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Abstract The oxidation of lignite and bituminous coal samples modified by 5 wt% (in terms of dry salt) addition of copper

salts Cu(NO3)2, CuSO4, and Cu(CH3COO)2 was studied. The samples’ reactivity was studied by thermogravimetry within

a temperature range of 45–600 �C at a heating rate of 2.5 �C/min in an oxidizing environment. The introduction of

activating additives has resulted in a significant decrease in the temperature of intense oxidation onset (DTi = 20/94 �C), in
a reduction in the sample residence time in the volatile matter release region (Dte = 2/22 min) and the total duration of the

coal combustible mass oxidation (Dtf = 8/14 min). The Friedman method was used to calculate the activation energy

values for the oxidation process of the modified samples. The maximum change in activation energy values was observed

for the bituminous coal sample. The possible mechanism behind the action of the copper-salt additives, which activate the

oxidation of lignite and bituminous coal, is discussed. According to the data of mass spectrometric analysis, the con-

centration of NOx in the reaction products decreases as the temperature of the activated oxidation process is shifted towards

the low-temperature region.

Keywords Coal � Activated oxidation � Copper nitrate � Copper sulfate � Copper acetate � Thermo-gravimetric and mass

spectrometry analysis

1 Introduction

With the continuous growth of coal consumption for the

needs of the power industry (IEA 2017), there is an actual

challenge to improve technological approaches for

designing new and modernizing existing fuel-burning

equipment. One of the promising ways to enhance the

efficiency of the apparatus related to coal energy is the

catalytic combustion of solid fuels (Parmon et al. 2015).

This method is based on the effective initiation and

intensification of the combustion process of coal as a result

of activation of the oxidizing agent (in most cases—oxygen

(Simonov et al. 2013), which is accompanied by a signif-

icant decrease in the temperatures of the oxidation reac-

tions (by 350–750 �C, depending on the coal type). If

compared with traditional ways to burn the coal, the cat-

alytic approach makes it possible to soften the require-

ments for the thermochemical characteristics of the

equipment construction materials, reduce the heat losses,

simplify the process control and eliminate the undesirable

endothermic processes, which often lead to the formation

of secondary pollutants (Ismagilov and Kerzhentsev 1999).

Most of the researches in the field of catalytic com-

bustion of coal are focused on the use of various metal

oxides (Gong et al. 2009, 2010a, b; Wei et al. 2012; Huang

et al. 2013; Zhao et al. 2011). Thus, as reported by Guo

et al. (2014), the simultaneous introduction of Fe2O3 and

K2CO3 affects the kinetic characteristics of the combustion

of coals with different ranks.
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The results of the thermal analysis revealed that the

introduction of additives resulted in a decrease in the initial

ignition temperature and an acceleration of the thermal

decomposition and combustion of various solid fuels. It

was found that the character of the influence of the acti-

vating additives upon the combustion characteristics

depends strongly on the carbon content in the composition

of original coal and has a tendency to be increased with

increasing the coal porosity.

An important factor affecting the change in the coal

ignition temperature is the volatile matter pyrolysis rate

(Wang et al. 2012). According to the multiple studies

(Morgan and Jenkins 1986a, b; Jenkins and Morgan 1986),

metal cations contained in the high molecular weight

structure of coal contribute to decelerating the volatile

matter release. Thus, the higher the yield of volatile sub-

stances, the lower the catalytic effect of the additives used.

At the same time, the change in the initial ignition tem-

perature of fuels of different ranks is explained by the

nature of the oxidation reaction (homogeneous or hetero-

geneous) (Gong et al. 2010a).

It was suggested by Guo et al. 2014 that metal oxides

can be reduced to a metallic state or oxides with a lower

valence as a result of the interaction with carbon; after the

contact with oxygen, they may return to their initial state.

Thus, this process consists of repetitive cycles of subse-

quent oxidation and reduction stages. The transfer of active

oxygen from metal to carbon substrate accelerates the

oxidation process of the released pyrolysis gas (Li et al.

2007), followed by the combustion of the coke-forming

residue.

Moreover, in numerous papers, it is mentioned that the

solid oxide precursors (salts and their bases) are charac-

terized by strong oxidizing properties, low melting (de-

composition) temperatures, and good solubility in water

(Morozov et al. 2003; Ryu et al. 2004). The latter simplifies

their introduction significantly by means of impregnation

of the solid fuels.

