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ABSTRACT

Five types of Polish bituminous coal of different grades were analysed using, simulta-
neously, thermogravimetric analysis (TGA), differential thermogravimeiry (DTG), differential
thermal analysis (DTA) and evolving gas analysis (EGA) to investigate the non-isothermal
coal oxidation. The TGA, DTG and DTA curves, together with EGA, provided parameters
which characterize the tendency of a given coal towards oxidation. The TGA and EGA
parameters can also be used to approximate the specific active surface area of coal in reaction
with oxygen. Due to the negative effects of coal oxidation, such as self-oxidation, an inhibitor
was proposed and tested by analysis of the above specified thermoanalytical curves and EGA.

INTRODUCTION

Thermal analysis, using thermogravimetric analysis (TGA) and differen-
tial thermogravimetry (DTG) is an important tool for the investigation of
solid state thermal decomposition [1]. Therefore, it can play an important
role in the analysis of coal oxidation reactions. In addition, TGA and DTG
are widely used in the proximate (content of water, volatile matter and ash),
mineral content and heating value analysis of coal [2]. Nevertheless, the
adaptation of TGA as a standardized method for proximate analysis must
await the development of statistical data resulting from interlaboratory
testing on a variety of fossil fuels [3]. Thermogravimetry, when coupled with
thermomagnetometry, forms the so-called thermomagnetogravimetry (TMG)
which is very helpful during investigations of content and transformations of
iron compounds in thermal reactions [4]. Speed, accuracy, reproducibility
and flexibility of the above-mentioned thermoanalytical methods deserve
special attention.
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Differential thermal analysis (DTA) of coal characterizes the heat effect of
thermal decomposition, transformation and oxidation (if a thermal treat-
ment takes place in an oxygen atmosphere). In appropriate experimental
conditions (an oxidizing-mixture flow and heating rate), the DTA curve of
coal resembles a “ W”-shape, formed by pyrolysis and secondary carboniza-
tion bands, both exothermic and separated by the endothermic effect as-
signed to plastic changes in coal [5].

Coupling of a thermobalance sample-chamber with a gas chromatograph
leads to the qualitative and quantitative analysis of evolving gases (EGA).

The present work shows the TGA, DTG and DTA curves, together with
EGA, registered simultaneously during non-isothermal oxidation of different
grades of bituminous coals, in order to find the tendency of these coals
towards oxidation. The thermoanalytical curves supplied a series of parame-
ters which characterize a given coal reactivity with oxygen. In order to lower
this reactivity and decrease its exothermic heating effect, an inhibitor was
used on the most active coal—the lowest grade of coal—and its efficiency
was tested by the analysis of thermoanalytical curves and EGA.

Results of these investigations are of great importance for early detection
of endogenic mine and pile fires, and in coal conversion processes, where the
coal reactivity with oxygen is one of the criteria for its utilization in
gasification processes. The Polish coal-mining industry reaches greater and
greater depths [6] and looks for new methods of early mine-fire detection.
Therefore, high hopes are attached to this type of investigation.

EXPERIMENTAL

Measurements were performed on the French thermoanalyser Setaram
Model GDTDI16, coupled with the gas chromatograph.

First, introductory measurements were performed to choose the coal
powder grain size, the heating rate and the composition of the oxidation
mixture.

To ensure an almost chemical control of the oxidation reaction and the
possibility of comparing the different coal-grade results, a grain size of
0.06—0.075 mm was chosen.

The heating rate was 5.5°C min™' in the temperature range 20-800°C.

A helium/5.5 vol.% oxygen oxidizing mixture was used to ensure the
simultaneous registration of oxidation products, carbon monoxide and carbon
dioxide (for the coal sample in the dry state) and methane (for moist samples
as received) together with oxygen, using the same attenuation scale on the
gas chromatograph. The mixtures helium/2.7 vol.% oxygen, helium/7.7
vol.% oxygen and air were also tested, initially. The flow rate of the oxidizing

mixture was kept at 12 ml min~".
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The sample was loaded into a crucible made of 90% platinum and 10%
rhodium (v/v) and pure aluminium oxide was used as a reference.

