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Abstract: The process of anthracite and its semi-coke combustion in the presence of 5 wt.% (in terms of
dry salt) additives of copper salts Cu(NO3), and Cu(CH3COO), was studied. The activating additives
were introduced by an incipient wetness procedure. The ignition and combustion parameters for
coal samples were examined in the combustion chamber at the heating medium temperatures (Tg) of
600-800 °C. The composition of the gaseous combustion products was controlled using an on-line gas
analyzer. The fuel modification with copper salts was found to reduce the ignition delay time on
average, along with a drop in the minimum ignition temperature Ty, by 138-277 °C. With an increase
in Tg temperature, a significant reduction in the ignition delay time for the anthracite and semi-coke
samples (by a factor of 6.7) was observed. The maximum difference in the ignition delay time between
the original and modified samples of anthracite (AT; = 5.5 s) and semi-coke (AT; = 5.4 s) was recorded
at a Tg temperature of 600 °C in the case of Cu(CH3COO),. The emergence of micro-explosions was
detected at an early stage of combustion via high-speed video imaging for samples modified by
copper acetate. According to the on-line gas analysis data, the addition of copper salts permits one to
reduce the volume of CO formed by 40% on average, providing complete oxidation of the fuel to
CO;. It was shown that the introduction of additives promoted the reduction in the NOy emissions
during the combustion of the anthracite and semi-coke samples.

Keywords: anthracite; semi-coke; ignition; combustion; activating additive; copper acetate; copper nitrate

1. Introduction

Coal is considered as one of the main pollution sources worldwide [1]. Despite this, its significant
share in both the primary energy (more than 25%) and, especially, electricity generation (around 35%) [2]
makes it impossible to avoid using coal technology in the upcoming decades. That is why improving
the existing technologies has attracted much interest during recent years. While the application of
anthracite for power generation is characterized by higher pollutant emissions [3], its combustion has
been thoroughly studied recently [4-6]. The catalytic combustion process is a viable technology for the
low reactivity fuels [4,5,7,8], like anthracite, which permits one to increase the effectiveness of the fuel
conversion [4,9] and enhance the environmental characteristics of the corresponding equipment [1,10].
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The catalytic properties of different metals (predominantly, alkali and alkali-earth metals) have
been extensively studied during recent decades [6,11-15]. The experimental character of such studies is
caused by the complexity of the coal structure and the processes taking place during coal heating [16],
which are too complex to precisely simulate. The major contribution to the research on the effect of
transitional metals (using Ce and Fe oxides) in different forms on the combustion of anthracite and
some other coals was made by Gong et al. [5,7,8,17,18]. The significant promoting effect of CeO, and
Fe,O3 on the combustion of different coals (predominantly based on the thermal analysis data) was
reported [6,7,11]. The action mechanism of the activating additive proposed in [7,13] is based on an
assumption of consecutive oxidation and reduction reactions of metal oxide. The more significant
catalytic effect of CeO, and Fe,O3 was observed for the samples with higher fixed carbon content [5],
indicating that their application, together with high-quality coals, is more effective. In addition,
some researches were performed using oxides of La [14], Mn [4], Zn [19], Cu [20,21], but only the latter
was found to have a considerable effect on the combustion process. The use of the metal oxide precursors
instead of oxides themselves was found to have an even stronger effect [20,21], as, for example, in the
case of the copper oxide precursor [20].

At the same time, the unexpected effects could appear under the conditions of real equipment
due to different chemical reactions occurring at high heating rates [4,22] and possible interactions
between the ash components and promoting additives [8,18,21,23]. While the general regularities of
thermogravimetry could be projected on actual equipment and processes to improve the applicability
of results, the advanced experimental technics had been utilized recently [4,15,24,25]. This allowed for
getting new insights on the mechanism of combustion promotion with the activating additives.