For example, the introduction of Ni(NO3)2 as an acti-

vating additive was found to cause the maximum decrease

in the ignition temperature of lignite (by about 50 �C) if

compared with the addition of the following metal oxides:

CaO, Al2O3, Fe2O3 and CeO2 (Gong et al. 2010a; Zhao

et al. 2011). It should be noted that the nitrates decompose

with the formation of the corresponding transition metal

oxides, which are known to be capable of catalyzing fur-

ther coal oxidation (Ryu et al. 2004).

On the other hand, it was also reported that the use of

CuO as an activating additive resulted in a significant

increase in the reaction rate (Dwmax = ? 4%/min) with the

corresponding drop of the burning temperature of volatile

matter and coke residue (DT = 50 �C) (Li et al. 2007). Up
to now, salts-precursors of CuO were not yet studied. As

was recently found in our previous research, the addition of

copper nitrate had very positive effect on oxidation kinetics

of lignites, as compared with other metal nitrites studied as

activating additives (Larionov and Gromov 2019). So, in

the current paper we tried to study the extended set of

different copper salt precursors—Cu(NO3)2, CuSO4 and

Cu(CH3COO)2—which could promote the oxidation of

coals with different level of coalification.

2 Experimental

2.1 Preparation of coal samples and their

characterization

The following coal samples were studied: lignite of the

Borodinsky opencast mine of the Kansko-Achinsk coal

basin (sample L) and bituminous coal of the Alardinskaya

mine of the Kemerovo region (sample B).

The coarse samples (diameter = 0.5 mm), initially taken

for the experiment, were ground in a rattler in accordance

with the following regime: the ratio of the grinding med-

ium to the fuel was 1 : 1; the grinding duration was 9 h; the

resultant was sieved to obtain a fraction\ 80 lm. The

particle size distribution of coal samples was defined using

an Analysette 22 laser diffraction particle analyzer (Fritsch,

Germany).

Sieved coal powders were dried at 105 �C to constant

weight. The technical characteristics of the samples were

determined using standard methods (Tabakaev et al. 2019).

The mass fraction of the main elements in the samples (C,

H, N, S, O) was determined using the element analyzer

Euro EA 3000 (EuroVector, Italy).

Scanning microscopy research was performed using an

SEM JSM-6460LV instrument (JEOL, Japan) with an ionic

focused beam. The values of pore volume and average pore

size were determined by means of low-temperature nitro-

gen adsorption (BET method) using automatic gas-ad-

sorption analyzer 3Flex (Micromeritics, USA).

2.2 Introduction of the activating additives

Crystalline hydrates of the following copper salts were

taken as the activating additives: Cu(NO3)2�3H2O,

CuSO4�5H2O, and Cu(CH3COO)2�H2O. A brief description

of the starting compounds is presented in Table 1.

An incipient wetness impregnation procedure was used

to introduce the activating additives to the coal samples

(Tokareva et al. 2014). A water–ethanol solution with a

volumetric ratio of C2H5OH/H2O = 50/50 was used for the

impregnation, which made it possible to overcome the

problem of the hydrophobicity of the pristine coal samples.
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The moisture capacity of the dried coal samples (in mL/g)

was measured before the impregnation procedure.

Based on the moisture capacity data, the required

amount of the initial salts to be dissolved in a C2H5OH/

H2O mixture was defined. The obtained solutions were

used to impregnate the coal powders. The prepared samples

were kept in an oven at 105 �C for 20 h. The concentration

of additives in all the samples (in terms of dry salt) was 5

wt%. For comparative analysis, the reference samples free

of additives were also prepared by the same preparative

procedures. The list of the prepared samples and their

labels are given in Table 2.

2.3 Thermogravimetric and mass-spectrometric

analyses

The oxidation of the modified coal samples was studied

using an STA 449 C Jupiter simultaneous thermal analyzer

(Netzsch, Germany). All experiments were carried out at a

heating rate of 2.5 �C/min in a corundum crucible with a

perforated lid within a temperature range of 45–600 �C. A
sample of 15 mg was placed into the crucible and purged

with air with a volumetric flow rate of 60 mL/min. In some

cases, the refining experiments in an inert atmosphere

(nitrogen) at a gas flow rate of 60 mL/min were also per-

formed. All the TG experiments were conducted under

atmospheric pressure. In order to define the kinetic char-

acteristics of the activated oxidation process, it was

realized at different heating rates of 2.5, 10, 25 and 40 �C/
min in a temperature range of 45–1000 �C.

For all the sample series, a qualitative analysis was

carried out to determine the composition of the gaseous

products at the outlet of the thermal analyzer chamber. The

analysis was performed using a QMS 403 D Aeolos cou-

pled quadrupole mass spectrometer (Netzsch, Germany).