Mass-change measurements were done with accuracy: +9.6 X 10™* g and
4 X 1073 g for introductory and remaining measurements, respectively.

A catharometric detector (hot wires) and two chromatographic columns at
60°C in series, filled with Porapak Q (for carbon dioxide detection) and a
molecular sieve (for oxygen, nitrogen and carbon monoxide detection),
respectively, were used. Helium was used as the carrier gas at a flow rate of
55 ml min~'. In each case, 2 ml of the gaseous reaction mixture were carried
by the flow of oxidizing mixture to the sampling loop of the analyser and
injected into the gas chromatograph every 3 min. Thus, the measurements of
TGA, DTG and DTA curves were instantaneous and continuous, while
EGA was discontinuous and delayed for about 6 min due to the time
necessary for the emitted gases to arrive in the sampling loop of the analyser.

The activation energy of the overall reaction of pyrolysis and oxidation
was calculated from the well-known equation of Freeman and Corroll [7]

E 1 dw
" 220R°T _ - Alog g/ )
Alog W, Alog W,

where E is the activation energy; R is the gas constant; 7T is the tempera-
ture; W, = W, — W, where W, is the mass loss at the end of the reaction and
W is the mass loss at time ¢; dw/d¢ is the rate of mass loss; n is the reaction
order.

RESULTS AND DISCUSSION

The results of the present work are closely related to the experimental
conditions under which they were obtained. A change of grain size, composi-
tion of oxidizing mixture or heating rate leads to different results.

Table 1 presents the results of proximate and ultimate analyses.

Figure 1 shows typical TGA, DTG and DTA curves, and EGA for sample
Marcel 2A. The curves in Fig. 1 are called “typical” because they present all
characteristic elements visible on curves from other coals, i.e., the shape is
similar but the position of bands in relation to the temperature axis or the
relative band intensity may be different.

TGA and EGA

A TGA curve may be divided into three temperature regions, which are
associated with different processes taking place in a given coal sample during
non-isothermal heat treatment in an oxidizing atmosphere (Fig. 1). The first
region, ca. 100°C, is assigned to the evaporation of water. The second
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Fig. 1. Typical course of thermoanalytical curves TGA, DTG, DTA and EGA for Marcel 2A
coal. Parameters: standard conditions (grain size 0.06-0.075 mm. 5.5 vol.% oxygen in helium,
5.5°C min~'), DTA 100 pV, T 10 mV.

represents the mass increase and ranges from the temperature of mass
increase (7, ;) to the temperature of mass loss (7.,). The third temperature
region starts at 7, and represents a sudden mass loss which continues until
the sample mass reaches the ash level. The values of sample mass at 7, and
T,, are equal. The values of 7, ,, T,, and the weight percent mass increase,
MI, are characteristic for a given grade of coal.

Most of the coals were investigated in the dry state, therefore, the mass
loss due to moisture evaporation was small and further attention will be
focused, primarily, on the region T, -7, , and MI itself.

In addition, on the TGA curve, the following temperatures taken from
EGA were marked: T;0,, temperature at which the oxygen concentration in
the oxidizing mixture starts to drop; 7.CO,, temperature at which carbon
dioxide starts to evolve; T,CO, temperature at which carbon monoxide starts
to evolve; T.CH,, temperature at which methane starts to evolve (for moist,
as received, coals) (see Figs. 4A-C).

The parameters from TGA for all the coals investigated are shown in
Table 2. Comparison of these parameters indicates that the T, -7, band is
located at higher temperatures and M/ is higher for high grades of coal (i.e.,
Walbrzych 1 and 3) than for low grades (i.e., Dymitrov, “Unknown™). It is
related, undoubtedly, to the lower activity of high grades of coal during
oxidation, which, in turn, is related to their structure. High grades of coal are
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more ordered and contain lower amounts of aliphatic components, which are
more active in oxidation than aromatic structures. Therefore, such processes
as the mass increase, related to adsorption of oxygen from the oxidizing
mixture whose oxygen concentration then decreases and carbon dioxide
shows up on the gas chromatograph recorder, take place at higher tempera-
tures for high grades of coal.

Before proceeding to the explanation of why MI is higher for high grades
of coal, one should define it more precisely to be able to appreciate its value.