A study on the oxidation of anthracite modified with the copper oxide precursor additive under
the conditions of the thermal analyzer was recently reported [20]. However, as mentioned earlier,
the thermal analysis does not allow for obtaining the results relevant to the further application.
The present research is focused on the investigation of the effect that the copper oxide precursors
might have on the combustion of anthracite and its semi-coke at conditions similar to the real
anthracite-fired equipment.

2. Materials and Methods

2.1. Preparation and Characterization of the Samples

The initial samples studied in the present work were anthracite (further referred to as ‘A’) from
the Krasnogorsk deposit of the Kemerovo region and semi-coke (designated as ‘SC’) obtained after its
pyrolytic treatment [26]. Firstly, a sample of anthracite (with a particle size of 5-10 mm) was ground
in a rattler in the following grinding mode: the mass ratio of grinding bodies to the material was
1:1, and the grinding time was 8 h. The grinding procedure was followed by the screening to get
the fraction with a size < 80 um. Then, a part of the obtained anthracite powder was subjected to
pyrolytic heating in a rotating reactor with a constant purging with an inert gas (argon) at 650 °C
(heating rate of 10 °C/min) for 3 h. The proximate analysis (moisture, ash, volatile matter content,
and calorific value) was performed according to the ISO standardized methods: ISO 589: 2008 “Hard
coal—Determination of total moisture”; ISO 1171: 2010 “Solid mineral fuels—Determination of ash”;
ISO 562: 2010 “Hard coal and coke—Determination of volatile matter”; and ISO 1928: 2009 “Solid
mineral fuel. Determination of gross calorific value and calculation of net calorific value”. The obtained
characteristics are presented in Table 1.

The proximate analysis results of the anthracite and semi-coke samples reveal high values of the
ash content of 17.7 and 21.4 wt.%, respectively. The anthracite sample volatile matter content (7.2 wt.%)
exceeds the average values typical for the fuels with such a high coalification degree. The pyrolytic
processing of the initial sample reduces this value to 1.7 wt.%.
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Table 1. Characteristics of the anthracite (A) and its semi-coke (SC) samples.

Characteristic A SC

Moisture content W 2, wt.% 2.1 0.7
Ash content A 4, wt.% 17.7 21.4
Volatile matter content V 9af wt.% 7.2 1.7
Net heating value, MJ/kg 24.8 26.2

Indexes a, d, and daf are analytical, dry and dry-ash-free mass of the sample.

Samples A and SC are also different in particle morphology, as can be seen from the micrographs
shown in Figure 1. The images were obtained using a JSM-6460LV scanning electron microscope
(JEOL, Japan) with a focused ion beam.

Figure 1. SEM images of the initial anthracite and semi-coke samples: (a,c)—sample A; (b,d)—sample SC.

The studied samples consist of faceted particles of an irregular shape with a monolithic surface
containing a number of smaller fragments less than 5 pm in size. It is important to note that the SC sample
(Figure 1b,d) has a more heterogeneous surface with various cavities and cracks, whose formation
can be associated with the removal of volatile compounds (Table 1) during the pyrolytic treatment
of anthracite.

2.2. Introduction of the Activating Additives

The crystalline hydrates Cu(NO3),-3H,0 and Cu(CH3;COO),-H,O were used as precursors.
The modification of the sample with salt was performed by an incipient wetness impregnation procedure
described elsewhere [27,28]. This method was proven to provide a rather uniform distribution of the
additive over the surface of the fuel’s powder particles [27]. The content of the activating additive
was 5 wt.% (in terms of dry salt) for all the samples. The reference samples (without additives) were
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subjected to the same procedures using distilled water instead of aqueous solutions of salt and dried.
This allowed us to conduct the same processing steps as in the case of modified samples.

The chemical composition of all the studied samples, including ash content, was determined using
an elemental analyzer Euro EA 3000 (EuroVector, Italy). The results are given in Table 2. Here and
throughout, the samples appear in the text according to their tags.

Table 2. List of the synthesized samples, their designations and chemical compositions.