2.4 Definition of the kinetic characteristics

of the coal oxidation process

A comparative assessment of the coal oxidation parameters

was carried out on the basis of physical characteristics

(temperature, time, and oxidation rate), which were cal-

culated by the graphical method (Zou et al. 2016) from

experimental TG and DTG curves (Fig. 1).

Points A and B on the TG curve characterize the onset

temperature (Ti) and the temperature of completion of the

oxidation process (Tf), respectively. Point C at the extre-

mum on the DTG curve represents the maximum value of

the weight loss rate (wmax) at the corresponding

Table 1 Characteristics of the starting chemicals (Wayne 2005)

Additive Molar

mass

(g/mol)

Decomposition

temperature

(�C)

Solubility in

water (g/100 g of

solvent)

Cu(NO3)2�3H2O 241.6 170 124.7

CuSO4�5H2O 249.7 650 32.6

Cu(CH3COO)2�H2O 199.6 290 7.2

Table 2 The list of synthesized samples and their labels

Additive Molar mass (g/mol)

Lignite of Borodinskiy opencast coal mine

Initial sample L

L ? 5% Cu(NO3)2 L/1

L ? 5% CuSO4 L/2

L ? 5% Cu(CH3COO)2 L/3

Bituminous coal of Alardinskaya mine

Initial sample B

B ? 5% Cu(NO3)2 B/1

B ? 5% CuSO4 B/2

B ? 5% Cu(CH3COO)2 B/3
Fig. 1 The principle parameters for the oxidation of lignite a and

bituminous coal b to be defined from TGA and DTG data
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temperature (Tmax). Based on the obtained temperature

values, the following time parameters of the oxidation

process were determined: te (time of heating up to Ti) and tf
(complete time of the sample oxidation). In the case of the

bimodal shaped DTG curves, an additional point D was

introduced with corresponding maximum reaction rate and

characteristic temperature (wmax2 and Tmax2).

The dependence of the activation energy of the oxida-

tion process (Ea) on the conversion was determined using

the Friedman method (Kok 2002; Xie and He 1998; Santos

et al. 2007; Coats and Redfern 1964; Vyazovkin et al.

2011). The differential Friedman method only was applied

because, according to our earlier studies, the significant

variation of activation energy values was expected (Slyu-

sarskiy et al. 2017). While the difference between maximal

and minimal activation energy values was expected to be

larger than 40%, the integral methods were not used

according to recommendations of the ICTAC committee

(Vyazovkin et al. 2011) . This method is based on the

following expression obtained by transforming the Arrhe-

nius equation:

ln
da
dt

� �
a;i

¼ ln f að Þ � Aa½ � � Ea

RTa;i

where da
dt

� �
a;i

is the rate of sample conversion at conver-

sion degree and heating rate; f (a) is the value of the kinetic
function at conversion degree; Aa is frequency factor at

conversion degree; Ea is activation energy at conversion

degree, J/mol; R is universal gas constant; Ta,i is sample

temperature at conversion degree and heating rate.

The values of the kinetic constants corresponding to a

fixed degree of conversion were determined using the lin-

ear approximation constants of the experimental depen-

dence of ln da
dt

� �
on 1

T. The frequency factor values were

calculated using a kinetic model of the first-order reaction

(Vyazovkin et al. 2011): f að Þ ¼ 1� að Þ. The conversion

dependences of the kinetic parameters were determined

within a conversion range of 0.05–0.95 with an increment

of 0.05, according to the recommendations reported else-

where (Vyazovkin et al. 2011). In order to exclude the

possible effects of the stages connected to the humidity

removal, the kinetic characteristics for the activated oxi-

dation process were defined in a temperature range of

150–1000 �C.

3 Results and discussion

3.1 Characteristics of initial and modified samples

The properties of the initial coal samples subjected to a

milling procedure and dried at 105 �C are presented in

Table 3. The characteristic differences in the chemical

composition of the studied samples should be noted. Thus,

there is a high content of volatile matter (about 40%) and a

relatively low ash yield (less than 5 wt%) in lignite that is

associated with its low degree of carbonization. In its turn,

the bituminous coal sample has a rather low content of

volatile matter (about 13%) and higher ash yield

(about 17%) and fixed carbon (about 70%).

Samples are also different in terms of the particle size

distribution (X50 = 13.9–20.4 lm) that could be explained

by certain differences in their morphology (Fig. 2) (Sri-

ramoju et al. 2019). Despite the low porosity (less than

0.03 cm3/g), this material is characterized by quite high

moisture capacity, which makes it possible to deposit the

highly soluble copper salts by the impregnation in one

stage (Table 3).