In Fig. 1, MI is the maximum net mass increase of sample (in wt.%) as a
result of two processes: adsorption of oxygen and desorption of evolving
carbon dioxide (temperature of evolution of carbon monoxide is usually
higher than temperature of MT). From T, , onwards, the mass increases to its
maximum value (MI), which suggests that sorption prevails over coal
oxidation to carbon dioxide. Above the temperature at which the mass
increase reaches its maximum value, the mass decreases, which indicates that
oxidation to carbon dioxide and carbon monoxide starts to dominate in the
overall reaction. The oxygen stored so far in the coal mass becomes active
and forms carbon dioxide and carbon monoxide at higher temperatures, with
the support of oxygen from the oxidizing mixture. Thus, the sum of a surface
area taken by the adsorbing oxygen and a surface area left by desorbing
carbon dioxide at the temperature of M/ gives the maximum active surface
area of a given coal for the adsorption of oxygen. For example, for Marcel
2A (Fig. 1), from MI 2.64 wt.%, initial sample mass 0.017 g (without a
temperature correction) and assuming 0.166 nm” to be the area of an oxygen
tolecule in a monolayer [8], the active surface area becomes 165 m? g~!
(Table 2). From the evolution of carbon dioxide, assuming that each carbon
dioxide molecule has consumed one molecule of oxygen, one can obtain 3.5
m? g~! which, combined with the surface area from MI, gives 168.5 m? g~ .
This is a large surface area and there is a high content of volatile matter in
this sample (Table 1), so pyrolysis which starts at 150°C for some coals [2a]
could have an influence on it. According to Schlyer and Wolf [9], at low
temperatures such as 21°C, a coal particle of the order used in the present
work oxidizes in the outer layer. At 150°C, there is no gradient of
oxygen/carbon ratio throughout the particle. Hence, we can assume that at
the beginning of non-isothermal oxidation, a particle is oxidized in the outer
layer to the order of a few microns and at the M7 temperature it is fully
saturated with oxygen. There is no gradient of oxygen concentration
throughout the particle. This would confirm that the MI represents the
maximum saturation of coal mass (surface and bulk) with oxygen. A small
percentage of sorption sites are strong adsorption sites, amounting to
10'-10" g~ ! coal [9].

The above surface area estimated from MI, is of the same order as the
specific surface areas obtained by other methods [10,11], e.g., carbon dioxide
adsorption at different temperatures or X-ray small angle diffraction, for a
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similar grade of coal. Before performing our calculations, the oxygen balance
between loss and increase of carbon dioxide in the oxidizing gas mixture,
and the mass increase on the TGA curve at a given time interval (corre-
sponding to the time of EGA measurement) were checked and good agree-
ment was obtained.

Consequently, one may say that MI provides information on the total
maximum surface and bulk saturation with oxygen, taking place from the
beginning of non-isothermal oxidation up to the M7 temperature, while the
surface estimated from the oxygen loss in the oxidizing mixture at a given
reaction time (shown by EGA, Fig. 1) about the surface taking part directly
in the reaction at a given temperature (oxygen loss is monitored discontinu-
ously, see Experimental section). For example, for Marcel 2A at ca. MI
temperature, oxygen losses amounted to 1.76 vol.%, which corresponds to
5.6 X 10" active sites/g coal. 0.36 vol.% of carbon dioxide was formed,
which corresponds to 1.2 X 10'® active sites/g coal which are directly in-
volved in the oxidation process. It agrees very well with Schlyer’s number of
strong active sites in coal oxidation of young coals, cited above.

In general, the problem of coal surface area measurements using thermo-
gravimetry requires further analysis and simultaneous comparison with
specific surface areas estimated by other adsorption methods. It would be
useful, also, to perform isothermal thermogravimetric analysis at given
temperatures for better evaluation of coal reactivity with oxygen. The above
discussion merely draws one’s attention to the possibility of thermogravimet-
ric surface area measurements on coals. This possibility seems specially
attractive in a light of the fact that adsorption of carbon dioxide at 298 K,
for example, was found not to be a relevant reactivity normalization parame-
ter in the gasification of coal chars [12]. Oxygen chemisorption capacity at
375 K from the air (0.1 MPa) was found to be a valid index of char reactivity
and, therefore, gives an indication, at least from a relative viewpoint, of the
concentration of active sites of carbon in a char.