Type and Content of Tag Elemental Composition !, wt.% Ash Content A 1,
Additive C H N S O H/C ©O/C wt.%
Anthracite

No additive A 69.9 1.4 1.2 0.2 9.6 024 0.09 17.7

5 wt.% Cu(NO3), Al 628 14 21 02 134 027 016 20.1

5wt%Cu(CH;COO), A2 644 17 10 01 129 032 0.15 19.9
Anthracite Semi-Coke

No additive SC 73.8 1.0 1.1 0.1 2.6 0.16 0.03 214

5wt%Cu(NOs),  SC/1 686 11 17 01 50 019 005 234

5wt.% Cu(CH;COO), SC2 675 15 09 01 60 027 007 240

! in relation to the mass of a dry sample.

A certain increase in the ash content was observed for all the modified samples due to the copper
oxide formation resulted from the sample combustion. The increase in ash content when using the
studied additives of copper salts was 2.1-2.6 wt.%.

The O/C ratio was also found to be increased by 1.5-2.5 times for all the modified samples. For the
anthracite samples, the O/C ratio was higher than for the semi-coke samples due to the removal of
oxygen-containing species during the pyrolysis [29,30]. According to the data in Table 2, for the
modified samples, an increase in the H/C ratio could be observed. For modified samples, its value was
1.1-1.6 times higher than for the original samples of anthracite and semi-coke.

The apparent growth in the nitrogen content for the samples modified with Cu(NOs), can be
explained by the nature of the used additive [31].

2.3. Combustion Experiments

The ignition and combustion characteristics of the fuel samples were studied using an experimental
setup schematically shown in Figure 2.

The setup comprises a combustion chamber, a high-speed video camera, an on-line gas analyzer,
and a coordinate mechanism with a movable sample holder. The TSMP Ltd. R14-U furnace with a
temperature controller was used as a combustion chamber. The Fastcam CA4 5 (Photron, San Diego,
CA, USA) camera was applied for the process imaging. The recording procedure was performed with a
1024 x 1024 resolution at a frame rate of 105 fps. The holder of the coordinate mechanism was adjusted
to stop in the center of the furnace where the temperature was equal to the preset value.

For the study, a specimen of ~0.1 + 0.01 g was loaded in a cylindrical cup. Then the cup was
placed upside down on the holder of the coordinate mechanism and removed. The small pile of the
sample of a conical form obtained by this procedure was left on the holder of the coordinate mechanism.
The experimental procedure consisted of a few consecutive stages. In a temperature-controlled
furnace, the required temperature of the heating medium was preset (in a range of 600-800 °C with an
intermediate step of 50 °C) and controlled using a chromel-alumel thermocouple. In the beginning,
the fuel was located on the sample holder. Then the coordinate mechanism was launched via PC,
and the sample was supplied into the furnace. The recording procedure was started at the moment
when the sample crosses the internal wall of the furnace. The gas-phase combustion products were
removed into the ventilation system. The on-line gas analyzer was used to define the composition of
the outlet gases.
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Figure 2. Experimental setup for studying the combustion process of the solid fuels.

A comparative assessment of the ignition process characteristics at different temperatures of
the heating medium was carried out by analyzing the ignition delay time recorded by means of a
high-speed video camera. The ignition delay time was considered to be the time from the moment
when the holder with the fuel sample entered the focus of the video camera to the beginning of the
visible glow on the fuel surface, which corresponds to the beginning of the combustion stage. At least
5 parallel experiments were carried out under the same conditions for each sample under study.

2.4. Determination of the Minimum Ignition Temperature

The minimum ignition temperature T i, was determined as the lowest temperature of the heating
medium, at which the ignition of the fuel sample takes place. The procedure was as follows: the sample
was supplied into the furnace and exposed for 1 min. The ignition event was registered in the case when
the visible glow was observed on the surface or in the bulk of the fuel sample. The next temperature
point was chosen by the half division method [32].

