the extra exothermic process according to Fig 4, is equal to the area which is

marked in the blue lined area and is calculated to be 50.14 J/gram coal.

The molecular hydrogen produced is of course a reduction product. However, the LTO
process is an oxidation process and thus this is an unusual situation that should have a
reasonable explanation. Furthermore, it is reported® ! that the amount of H, produced
(reduction process) is relative to the amount of O, consumed (oxidation process) by the LTO

process!.

The suggested mechanismM2B for the molecular hydrogen production which

accompanied the LTO process which explains the results is as follows:

i. One of the emitted compounds which occurs during the self-heating process of the coal
(because of the LTO process) is formaldehyde H,CO."!

ii. During the LTO process formation of several surface oxides does occur. One of the
surface oxides produced during the process is the hydroperoxide groups -C-O-O-HPY and
the amount produced is relative to the amount of O, consumed.

iii. The emitted formaldehyde reacts with the hydroperoxide groups to produce the dioxirane
ring (a well-known compound, formed during the decomposition of formaldehyde
contaminated atmosphere.

iv. The dioxirane is an unstable compound which decomposes via a strong exothermic

reaction to molecular hydrogen and carbon dioxide.
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Namely, the following mechanism is responsible for the H, produced during the LTO
process:

0
e

(1) 0, + Coal—H ‘_>Coa|

(2) Coal A, Coal + H,CO

0 0
H>CO + ——— Coal—OH +~ H,C
(3) ’ Coal/ \OH : \(L

0
H2C<(L ——»COy + H,

(4)
Thus, the source of the exothermic event observed is probably the exothermic decomposition

of the dioxirane and the enthalpy of decomposition is reported™*! to be [TH=-415.9 kd/mol.

As the value of the exothermic event observed was calculated to be 50.14 J/gr coal, the
amount of molecular hydrogen released will be 50.14/415,900 = 1.21*10™* mole/gram BA

coal.

In order to check if the same type of exothermic process occurs also at lower temperatures,
we have carried out the LTO experiments at lower temperatures, 95°C, Fig 5a, and 65°C, Fig
5c.
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Fig 5: LTO (using TGA/DSC) of BA coal at lower temperatures. a. 50.64 mg fresh BA
coal sample at 95°C in air atmosphere. b. Hypothetic endothermic curve of the

evaporation process of the BA coal sample at 95°C. c. 38.82 mg fresh BA coal sample at

65°C in air atmosphere.
TGA curve ------ DSC curve.

As can be clearly seen, Fig 5a, the exothermic process occurs also at 95°C but there is no
trace of this event at 65°C, Fig 5c. Namely at this temperature, there is no release of

formaldehyde and no formation of dioxirane.

This is also supported by recent publicationt*®! 3! 14l here it was found that at 60-70°C and
below, the oxidation process is slower and the higher the temperature, the amounts of the H,

produced is increased due to a faster LTO process.

This finding is also supported by other publications™®"*1 where it was stated that the
formaldehyde presence is correlated to the release of molecular hydrogen, a process which

occurs mainly via the LTO process, and at T>100°C there is a significant increase in its

formation.

In order to determine the size of the exothermic process at 95°C the same evaluation carried
out for the 115°C temperature, was done and the value of the extra exothermic process, Fig
5b, was calculated to be 44.09 J/gram coal compared to the 50.14J/gram coal at 115°C.

Namely the amount of dioxirane formed at 95°C is: 44.09/415,900 = 1.06*10™* mole/gram
BA coal.
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This result is reasonable as it is expected that at a lower temperature the amount of released

formaldehyde from the heated coal is temperature dependent and it will be smaller.

It is also interesting to compare the reported values of released molecular hydrogen in batch
reactor studies to the amounts of dioxirane produced in the combined TGA/DSC unit as
calculated from the experiments carried out in the present thermal instrumentation of the
combined TGA/DSC unit. The amount of H, produced in 120ml reactors in air with 0.500
grams of BA coal containing 9.010° moles of O, at 95°C with BA coal is 646ppmv.»2”
Converting the amount from the ppmv value to moles per gram coals, a value of 6.9*10

®moles Ha/gram BA coal is calculated.