The maximum mass increase ( M7) introduced in the present work, is a
type of oxygen sorption capacity, without substantial oxidation to carbon
dioxide and carbon monoxide, at temperatures from room temperature to
the temperature corresponding to MI. It shows that a large role can be
played by thermogravimetry when trying to measure the active surface area
of coal during reactions with gaseous reactants.

The M1 comparison of different coals in Table 2 shows that MT is higher
for high grades of coal. It takes values of 1.4 and 1.79 wt.% for low grades of
coal (“Unknown” and Dymitrov, respectively) and up to 3.39 wt.% for high
grades of coal (e.g., Walbrzych 2). In addition, the M/ phenomenon takes
place at higher temperature for high grades of coal. The higher temperature
at which MI occurs, combined with its higher value, suggests once more,
that the high grades of coal are less active in the oxidation reaction and,
therefore, require a higher degree of surface saturation with oxygen and a
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higher temperature to produce carbon dioxide and carbon monoxide. Similar
results concerning MI were obtained by Mitra and Raja [13], who used
thermogravimetry to find the so-called ignition temperature of coal. It seems
that the ignition temperature corresponds to the temperature of MI (Fig. 1)
in the present work. Mitra and Raja do not present their curves, nor do they
show how to read the exact position of M7 on the temperature scale. In this
paper, the T,,—7,, band, including MI, is very diffuse, therefore, the
authors have chosen to report the values of 7,, and T,,, rather than MI.

In addition, Mitra and Raja [13] use a powder of the grains which is
passed through a 0.212-mm sieve. The present work reports results on
0.06-0.075-mm powders which should keep the oxygen transport effect to a
minimum and ensure an almost chemical control of reaction at least for the
higher temperatures at which coal particles are saturated with oxygen [9].
The narrow range of grain size should help to eliminate the differences in
grain size distribution in different coal samples and, in this way, enable a
meaningful comparison to be made of results from different coal samples.
Both problems, the overall grain size and its range, were discussed by
Karsner and Perlmutter [8] and, according to their analysis, a grain size of
0.06-0.075 mm should satisfy both conditions.

The EGA curve, presented in Fig. 1, shows changes in the oxygen, carbon
dioxide and carbon monoxide concentrations in the oxidizing mixture as the
temperature of non-isothermal heat treatment increases. The decreasing
concentration of oxygen is always associated with the increasing concentra-
tion of carbon dioxide and then carbon monoxide, and vice versa. The
carbon monoxide concentration is much lower than that of carbon dioxide
and starts to increase at higher temperatures. The characteristic temperatures
of oxygen drop (7,0,) and evolution of carbon dioxide and carbon mon-
oxide (T,CO,, T,CO) are marked on the TGA curves and specified in Table
2. The evolution of carbon dioxide and carbon monoxide starts at lower
temperatures for low-grade coals than for high-grade coals, which is related
directly to the change in position of the T, ,-T,, range, discussed earlier.

DTG

DTG curves generally exhibit a broad band corresponding to the maxi-
mum mass loss on TGA curves above the T, ; temperature. The DTG band
represents the resultant reaction rate of mass loss, which consists of all
possible reactions occurring in a given sample, including oxidation and
pyrolysis. From TGA and DTG curves, one may calculate the maximum
resultant reaction rate and activation energy from Eqn. 1 (see Experimental
section). The values of these reaction rates and activation energies are given
in Table 2, together with temperatures at the beginning and end of band
minimum on the DTG curve (T, and T;, respectively). The values for the
activation energies of the overall reaction agree well with those of Karsner
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and Perlmutter [8] (25, 10, 18 and 33 kcal mol~! for activation energy for
carbonic gas formation, physical adsorption, physical desorption and chem-
ical adsorption of oxygen, respectively). It appears that the overall reaction
has a higher activation energy for high-grade coals, which confirms their
lower reactivity with oxygen. The location of the 7,-7; band on the DTG
curve shifts toward higher temperatures with an increase of coal grade, which
is connected directly with the course of the TGA curves, on which 7, and
T, also take higher values for higher-grade coals.