3. Results

3.1. Ignition Characteristics of the Fuel Samples

Figure 3 shows the temperature dependencies of the ignition delay time measured for the samples
of anthracite and semi-coke modified with various additives in a temperature range of 600-800 °C
(with a step of 50 °C).
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Figure 3. The dependencies of the ignition delay time on the temperature of heating medium for the
samples of anthracite (a) and semi-coke (b).

One can see from Figure 3 that with a rise in the heating medium temperature (from 600 to 800 °C),
the ignition delay time was decreased for all the studied samples (by 6.1 and 7.4 times for samples A for
SC, respectively). The obtained curves are characterized by an exponential dependence. The different
values of the ignition delay time for anthracite and semi-coke at similar temperatures could be caused
by differences in the composition of the samples.

Thus, an introduction of the additives resulted in a significant reduction in the ignition delay
time. The largest change in this parameter was observed in the case of the copper acetate additive.
The average values of the relative change in the parameter Ti for the anthracite and semi-coke samples
modified with Cu(CH3COO), were 73% and 70%, respectively. For samples A and SC modified with
the copper nitrate, ATi values were 61% and 53%, respectively. Based on the obtained results, one can
conclude that Cu(CH3COO); is the most active promotor for the combustion process. It is worth
mentioning that the rise in the heating temperature (from 600 to 800 °C) caused an increase in activity
of the used additives (expressed in a relative change in the ignition delay time between the original
and modified samples)—by 1.4 and 2.5 times for A- and SC-series, respectively.

The major reasons for the promotion of the combustion process seem to be an involvement of the
solid and gaseous products of the salts” decomposition into the ignition stage, as well as the thermal
effects of these processes. Various additives had different activating mechanisms corresponding to
their chemical nature. For instance, the possible mechanism of the copper nitrate action includes the
following chemical reactions:

Cu(NOj3); = CuO + 2NO; + O, + 213 J/mole 1)
2Cu(NO3); + 3C — 2CuO + 4NO + 3CO;, — 923 J/mole 2)
C +NO,; —» CO + NO - 54 J/mole 3)

2CO + 2NO; — 2CO; + N; — 634 J/mole 4)

NO + 1/20, 2 NO; — 57 J/mole (5)

C+ Oy —» CO, — 394 J/mole 6)

The initial stage implies the decomposition of Cu(NOj3); (1) with the consequent formation
of nitrogen oxides (2) and (3). The NO; species (5) formed during the decomposition can act as a
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strong oxidizing agent for the combustion of fuel carbon (3) and released volatile substances (4) [33].
In this case, carbon could serve as a reducing reagent (reaction 2), accelerating the salt decomposition
process. The interaction of the residual carbon with air oxygen is described by the reaction (6) and is
accompanied by the further oxidation of the nitrogen oxide.

The decomposition of Cu(NO3); results in the appearance of the dispersed non-stoichiometric
copper oxide, which may be composed of different CuOx phases. Further oxidation of copper species
predominantly results in the formation of a single copper oxide phase CuO, which is known to be a
very active catalyst for heterogeneous oxidation reactions (6) [34]. The emergence of the dispersed
CuO is assumed to exert an additional promoting effect on the anthracite and semi-coke combustion.

In atmospheric air, the copper acetate decomposition is followed by the complete oxidation of the
released products to form carbon dioxide and water, according to the following gross reaction (7):

Cu(CH3COO0O); + 40, — CuO +4CO; + 3H,0 - 1583 J/mole (7)

The decomposition of Cu(CH3COO),; accompanied by the oxidation of the released products
has a very strong exothermal effect [35,36], which, in turn, provokes the earlier release of the volatile
compounds from the fuel. As a result, the observed ignition delay time tends to be reduced for the
modified samples.

It is worth noting that the observed change in the ignition delay time of the activated anthracite
and semi-coke samples could be associated with an increase in the O/C ratio (Table 2).