The dioxirane formed can decompose to carbon dioxide and molecular hydrogen via:

0
H,CZ | ——= CO, + H,
@ O

But it can also serve as an efficient hydrogenation reagent to the double bonds occurring in

the coal macromolecule via

H H
|| o |
Ry—C—C=—=C—C—R; + H2C\$—>C()zi Ry—C—C—C—C—R,

(5) Coal macromolecule Hydrogenated Coal macromolecule

The amount of molecular hydrogen produced via the dioxirane decomposition, 6.9*10°moles
H./gram BA coal, is much smaller compared to the calculated amount of dioxirane formed,
1.06*10™* moles/gram BA coal. This result indicates that most of the dioxirane (formed via
the oxidation of coal released formaldehyde by hydroperoxide groups) serves as a
hydrogenation reagent with the coal macromolecule. This is reasonable, as the dioxirane
molecule is formed at the surface of the coal macromolecule and in order to decompose to
molecular hydrogen it has to diffuse outside from the surface of the coal macromolecule prior
to decomposition to hydrogen and carbon dioxide. Furthermore, the double bond content in

bituminous coals is quite high, Fig 6.
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Fig 6: A scheme suggested to represent the bituminous coal macromolecule

structure.®2¢]
The double bonds are marked with orange.

The above scheme also get validation from previous measurements other groups done to
determine the functional groups and aliphatic/aromatic bonds in coal.l*®! %!

The fact that no molecular hydrogen is formed during the LTO of the lignite HA coal could

stem from 2 possible reasons:

i. During the self-heating of the lignite coal there is no emission of formaldehyde which is
the precursor to the dioxirane intermediate which decomposes to carbon dioxide and
hydrogen.

ii. Dioxirane is formed via the same mechanism which occurs with the BA bituminous coal
but as the active double bond content available for hydrogenation in the lignite coal
macromolecule is much higher, all the dioxirane reacts via the hydrogenation path,

reaction (5) and thus no molecular hydrogen is formed.

The second reason is more reasonable in our opinion as the LTO reactivity of lignite coal is

much higher than that of the bituminous coal.
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4. CONCLUSIONS

The results of this study show definitely the importance of the combined TGA/DSC
instrument as an additional very valuable tool that can help appreciably in determination of
complex mechanisms and help in appropriate operational conditions in order to prevent
environmental hazards such as explosions in underground coal mines or confined coal storage

facilities.

Not only that it corroborated the suggested mechanism which explained the formation of
molecular hydrogen, H, (a reduction product) via the Low Temperature Oxidation of coals
(oxidation reaction) but moreover, it added very important information concerning the
hydrogen evolution reaction mechanism, which can explain explosions in underground coal
mines where no methane, carbon monoxide or dust accumulation has been reported prior to
the explosion:

1. It showed that the formation and decomposition reactions of the dioxirane occurred at
relatively low temperatures (at 95 and 115°C), but it is inhibited if the temperature is kept
at 65°C or lower.

2. It gave information on the amounts of formaldehyde that is released from the BA
bituminous coal during the self-heating of the BA bituminous coal via the Low
Temperature Oxidation of the coal during storage.

3. It showed that most of the dioxirane formed serves as a hydrogenation reagent of the coal
macromolecule and didn't decompose to yield hydrogen and carbon dioxide.

4. It gives good estimates to the rate of the oxidation of the formaldehyde which is relatively
fast and occurs in few minutes at 95-115°C.

5. The utilization of the combined TGA/DSC unit enabled for the first time to estimate the
amount of formaldehyde absorbed inside the coal pores and of course the amount of
dioxirane produced.

6. It is recommended that in confined spaces containing bituminous coals (including
underground coal mines, bunkers or coal ships holds) hydrogen detectors should be
installed in order to determine and alarm if hydrogen accumulation is occurring in these

installations in order to avoid potential explosion risk stemming from this process.
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