Before a broad negative band of mass loss on the DTG curve, a small and
very diffuse band of mass gain can be seen. It corresponds to MI on the
TGA curve with the maximum reaction rate from 1.8 to 3.5 mg h™".

DTA

A DTA curve represents the thermal effect associated with non-isothermal
oxidation and thermal decomposition of the coal structure. It consists of two
diffuse exothermic bands separated by an endothermic band. Table 2
presents temperatures T;, T,, T;, T, and T;, which are approximate positions
of the beginning and maximum of the first exothermic band, endothermic
minimum, and maximum and end of the second exothermic band, respec-
tively, on the temperature scale (see also DTA curves in Figs. 1-4). An
assignment of the exact location of the DTA bands is difficult due to their
diffuse character.

According to the previous interpretation of DTA curves, taken during
pyrolysis of gas-coals [5], the band at T, corresponds to the beginning of
intensive thermal decomposition of organic substances. Surface oxidation
and dehydrogenation contribute to the exothermic character of this band.
The endothermic band which follows, with a minimum at about T;, is a
result of decomposition, polycondensation of pyrolysis products and phase
transformation. It is located in the region of coal plasticity in which
molecules agglomerate and, in this way, increase the thermal conductivity of
a sample. At T, the exothermal effect becomes dominant once more, and is
usually described as coming from a secondary carbonization, assisted by
separation of hydrogen still remaining in peripheral aromatic rings. Above
T,, the DTA curve declines due to the endothermal character of further
ordering of the hexagonal coal structure as well as a decrease of coal mass
resulting from intensive oxidation. Comparing the mass loss at 7, on the
TGA curve with the volatile matter content from proximate analysis (Table
1), a good agreement can be seen which further supports the interpretation
of the 7, band as belonging to the secondary carbonization taking place
after the volatile matter has disappeared.

However, measurements in helium show, for Dymitrov coal, one very
diffuse band in place of two previous bands for pyrolysis and secondary
carbonization, with the secondary carbonization band being dominant (Fig.
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Fig. 2. Thermoanalytical curves for Walbrzych 1. Parameters as in Fig. 1.

3A). The maximum reaction rate negative peak on the DTG curve is sharper
and located in the same region as in the oxidation experiment with the
maximum reaction rate reduced to 2.7 mg h™'. The location of this band
corresponds to the maximum mass drop on the TGA curve, which does not
have the MT effect but only a gradual mass loss with a sudden drop in the

TGA T90: Tt

357 mg/h

14.3 mg/h
Ta

714 mgih

Fig. 3. (A) Thermoanalytical curves for Dymitrov coal. Parameters as in Fig. 1. (B)
Thermoanalytical curves for Dymitrov coal, saturated for 24 h with 3 g/100 ml boric acid in
methanol. air dried and run under standard conditions. Parameters as in Fig. 1.
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44.26mg/n

Fig. 4. (A) Thermoanalytical curves for “Unknown” (ground in mortar) run in air. Parame-
ters: DTA 250 pV, T 20 mV, heating rate 13.5°C min~!. (B) Thermoanalytical curves for
“Unknown” coal of random grain distribution of the order of mm in 2.7 vol.% oxygen in
helium. Parameters: DTA 100 pV, T 20 mV, heating rate 13.5°C min~'. (C) Thermoana-
lytical curves for “Unknown” coal in 7.7 vol.% oxygen in helium, grain size as in Figs. 4A and
4B. Parameters: DTA 250 pV, T 20 mV, heating rate 13.5°C min~!. (D) Thermoanalytical
curves for oxidation of “Unknown” coal run under standard conditions. Parameters as in Fig.
1.
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vicinity of the DTG band due to the separation of volatiles. It confirms the-
pyrolysis interpretation of the first band on the DTA curve and suggests that
oxidation also has a lot to do with the second band—the secondary
carbonization band. In the case of high-grade coal (Walbrzych 1) we see no
band separation on the DTA curve, which shows a continuous drop, lack of
bands on the DTG curve and a continuous gradual drop of mass on the
TGA curve. In the case of non-isothermal oxidation (Fig. 2) we have two
bands on the DTA curve of almost the same intensity with a deep endother-
mal inflection between them, a negative peak on the DTG curve and a
characteristic drop after MI on the TGA curve. It supports, also, the above
statement that oxidation plays a major role in shaping the “secondary
carbonization” and “pyrolysis” bands on the DTA curve.