Figure 4 compares the determined values of the minimum ignition temperature for the
studied samples.
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Figure 4. The dependencies of the ignition delay time on the temperature of heating medium for the
samples of anthracite (a) and semi-coke (b).

The highest ignition temperature was characteristic for the reference SC sample (Tpin = 535 °C),
which is presumably associated with the minimum content of volatile matter and high carbon content
in terms of the dry ash-free mass of the sample (Tables 1 and 2). For the reference A sample, Ty, was as
high as 486 °C. The introduction of the activating additives led to a significant decrease in the minimum
ignition temperature (from 138 to 277 °C). In this case, the highest values of Ty, (235 °C and 277 °C)
were observed for the samples modified with copper acetate (A/2 and SC/2, respectively). It is worth
mentioning that for the sample with high carbon content (SC), the activating effect of the additive
was the most expressed. The observed result is in good agreement with the data reported in the
literature [5,7]. This was explained by the fact that the coal surface possesses the active O-containing
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functional groups [29]. The higher the coalification degree of fuel, the lower the content of O-groups,
which is illustrated by the results of the elemental analysis presented in Table 2.
3.2. Combustion Characteristics of the Fuel Samples

The characteristic images of the ignition and subsequent combustion stages for the studied samples
are given in Figures 5 and 6 for the anthracite and semi-coke series, accordingly.

Ignition® 10s

Figure 5. The ignition and subsequent combustion of the A-series samples at a heating medium
temperature of 800 °C. (* Ignition delay time: A—1.5s, A/1—0.4 s, A/2—0.2 s).

The physical model of the ignition and subsequent combustion processes comprises a set of
consecutive and parallel stages: the heating and the moisture evaporation; the thermal destruction
of the samples and the beginning of the volatile matter release; the mixing of the combustible gases
(including the gas-phase decomposition products of the deposited additives) with an oxidizing medium;
and the thermal decomposition of the carbon residue in a flameless combustion regime in the presence
of catalytically active copper oxide [34].

In the case of the samples modified by Cu(NO3),, such a combustion regime at the initial stage
was caused by the low content of the volatile matter (Table 1). For the reference samples A and SC,
with the expiration of the residence time (from the moment of ignition) under the conditions of the air
heating, the propagation of the combustion front from the surface to the center of the specimen was
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observed without a pronounced zone of local ignition. Later (in the time interval between 5 and 10 s),
the glow intensity was increased, which is explained by an increase in the combustion temperature [37].
At the same time, for the A sample, in contrast to the SC sample, a more intense propagation of the
combustion front was observed, which could be associated with a higher content of the volatile matter
in the composition of this sample (Table 1). Thus, the release of a larger amount of volatiles at an early
stage of the thermal transformation of the sample is thought to promote the oxidation and propagation
of the combustion front.

Ignition®

-Scfz -

Figure 6. The ignition and subsequent combustion of SC series samples at a heating medium temperature
of 800 °C. (* Ignition delay time: SC—1.7 s, SC/1—0.3 s, SC/2—0.2 s).

For the modified samples, along with the early ignition and decrease in the minimum temperature
corresponding to this process, an intensive propagation of the combustion front was observed after
the sample ignition. Presumably, this was caused by an improvement in the efficiency of the oxygen
diffusion inside the porous space of the sample due to the appearance of new channels and cracks in its
structure, which could be formed due to the decomposition of the activating additives within the pores
of fuel particles. It was earlier found [38] that the introduction of copper-salt additives (for example,
Cu(NO3),) speeds up the volatile matter release due to the significant morphological change occurred
on the particles’ surface.

At the late periods of combustion, the catalytic effect of CuO [34] results in the further development
of the specific surface area of the fuel particles, thus boosting the oxygen supply to the sample.
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In particular, it should be noted that an additional improvement in the processes of mass transfer
during the oxidation of modified samples could apparently be provided by certain micro-explosions
(for samples A/2 and SC/2), which are observed at the early stage of the combustion process.