The scanning electron microscopy (SEM) micrographs

of the pristine coal samples are presented in Fig. 2. One

can see that the powders of coal consist of faceted irregular

particles with a heterogeneous surface and contained many

smaller fragments that were less than 5 lm in size. It is

important to note that the sample of bituminous coal, in

contrary with lignite one, has a more dense and uniform

surface structure.

Table 3 Characteristics of the pristine coal samples after drying at

105 �C for 20 h

Parameter Sample

L B

Ash yield (wt%) 4.5 16.5

Humidity (wt%) 1.0 0.3

Volatile matter content (wt%) 39.8 13.1

Fixed carbon content (wt%) 54.7 70.1

Moisture-holding capacitya (mL/g) 3.4 2.6

Elemental composition (wt%)

C 64.7 80.0

H 4.6 2.2

N 1.5 2.5

S \1 \1

O 28.2 14.3

Particle size distribution (lm)

X10 2.8 4.6

X50 13.9 20.4

X90 34.8 57.6

Average particle diameter (nm) 18.3 ± 0.07 26.5 ± 0.09

Porosity

Average pore size (nm) 20.5 11.9

Overall pore volume (cm3/g) 0.03 0.01

ameasured for water–ethanol solvent (H2O/C2H5OH = 50/50)
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As it was reported in our previous work (Larionov and

Gromov 2019), where the results of EDX mapping were

presented, an introduction of salt by the impregnation

method (for the case of the lignite sample modified by

Cu(NO3)2) provides a fairly uniform distribution of the

activating additive throughout the surface of the coal par-

ticles. The results revealed that the uniform character of

copper distribution in the structure of the ash residue has

remained after the combustion of the samples (Larionov

and Gromov 2019).

3.2 Effect of activation additives on coal oxidation

characteristics

The results of the experimental study on the oxidation of

the samples by the TGA technique are presented in Fig. 3.

It was established that in all cases, the deposition of

copper salts has a rather significant activating effect, which

is expressed in a decreased value of the initial temperature

of coal oxidation (Ti). At the same time, the oxidation

process has a very similar character for all the studied

samples modified with the addition of copper salts.

As it can be seen from Fig. 3, the weight loss of the

pristine coal samples proceeds basically in four stages:

desorption of moisture (till 100 �C); thermal decomposi-

tion of particles with the release of volatile components

(100–310 �C); oxidation of volatile compounds after their

release (228–360 �C); and oxidation of the coke residue (in

a temperature range of 320–590 �C). At the 1st stage of the
heating process, the weight loss did not exceed 2%, which

is explained by the fact that the samples were dried before

the measurements. As it was already mentioned above, the

second stage starts from the endothermic process of the

coal decomposition and completes with the intensive oxi-

dation of volatile matter released from the coal particles.

This stage occurs in parallel with the 3rd one, during which

the thermal decomposition of the particles continues with

the release of more volatile compounds. A significant

change in the structure of the reacting part of the fuel with

the expansion of internal cracks and pores takes place in

the course of the stages 1–3. This process is accompanied

by an intensification of the interaction of the cracked sur-

face of coal with the oxidizing atmosphere.

As it follows from the shape of DTG curves, the char-

acter of the transition between the 3rd and 4th stages

depends on the type of coal having different content of

volatile matter and carbon (Table 3). This is the most

pronounced for samples of lignite, where the oxidation of

bFig. 2 SEM images of the pristine coal samples: a, c refer to sample

L; b, d refer to sample B
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the resulting coke residue occurs in parallel with the

burning of the released hydrocarbons.

The L-sample of lignite showed the lowest initial oxi-

dation temperature (about 240 �C). The B-sample of bitu-

minous coal, in its turn, is characterized by a lower content

of volatile matter and a later stage of their release, which

therefore resulted in the higher oxidation onset temperature

(310 �C). The complete loss of the combustible mass of the

L-samples takes place at temperatures about 420 �C; for
B-samples, this temperature is near 590 �C. The difference
in the values of Ti and Tf is assumed to be caused by the

current difference in the content of volatile matter and

carbon in the composition of the initial samples (Table 3).

The rate of volatile matter release strongly depends on

the initial morphology of the coal. So, the lignite charac-

terized by the heterogeneous structure and large volume of

the internal pores (Fig. 1, Table 3) is more susceptible to

the intense process of internal thermal decomposition,

causing the promoted release of the volatile matter with

their subsequent oxidation (Senneca et al. 2017).