The endothermal inflection on the DTA curve at T, interpreted as the
plastic region of coal, is supported by dilatometric data in Table 2 for plastic
coals. TI, TII and TIII, being the softening, maximum contraction and
dilation temperature, respectively, lie near T,, T, and 7, on the DTA curve
for plastic coals.

In general, one may say that the DTA curve represents the thermal effect
of coal decomposition, with the oxidation effect superimposed on it. Dif-
ferences are clearly visible in the behaviour of different grades of coal. The
above-mentioned pyrolysis and secondary carbonization bands with super-
imposed oxidation, shift towards higher temperatures for higher-grade coals;
differences reach 200°C in some cases (Table 2). The differences in band
intensity are visible for different coals; for higher-grade coals, e.g. Walbrzych
1 (Fig. 2), the pyrolysis band at 7, increases in intensity to equal the
intensity of the secondary carbonization band, which dominates for low-grade
coals. It is probably connected with the structure of the high-grade coals, in
which the role of the aliphatic portion in the turbostatic structure is smaller.
The higher degree of ordering in the planar aromatic structure of the
high-grade coals is characterized by the stronger binding energies, hence, the
higher heat effect of the pyrolysis band. These same factors (structure,
degree of ordering and coal composition) cause the DTA, DTG and TGA
bands to shift towards higher temperatures for high-grade coals. Addition-
ally, the maximum reaction rate on the DTG curve for high-grade coals
shifts to lower temperatures, closer to the location of the location of the
pyrolysis band on the DTA curve (see Figs. 1 and 2), which points to an
increased pyrolysis role in the overall reaction. On the DTA curve, the
intensity of the exothermal bands is smaller for the high-grade coals (Figs. 1
and 2), i.e., Marcel 2A and Walbrzych 1, respectively, which suggests a lower
self-ignition tendency with the high-grade coals.

Degree of coal oxidation

After running the non-isothermal oxidation experiment on the Dymitrov
coal, previously oxidized in air for 24 h at 155°C, a lack of M7 was observed
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which suggests that the critical amount of oxygen needed for the saturation
of active centres was supplied to the sample during initial oxidation. Non-
isothermal oxidation provided the activation energy to form carbon dioxide
and carbon monoxide, their desorption from the coal surface and further
oxygen to fill newly available active centres in order to make the oxidation
continuous. The temperature of oxygen loss from the oxidizing mixture
equals, in this case, T,, and T,CO,, and the mass loss takes place here at
lower temperatures. Apart from these differences, the shapes of the DTG
and DTA curves for oxidized and non-oxidized coal from the Dymitrov
mine are similar.

Inhibitors

Coal powders were saturated for 24 h and then dried to the air-dry state
with solutions of boric acid in water and methanol. Boric acid was chosen as
an inhibitor due to its mild interaction when in contact with living organisms.
It was tested as an inhibitor of coal auto-oxidation by Kaiser and Ghosh
[14], who noticed an increase in the coal ignition point as a result of its
application. Boric acid is also used to combat fires.

In the present work, the inhibitor was applied to the lowest-grade
coal—Dymitrov. The non-isothermal oxidation measurements were also
performed on the coal saturated with water and methanol, and air-dried in
both cases, to test the solvent influence on the inhibiting process.