For the samples modified with copper acetate, the formation of micro-explosions was recorded
during the entire time interval of the combustion process (Figures 5 and 6), which is similar to the
explosions accompanying the combustion of metal powders [39]. In this case, the epicenter of the
micro-explosions can be observed both from the surface and bulk of the fuel specimen. This effect
could be associated with the intense release of flammable gases of the volatile matter that appeared
during the thermal decomposition of the additives. Additionally, some gas-phase products of thermal
decomposition of the additives in the form of carbon monoxide could also promote the ignition and
combustion of the studied fuels. In this case, the peculiarity of combustion is associated with the
formation of a stable visible flame near the surface of the specimen, which was formed as a result of
the micro-explosions” occurrence in the early period of the combustion. The size of the observed flame
was approximately two times higher than the height of the sample pile. Presumably, the formation of
such a flame is related to the reactions of air oxygen with the gas-phase products of the copper acetate
decomposition (vapors of acetone, acetaldehyde, and acetic acid [35,36]).

Thus, for the anthracite and semi-coke samples modified with copper acetate, the combustion
process is characterized by the gas-phase ignition mechanism. It takes place as soon as the threshold
concentrations and temperature of the mixture of the combustible gases evolved into the thermal
decomposition of additives are reached. This effect leads to a significant change in the structure of
particles facilitating the effective opening of their porous structure. Subsequently, this effect may cause
a more intensive release of the volatiles and faster propagation of the combustion front.

The same can be said about the samples modified with copper nitrate. Earlier [40], it was found
that the combustion of bituminous coal modified with the copper nitrate additive was accompanied
by the formation of successive micro-explosions, which leads to a significant change in the shape of
the fuel particles. For these samples, such pronounced effects were not observed due to the different
physicochemical structure of the fuel. An exception was the change in the surface of the fuel specimen
at the early stage of the fuel exposure in the combustion chamber.

3.3. Gas-Phase Combustion Products

The main gas-phase combustion product for all the studied samples was carbon dioxide, for which
the behavior profiles had a similar character with the mass loss of the fuel sample during the thermal
transformation [20,21]. The differences in the formation character of other gases, CO and NOy, are of
great interest. The experimental results for anthracite and semi-coke are presented in Figures 7 and 8,
respectively. For each sample, the integrand area of the CO and NOj release curves was also calculated,
thus characterizing the total amount of each gas formed. These values, as well as the ratios of the
integrand areas determined for the initial and modified samples, are summarized in Table 3. Based on
these data, the contribution of the activating additive to the combustion process was evaluated.

The analysis of the gas-phase combustion products revealed that the concentration profiles of CO
release (Figures 7a and 8a) had a monomodal form, which may be caused by the low content of the
volatile substances in the composition of the reference samples of anthracite and semi-coke (Table 1).
It is worth noting that for all the samples with an increase in the temperature of the heating medium,
a decrease in the amount of CO released along with a narrowing of the peak was observed. This was
due to the acceleration of the CO oxidation to CO,. On the other hand, the observed fact could also be
explained by a decrease in the time interval within which the combustion of the samples occurred.
The highest concentration of CO in the composition of the combustion products was obtained for the
SC sample.

For the samples with the activating additives, a significant decrease in the total amount of formed
CO was observed. For the modified samples, a decrease in the amount of CO was about 52% and 61%
for anthracite and semi-coke, respectively (Table 3). In this case, the CO concentration profiles for
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the modified samples were characteristically shifted to the left along the time scale. The maximum
decrease in the amount of CO was observed in the case of using copper nitrate (samples A/1 and
SC/1). Despite the fact that the greatest effect in lowering the temperature and ignition delay times
of anthracite and semi-coke was obtained in the case of Cu(CH3COO), additive (Figures 3 and 4),
the maximum CO concentrations for these samples were intermediate. Apparently, this was due to the
appearance of an additional amount of CO derived from the copper acetate thermal decomposition [36].
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Figure 7. The concentration profiles for the gaseous products formation during the combustion of the
studied anthracite samples at different temperatures of heating medium: (a) CO; (b) NOx.
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Figure 8. The concentration profiles for the gaseous products formation during the combustion of the
studied semi-coke samples at different temperatures of heating medium: (a) CO; (b) NOx.