It also can be seen from Fig. 3 that all the samples

modified by the addition of copper salts have a different

character and shape of the TG and DTG curves if compared

with the reference sample free of additives. For samples

modified by the addition of CuSO4�5H2O, the appearance

of an additional peak in the region of 120 �C can be

observed on the DTG curves that can be explained by the

dehydration of salt and corresponding formation of

monohydrate. In the temperature region corresponding to

the volatile matter release for modified samples (for

L-series: about 180–250 �C, for B-series: 210–300 �C), the
observed weight loss is substantially greater, in contrast to

the reference samples. It could be explained by the com-

plete or partial decomposition of salts. As it was already

reported (Larionov et al. 2019), the decomposition of salts

present in the structure of coal particles promotes a sig-

nificant shift of Ti to the low-temperature region.

It should also be noted that DTG curves for samples L/1

and L/3 indicate the bimodal nature of the oxidation pro-

cess (Fig. 3). Most likely, this is due to the intensification

of oxidation of the volatile matter released from the surface

of the particles in the low-temperature region of

210–290 �C.
For lignite samples, the maximum decrease in the Ti

parameter is observed for the L/1 sample, while the mini-

mal effect was recorded for the sample modified by the

CuSO4 additive. For the samples of bituminous coal, the

Fig. 3 TG- and DTG-curves for the oxidation of energetic coals modified with copper salts: a L series; b B series. The flow rate is 60 mL/min

(air), the heating rate is 2.5 �C/min, the temperature range is 45–600 �C, the sample loading is about 17 mg
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addition of CuSO4 demonstrated moderate activity in

comparison with other studied series of promoters.

Thus, the analysis of the influence of copper salt addi-

tives with different compositions on the acceleration of the

lignite oxidation process allows one to suggest the

following activity row: Cu(NO3)2[Cu(CH3COO)2[
CuSO4. The activity order for the bituminous coal would

be as follows: Cu(NO3)2[CuSO4[Cu(CH3COO)2.

Figure 4 presents a summary diagram showing the

effect of activating additives on the parameter DTi (change
in the initial temperature of active oxidation) for both types

of coal. It is seen that the highest DTi values (52 �C and

94 �C) were observed for the coal samples modified with

copper nitrate (L/1 and B/1, respectively).

It should be noted that the result obtained is also con-

sistent with the literature data (Gong et al. 2010a), where

an enhancement of the positive effect of the activating

additive along with the increase in the carbon content in the

sample was shown. The molecular structure of lignite, in

contrast to the bituminous coal, is characterized by the

greater number of lateral and bridging bonds that are sus-

ceptible to decomposition at a relatively low temperature.

In particular, this refers to the active O-containing func-

tional groups: –OCH3, –OH, –COOH, –C = O (Zhang

et al. 2017; Liu et al. 2016; Wang et al. 2016). With an

increase in the coal rank, the concentration of the func-

tional groups is decreased, and the activating additives

mainly affect the kinetics of the chain oxidation reaction

during thermal heating.

3.3 Mass-spectrometry analysis results

The mass spectrometry profiles for the NOx (m/z = 30) and

CO2 (m/z = 44) concentration in released gas-phase prod-

ucts during oxidation of the modified samples are presented

in Fig. 5. For the convenience of comparison, MS-analysis

data are presented together with the results of DTG anal-

ysis in Fig. 5. It could be seen that for all the samples

containing promoter additive, a release of NOx and CO2

(corresponding to oxidation products of additive decom-

position) in a temperature range of 130–480 �C takes place.

The lower graph in Fig. 5 represents the mass spectro-

metric data on the nitrogen oxides NOx (m/z = 30) release

for the different additives.

Regardless of the type of coal, an introduction of copper

nitrate causes significant changes in the MS profile. First of

all, the emergence of an intense broad peak in the low-

temperature region (190–220 �C) for all the studied coal

samples, which is obviously associated with decomposition

of the additive (Fig. 5), should be noted. The character of

the NOx release indicates that the decomposition of

Cu(NO3)2 had already begun at the temperatures close to

130 �C, thus indicating a certain degree of the carrier (coal)
participation in this process (Ruiz et al. 2010).

TG and DTG curves in Fig. 6 illustrate the process of

thermal decomposition of the 5 wt% Cu(NO3)2 salt

deposited on an inert carrier (a-Al2O3) as well as that of

modified samples L/1 and B/1. The supplement experi-

ments were performed in an inert medium (nitrogen) in

order to exclude the possible influence of the oxidizing

atmosphere on the thermal decomposition of copper nitrate

supported on a carbon substrate. It could be seen that there

is a shift to lower temperatures for the modified samples L/

1 and B/1, unlike the sample with the additive (copper

nitrate) deposited on an inert carrier (a-Al2O3 ? Cu(NO3))

�!DT i¼ 22�C L/1 �!DT i¼ 16�C B/1. Thus, the results

obtained are consistent with the data presented in Fig. 5.