In the case of coal saturated with boric acid in methanol (Fig. 3B), a mass
drop was observed on the TGA curve which was assigned to the evaporation
of methanol at 73°C. At about 166°C, H,BO, transforms into HBO,, which
is reflected on the DTG curve by a mass loss peak, and on the DTA curve by
an endothermal peak. The peak assigned to methanol evaporation has its
equivalent on the DTG and DTA curves. It is interesting to note that both
endothermal peaks (at 73 and 166°C) on the DTA curve appear in the region
where, previously, in the uninhibited sample undergoing non-isothermal
oxidation, the exothermal increase at the start of the pyrolysis band was
taking place. Additionally, both exothermal bands, which nevertheless ap-
pear in the inhibited coal sample, are substantially reduced. It was this
exothermal character of the oxidation reaction which led, usually, to self-
ignition of coal. As we can see, the saturating inhibitor and solvent go
through endothermal transformations which consume an excess of heat from
the oxidation and, by doing so, inhibit further oxidation.

The boric acid in water did not cause such visible mass losses on the TGA
curve and peaks on the DTG and DTA curves. However, the DTA ex-
othermal peaks were considerably reduced. This could be related to a higher
degree of penetration into the coal by the methanolic solution, due to its
higher dissolving ability of the coal structure than for the water solution.
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The above effects of endothermal peaks and the reduced character of the
exothermal effect in non-isothermal oxidation did not take place on samples
saturated with water or methanol.

Further, oxidation runs with pure solid powder of boric acid and with a
mixture of 50 wt.% Dymitrov coal and 50 wt.% boric acid were done to
check if peaks which appeared on DTA and DTG curves, taken from
Dymitrov coal saturated with a 3 g/100 ml solution of boric acid in
methanol or water, came from the solute. The 166°C peak for boric acid was
confirmed and two new endothermal peaks showed up for boric acid curves,
as well as for the boric acid—Dymitrov mixture. Those new peaks represent a
large endothermal effect at 140 and 196°C on the DTA and DTG curves,
and mass losses on the TGA curves. On Dymitrov-boric acid thermographs,
the three peaks appeared at 134, 172 and 196°C, respectively. They all
contributed, probably, to the reduction of exothermal bands on the DTA
curve taken from Dymitrov coal saturated with a 3 g/100 ml solution of
boric acid in methanol and water, and were not visible due to the small
concentration in solution.

In the case of EGA, a substantial reduction of T;0, takes place, as well as
an increase of 7,CO, for inhibited samples (Table 2 and Fig. 3). The reasons
for an earlier consumption of oxygen are not known. The increased tempera-
ture of evolution of carbon dioxide may be connected with the inhibiting
effect.

Results versus experimental conditions

At the beginning of this section (Results and Discussion), it was em-
phasized that the results of this work should be treated as being closely
related to the experimental conditions under which they were obtained. To
support this statement, Figs. 4A, B and C were presented, where non-isother-
mal oxidation was performed under different conditions. Samples were not
air-dried here, hence, water reacting with carbon forms small amounts of
methane.

Figure 4A presents non-isothermal oxidation of “unknown” sample with
air, heating rate 13.5°C min~! and grain size of the order of mm (few
irregular grains taken from a sample ground in mortar). For comparison, the
curves for the above standard conditions (0.06-0.075 mm grain size, 5.5
vol.% oxygen in helium as oxidizing mixture and 5.5°C min~' heating rate)
are presented in Fig. 4D.

The TGA curve in Fig. 4A looks similar to that with a heating rate of
5.5°C min~! and 5.5 vol.% oxygen in helium (Fig. 4D), however, M/ is
rather big (2.57 wt.%), suggesting a surface area of ca. 160 m* g™, close to
that of Marcel 2A under standard conditions. Undoubtedly, a major role
was played here by pyrolysis and increased oxygen concentration. Under the
same conditions of grain size and heating rate, but with a reduced oxygen
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concentration to 2.7 vol.% in helium (Fig. 4B), there is a shortage of oxygen
which is used entirely in reaction and no M7 shows up.

The DTA curve in Fig. 4A presents two bands, with the major role played
by the pyrolysis band. The course of this curve i1s similar to the DTA curves
of Wang and Shou [5] despite the fact that the heating rate is almost three
times higher. The pyrolysis band splits into two, which, supposedly, repre-
sent two phases of pyrolysis. After the first phase, ordering takes place
together with an additional adsorption of oxygen (see the small band in the
“minimum valley” on the DTG curve) and is followed by the second phase
of pyrolysis and oxidation. The DTA curve is shifted to higher temperatures,
which could be explained by an increased heating rate and slower oxygen
sorption. Nevertheless, intensive oxidation and decomposition determines
the domination of the first two bands over the second carbonization band.
Under standard conditions of grain size (Fig. 4D), grains are smaller and
such intensive decomposition does not take place, hence, the intensity of the
second carbonization band is higher than that of pyrolysis.