The formation of NOy during the fuel combustion was associated with the high-temperature
oxidation of nitrogen contained in the fuel and atmospheric air. A decrease in concentration maxima,
as well as in the total amount of emitted NOy (by 35 % on average) for the studied samples modified
with copper acetate can be explained by a certain decrease in the nitrogen content in the fuel (Table 2)
and a lesser involvement of the molecular nitrogen from the air in the oxidation processes. On the other
hand, in the case of combustion of the modified A/1 and SC/1 samples, the process was accompanied
by the additional formation of nitrogen oxide due to the apparent decomposition of copper nitrate [31].
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According to the data presented in Table 3, the rise in Ty temperature leads to a decrease in
the S“Op1g/SC et ratio. This fact could be explained by the enhancement of the additive’s activating
properties at higher temperatures, which is consistent with the results of our previous work [21]. At the
same time, the greatest decrease in the amount of CO was obtained for samples modified with copper
nitrate (in particular, for sample SC/1).

Table 3. Relative integrand area of peaks related to CO an NOx release for the initial (SO,f and

GNOx 1y and modified (SCpg and SNO%y) samples.

Temperature of Heating Medium, °C

Sample 600 700 800 600 700 800

SCOMS/SCOref SNOXMS/SNOXref
A/l 0.58 0.52 0.48 1.63 1.49 1.06
AJ2 0.81 0.59 0.56 0.60 0.66 0.74

SC/1 0.72 0.58 0.39 1.45 1.27 1.03
SC/2 0.82 0.63 0.43 0.53 0.60 0.73

4. Conclusions

In the present work, the promoting effect of two different copper salt additives, Cu(NO3), and
Cu(CH3COO);, on the character of the anthracite and semi-coke combustion was investigated.
The results of determining the minimum temperature of ignition and the ignition delay time of fuels
allow us to conclude that the Cu(CH3COQO); additive made the greatest contribution to the activation of
the ignition process. In the case of using this additive for the anthracite sample, the minimum ignition
temperature decreased to 235 °C, and for the semi-coke sample, this value was 277 °C. The difference
in the obtained values is associated with a lower content of the volatile matter and oxygen-containing
functional groups present in the composition of the semi-coke sample. The reduction in the ignition
delay time for the samples modified with copper salts varied in a range from 50 to 70%.

The flameless regime of the combustion of the sample at the initial stage of fuel heating was
observed via a high-speed video camera. For the samples modified with Cu-containing additives,
the more intense flame accompanied by the micro-explosions was observed (at the early stage of
combustion). These micro-explosions were derived from the thermal deformation of the fuel particles
with the simultaneous development of their porous structure. As a result, a relatively large volume of
combustible gases was released, including the decomposition products of the introduced additives.

The composition of the gas-phase combustion products indicated the significant effect of the
copper salt additives, allowing one to decrease the CO concentration in the released gases with a
characteristic shift of CO-release peak to the earlier time period. Copper acetate facilitated a decrease
in the concentration of releasing nitrogen oxides (by 35% on average at different heating medium
temperatures) formed from atmospheric nitrogen during the coal combustion.

The results of this study expand our understanding of the possibilities of changing the reactivity
of fuels with a high coalification degree and provide new data on the features of their combustion in
the presence of copper salt activating additives. The revealed regularities of activated combustion
could also be further applied for the development of more effective combustion methods for solid fuels
with low reactivity, providing higher burnout and improving the environmental characteristics of the
released gaseous combustion products.
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