The second (less intense) stage of NOx emission is

related to the formation of nitrogen oxides during the coke

residue combustion due to the involvement of molecular

nitrogen N2 in the oxidation process (Fig. 5). It should be

emphasized that in this case, the second peak DTNO2
was

also moved to a lower temperature region, the magnitude

of which depends on the nature of the activating additive. It

is important to note that this process is accompanied by a

noticeable decrease in the intensity of the NOx formation,

which is evident if compared to the data in Fig. 5.

Thereby, the nitrogen oxides NOx species resulted from

the decomposition of the coal-supported nitrate might be

responsible for the significant acceleration of the coal

oxidation process (Wang et al. 2015a, b) and initiation of

the early release of the volatile matter and their subsequent

oxidation. A comparison of the DTG and MS-analysis

results (Fig. 5) allows one to conclude that the temperature

shift of the oxidation onset DTi is directly connected to the

decomposition temperature of the corresponding metal

nitrates. The possible mechanism of the Cu(NO3)2 acti-

vating additive action during the coal oxidation has already

been reported (Larionov and Gromov 2019). The first stage
Fig. 4 The effect of the activating additive type on the change in the

initial oxidation temperature (DTi) for modified coal samples
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of the transformation is associated with the decomposition

of copper nitrate (in a temperature range of 130–170 �C)
and the formation of nitrogen oxides. Thus formed NO2

could act as a strong oxidizing agent during the oxidation

of volatile matter and coke residue (Shao et al. 2016; Wang

et al. 2015a, b).

After completion of the Cu(NO3)2 decomposition, the

dispersed non-stoichiometric copper oxide is formed. It

may be composed of a set of different oxide phases: CuO,

Cu2O, and Cu2O3. However, a further temperature increase

to the values above 400 �C in the oxygen-containing

atmosphere results in the stabilization of a single phase of

copper oxide (CuO). At the same time, the copper oxide

formed during the above-mentioned reactions (Chen et al.

2008) is known to be a very active oxidation catalyst in

various processes of heterogeneous catalysis. Thus, the

presence of the dispersed CuO particles on the surface of

coal might be considered as another factor accelerating its

oxidation.

There are two types of interaction of copper sulfate with

the coal, which could be considered. The first type is

related to reactions of small fragments of the additive with

the active oxygen-containing functional groups of the coal

(Lin et al. 2012) (which are released in the form of

hydrocarbons during the heating). The second type already

mentioned above takes place during the close contact of the

formed catalytic particles CuOx with the coke residue.

It was assumed that the release of SO2 during the partial

decomposition of CuSO4 on the carbon substrate could

contribute to the activation of the volatile matter release

and their further partial or complete oxidation (depending

on the reaction medium). As a result, the more intense CO2

Fig. 5 MS profiles of NOx and CO2 emission a and b samples of lignite and bituminous coal, respectively). The air flow rate was 60 mL/min;

the heating rate was 2.5 �C/min; the temperature range was 45–600 �C; the sample loading was about 17 mg
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emissions are well seen in Fig. 5 as the more broad peaks

on the corresponding DTG-curves (Fig. 4).

For the samples modified by the addition of copper

acetate, the process of carbon dioxide release (m/z = 44)—

the main oxidation product of a combustible substance—is

characterized by a bimodal character (Fig. 5). The shape of

the MS profile for CO2 replicates the corresponding DTG

curves (Fig. 4): it includes both the processes of Cu(CH3-

COO)2 salt decomposition and the oxidation of the released

volatile matter.

According to Lin et al. (2012), thermal decomposition of

copper acetate monohydrate Cu(CH3COO)2�H2O in an

oxygen-containing medium is accompanied by the loss of

water at around 130 �C followed by the decomposition of

salt in a temperature range of 220–300 �C. The primary

gas-phase products of Cu(CH3COO)2 decomposition (va-

pors of acetone, acetaldehyde, and acetic acid) are further

oxidized to carbon dioxide and water during interactions

with atmospheric oxygen.

As the oxidation reactions of the gas-phase decompo-

sition products of copper acetate are exothermic ones

(Obaid et al. 2000), the generation of additional heat takes

place. They contribute to earlier thermal decomposition of

the coal particles, thus initiating the release of volatile

matter (for samples L/3 Ti = 213 �C, for B/3 Ti = 262 �C).