The DTG curve shows a maximum positive increase of the order of 3.57
mg h™!, corresponding to the maximum oxygen adsorption on the TGA
curve. Later, one sees a deep minimum described above. Maximum reaction
rate equals 39.9 mg h™'. EGA shows additional evolution of methane at
T.CH, = 374°C.

Figure 4B presents the oxidation results of the same sample with 2.7 vol.%
oxygen in helium and a 13.5°C min~! heating rate. There is no MI on the
TGA curve. DTG takes the form of one well-defined peak at 508°C,
corresponding to a rapid mass loss on the TGA curve. The high value of the
maximum reaction rate (44.26 mg h™!) compared with previous reactions,
suggests that active sites are blocked when there is an excess of oxygen. EGA
points to the complete oxygen consumption during oxidation, which gives 8
m? g~ ! for the active surface area. This value is, of course, too low due to a
lack of oxygen which, in larger amounts, would also chemisorb on the
surface and react. The DTA curve has a very diffuse character with a falling
tendency above 508°C, which corresponds to the minimum on the DTG
curve and a large mass loss on the TGA curve. The pyrolysis peak dominates
and the second carbonization peak is not visible, which suggests that most of
its intensity comes from oxidation taking place earlier in this experiment.
EGA shows the evolution of methane at 7,CH, = 400°C.

Figure 4C, for the same sample as in Figs. 4A and B, shows oxidation in
7.7 vol.% oxygen in helium with a 13.5°C min~! heating rate. Again, MI is
observed (ca. 1.1 wt.%) giving 69 m?> g~' for the surface area, which is
smaller than in Fig. 4A due to the smaller oxygen concentration. We see
similarities with Fig. 4A in the case of the pyrolysis band split and its
intensity being higher than for the second carbonization band. EGA shows
the evolution of methane at T,.CH, = 457°C.

The surface area of “Unknown” after oxidation under standard condi-
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tions, with MI = 1.4 wt.% (Table 2, Fig. 4D), amounted to 88 m? g~'. The
sample in Fig. 4C consisted of coal pieces, hence, its surface area is smaller.
In addition, on the DTA curve, the pyrolysis band is reduced in comparison
with Figs. 4A, B and C to a lower intensity than that of the second
carbonization band. (This was discussed above, in the analysis of Fig. 4A.)
On the DTG curve, the peak of maximum reaction rate is preceded by a
small band of mass gain with reaction rate 1.8 mg h~! corresponding to MI.

Sample “Unknown” was taken as unknown, and after proximate and
ultimate analyses the thermoanalytical parameters were measured. The coal
type according to Polish classification, found on the basis of volatile content,
Roga index, dilatometry and heat of combustion (Table 1), was that of
Marcel 2A. The parameters of thermal reactions have a lot of similar
features (see Table 2 and Figs: 1 and 4D).

CONCLUSIONS

Summing up the above results and discussion, one may definitely state
that thermogravimetry, derivatography and differential thermal analysis in
connection with evolving gas analysis provide parameters characterizing the
tendency towards oxidation for coals of different degrees of metamorphism.
The set of such parameters includes: T,;, T,,, MI, T,0,, T.CO, and T.CO
on the TGA curve and EGA; T, and 7; on the DTG curve; T,-T; on the
DTA curve.

Furthermore, from the MI and by EGA, one may estimate the maximum
active surface area for a given coal in the adsorption reaction of oxygen, as
well as the maximum active surface area (or the number of strong active
sites) in the oxidation reaction at a given temperature.

From the MI, conclusions concerning the degree of coal oxidation can
also be drawn.

The course of TGA, DTG and DTA curves, along with EGA, is an
important indicator of the efficiency of oxidation inhibitors.

All these findings point to further possibilities of thermoanalysis applica-
tions in coal reactivity research, apart from the proximate and mineral
content analyses.
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