3.4 Effect of heating rate on the activating

properties of additive (copper nitrate)

Thermal analysis results for the initial and modified by

copper nitrate coal samples at different heating rates are

given in Figs. 7 and 8 in the form of TG and DTG curves.

As can be seen from Figs. 7 and 8, with increasing the

heating rate, the oxidation process is shifted towards the

high-temperature area for all the studied coal samples. As a

result of the changing temperature regime of the process,

the combustible mass of the samples was increased along

with the average and maximal oxidation reaction rates. At

the same time, the slope of TG-curves became more

smooth (Fig. 7).

Changes in the TG-curves of the coal oxidation process

are reflected in the DTG-curves (Fig. 8). It is well seen that

with increasing the heating rate of the samples, the

obtained DTG-curves change shape from bimodal to

monomodal with a simultaneous increase of the reaction

rate. The most obvious example is represented by B series

samples (B/1). In their case, the first peak of volatile matter

oxidation at the minimal heating rate (2.5 �C/min) was

transformed into the characteristic shoulder of monomodal

extremum of the DTG-curve, which was obtained at the

maximal heating rate (40 �C/min). At the same time, it is

worth mentioning that increasing the heating rate resulted

in an increased width of the DTG-curves.

For B/1 sample at the maximal heating rate (40 �C/min),

the most significant change of Ti was observed (115 �C),

Fig. 6 TG- and DTG-curves of the thermal decomposition of copper

nitrate and energetic coals. The nitrogen flow rate was 60 mL/min;

the heating rate was 2.5 �C/min; the sample loading was about 17 mg

Fig. 7 TG-curves for the oxidation of the coal samples at different

heating rates. a L series samples; b B series samples. Initial samples

are denoted by a black line, the modified samples are denoted by a red

line
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while at a heating rate of 2.5 �C/min DTi was 70 �C. For
L/1 sample at a maximal heating rate, DTi was found to be

75 �C. The difference in a decrease in the oxidation com-

pletion temperature DTf has the same tendency as Ti
parameter. The most significant decreasing of the Tf
parameter (180 �C) was observed for B/1 sample at 40 �C/
min heating rate. For L/1 sample at the same heating rate,

this value was equal to 120 �C.
This effect can be explained by catalytic activation of

formed non-stoichiometric copper oxide CuOx at the high-

temperature area of the process, which is achieved quicker

with the high sample heating rate. The more intensive

process of oxygen transfer in the system ‘oxidizer-catalyst-

substrate’ leads to the maximal reaction rate of the formed

residue carbon oxidation wmax (Fig. 8). It resulted in earlier

completion of the modified sample thermal decomposition.

It is worth mentioning that with increasing the heating

rate, the shift of temperature extremums DTmax1 and

DTmax2 corresponding to maximal reaction rate has nearly

the same values.

3.5 Evaluation of the parameters and kinetic

characteristics of the coal oxidation

The analysis of the oxidation characteristics (Table 4)

indicates that the total oxidation time tf of the combustible

mass is being reduced with a decrease in the intense oxi-

dation onset temperature Ti of the modified samples. It

ultimately resulted in the shift of the process to the low-

temperature region. It is worth mentioning that the largest

change in the rate of weight loss corresponds to the stages

of volatile matter release and oxidation. A decrease in the

initial temperature of intensive oxidation leads to a corre-

sponding reduction of the total residence time of the

samples in the temperature range of volatile matter release

te.
a These parameters were used in the case of the bimodal-

shaped DTG-curve. In the case of the monomodal-shaped

curve, the following parameters were used for analysis:

Tmax1, wmax1, tmax1.

The dependences of activation energy on the conversion

degree calculated by the Friedman method for the samples

modified by copper nitrate (as the most active ones) are

presented in Fig. 9. The determination coefficient for all

the obtained approximation dependencies was above 0.99.

For the L lignite sample (Fig. 9a), three characteristic

stages can be distinguished: a sharp increase (in the con-

version range of 0.05–0.10), a gradual decrease (from 0.15

to 0.70), and constant value (between 0.70 and 0.95) of the

activation energy. For the modified sample L/1, the same

three stages are well seen. The difference observed is

mostly connected with that the stage of activation energy

reduction shifts to lower conversion values (0.15–0.40),

and a region of constant values of activation energy

appears with a value equal to 16 kJ/mol. Presumably, the

first two stages relate to the processes of volatile matter

release and oxidation, and the third stage—to the coke

residue oxidation. At the same time, in the range of con-

version degree of 0.67, the difference in the values of

activation energy between the modified and reference

samples is insignificant, which indirectly indicates that the

modifying additive has a smaller effect on the kinetics of

coke residue conversion.

Similar dependencies can be highlighted for the samples

of the bituminous coal (Fig. 9b), but in the region of higher

values of the activation energy, from 40 to 160 kJ/mol. At

the same time, for sample B/1, a decrease in the activation

energy values is observed in the entire range of conversion.

This suggests that for coals with a higher rank, the intro-

duction of additive contributes to the simultaneous

Fig. 8 DTG-curves for the oxidation of the coal samples at different

heating rates. a L series samples; b B series samples. Initial samples

are denoted by a black line, the modified samples are denoted by a red

line
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promotion of both the pyrolysis process and the further

conversion of coke residue.

The average decrease in the activation energy DEa (as a

result of the copper nitrate deposition) for lignite samples is

14 kJ/mol, while for the bituminous coal it is about

35 kJ/mol. The maximal difference between the activation

energy values for the initial and modified lignite samples

was about 48 kJ/mol at a conversion degree of 0.35, for

bituminous coal about 60 kJ/mol at a conversion degree of

0.1. The certain difference in the activating effects of the

additives on the conversion of lignite and bituminous coal

should be noted. In the case of lignite, the minimum and

maximum values of the activation energy did not change,

and the maximum decrease was observed within the con-

version range of (0.2/0.6). At the same time, for bituminous

coal, there is a relatively even decrease in the activation

energy throughout the entire conversion range, and the

most significant change of Ea appears within the conver-

sion ranges of 0.05/0.3 to 0.5/0.9.

It is seen for the region of high conversion degrees

(0.90–0.95) that a sharp increase in this value is observed

for all the samples, which can be explained by the rupture

of the most strong chemical bonds between carbon atoms

(Zhang et al. 2017).

4 Conclusion

In the present work, the promoting effect of different

copper salt additives (Cu(NO3)2, Cu(CH3COO)2, CuSO4)

on the character of lignite and bituminous coal oxidation

was investigated. The results of TGA analysis permit one

to establish the following activity rank for the considered

additives:

Cu NO3ð Þ2 [ Cu CH3COOð Þ2 [ CuSO4 for ligniteð Þ

Cu NO3ð Þ2 [ CuSO4

[ Cu CH3COOð Þ2 for bituminous coalð Þ

The observed effect is thought to be due to the partial or

complete decomposition of salts at the very beginning of

heating, which is evidenced by the appearance of oxide

gas-phase reaction products interacting with coal particles

Table 4 Characteristics of the lignite and bituminous coal oxidation using copper salt additives calculated from TG data. The flow rate is 60 mL/

min (air); the heating rate is 2.5 �C/min; the temperature range is 45–600 �C; the sample loading is about 17 mg

Parameter L series B series

L L/1 L/2 L/3 B B/1 B/2 B/3

Ti (�C) 254.0 202.0 234.0 213.0 301.0 207.0 214.0 262.0

te (min) 83.6 62.8 75.6 67.2 102.4 64.8 67.6 86.8

Tf (� C) 464.0 403.0 408.0 394.0 550.0 446.0 497.0 473.0

tf (min) 84.0 80.4 69.6 72.4 99.6 95.6 113.2 84.4

Tmax1/Tmax2
a 360/– 278/347 296/– 242/313 338/489 326/440 338/412 282/448

wmax1/wmax2
a (wt %/min) 1.6/– 1.2/1.2 1.7/– 1.5/1.6 0.8/1.2 1.2/0.4 0.9/1.1 0.7/1

tmax1/tmax2
a 42.4/– 30.4/18 24.8/– 11.6/8 14.8/33.2 47.6/16.0 49.6/38.4 8/51.2

Fig. 9 Dependence of the activation energy on the conversion of

lignite a and bituminous coal b samples for the initial and copper

nitrate modified samples. The activation energy values were defined

at heating rates of 2.5, 10, 25, and 40 �C/min
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during their oxidation. At the same time, the produced non-

stoichiometric copper oxide may also have a certain con-

tribution to the catalytic activation of the oxidation process

of coal at higher temperatures.

Analysis of the oxidation process parameters has shown

that the use of activating additives allows one to reduce the

oxidation onset temperature Ti by 20–94 �C along with

shortening the time required for the complete sample oxi-

dation tf. The maximum shortening effect (Dtf = 15.2 min)

in the duration of the coal combustible mass oxidation was

recorded for sample B/3.

The calculations of the activation energy made for the

samples modified with copper nitrate permits one to con-

clude that the use of copper salts as the promoter additives

reduces the kinetic barrier of thermal decomposition and

oxidation reactions, which ultimately leads to a significant

acceleration of the entire process, thus shifting it into the

low-temperature region.
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