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Abstract Non-isothermal oxidation of brown coal with 5 wt% of Cu(NO3)2, 5 wt% of Ce(NO3)3 and {2.5 wt%

Cu(NO3)2 ? 2.5 wt% Ce(NO3)3} additives was studied. The introduction of additives was carried out by an incipient wet

impregnation method to ensure uniform distribution of cerium and copper nitrates within the structure of coal powdery

samples (according to SEM and EDX mapping). The samples reactivity was studied in an isothermal oxidation regime at

200 �C (1 h) and by DSC/TGA at 2.5 �C/min heating rate. The additives implementation was found to reduce significantly

the oxidation onset temperature (DTi = 20–55 �C), the samples oxidation delay time (Dti = 2–22 min) and overall duration

of the oxidation process (Dtc = 8–16 min). The additives efficiency could be graded in accordance with the activation on

the coal oxidation in the following row: Cu(NO3)2[ {Cu(NO3)2 ? Ce(NO3)3}[Ce(NO3)3. According to the mass

spectroscopy, the obtained row of activation correlates well with the initial temperature of the studied nitrate’s decom-

position (from 190 to 223 �C). A presence of nitrates was found to change significantly the trend of heat release taking

place during the oxidation of coal samples (according to DSC/TGA data). The influence of coal morphology and volatiles

content in initial sample on the parameters of the oxidation process was studied as well. Activation energy (Ea) of the coal

oxidation was calculated using Coats–Redfern method. Maximum decrease in Ea from 69 to 58 kJ/mol was observed for

the samples with Cu(NO3)2.
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1 Introduction

A coal is one of the most popular types of fuel for heat and

electricity production along with natural gas and oil (In-

ternational Energy Agency 2017). The explored coal

reserves will last approximately 120 years while for oil and

natural gas this period is at least twice shorter according to

the reports of British Petroleum (2017). Data on explored

coal resources significantly affect the market value of

energy carriers (British Petroleum 2017). Nowadays, the

cost of heat produced by coal burning is still approximately

2.6 times lower compared to natural gas, and this value is

the lowest in the history. Thus, a coal is still being one of

the most attractive energy carriers from an economic point

of view. However, the wide use of coal is limited by a

number of problems like the rate of combustion process,

the incompleteness of combustion and the formation of

toxic gases in furnaces (CO, NOx, SO2) (Kontorovich et al.

2014; Freese et al. 2008).

The simplest and the most effective way of using coal in

the energy sector is its direct burning. According to Chang

et al. (2016), current studies in this area are dedicated to a

search for new technologies aimed to increase the effi-

ciency of combustion, reduce capital costs for new equip-

ment and improve its environmental performance. One of

such approaches is focused on intensification of the coal

combustion process by using of activation additives in

order to improve the efficiency of coal combustion (Tikhov

et al. 2013). Existing experience in the activation additives

for solid fuel combustion is based on using the alkaline-

earth oxides (MgO, CaO) and transition metals oxides

(MnO2, CuO) (Li et al. 2007; Gong et al. 2009, 2010a, b;

Wei et al. 2012; Huang et al. 2013), different salts (MgCl2,

Ni(NO3)2, LiCl) and alkalis (NaOH, KOH) (Zhao et al.

2011; Abbasi-Atibeh and Yozgatligil 2014; Guo et al.

2014; Yin et al. 2012; He et al. 2013; Kim et al. 2012;

Fangxian et al. 2009).

A number of researchers have proven that the using of

alkaline and alkaline-earth metals as combustion activators

results in the acceleration of volatiles release along with

the decrease in ignition temperature of the coals (Hedden

and Wilhelm 1980; Altun et al. 2001; Matsuzawa et al.

2007). Intensification of carbon matrix thermal decompo-

sition followed by oxidation of condensed products is

observed in the presence of additives (Rustamov et al.

1998). However, application of alkaline and alkaline-earth

metals in the energy sector is limited by their high corro-

sive activity and slag formation (Gong et al. 2010a).

Oxides of rare-earth and transition metals are also

known to increase the efficiency of coal combustion

(Ganduglia-Pirovano et al. 2007; Aho et al. 1990, 1991).

The influence of CeO2, Fe2O3 and double-based Fe2O3/

K2CO3 additives on the combustion kinetic characteristics

of coal with different morphology is reported in Gong et al.

(2010a). The double-based Fe2O3/K2CO3 additive had a

positive effect on thermal destruction and combustion of

various solid fuels. The degree of additive influence

strongly depends on the carbon content in initial coal and

tends to increase with degree of metamorphism (Zhang

et al. 1997). The most significant changes in the kinetics of

coal combustion in a presence of metal oxides are reported

to appear within the high-temperature zone (above 550 �C)
(Liu et al. 2002).
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Many nitrates are known to have strong oxidizing

properties, low melting (decomposition) point and excel-

lent solubility in water (Morozov et al. 2003). The latter

significantly simplifies their application using the incipient

wetness impregnation of the solid fuel. For example, the

use of Ni(NO3)2 as the activation additive has superior

effect in decrease the coal ignition temperature (up to about

50 �C) in comparison with other metal oxide additives

(Zhao et al. 2011). In addition, the metal nitrate decom-

position leads to the formation of appropriate oxides which

are capable to catalyze the further coal oxidation (Ryu et al.

2004).

The results of the study of oxidation of two types of

coals modified with cerium nitrate and copper nitrate are

presented in this paper. CuO and CeO2 oxides are known to

perform high catalytic activity in coal oxidation processes

(Sheng et al. 2017).

2 Experimental

2.1 Materials and their characterization

Coals of Borodinsky (sample #1) and Balakhtinsky (sample

#2) deposits of the Kansk-Achinsk coal basin were used in

the study. The raw samples with particle size of 5–10 mm

were grinded in a ball mill (Pulverizette, Germany) using

the following parameters: the balls (ZrO2, 10 mm in

diameter) to material mass ratio was 1:1; the duration of

the procedure was 1 h. Finally, the samples were sorted by

sieving to obtain the particles with the size less than

80 lm.

The particle size distribution of the coal powders were

measured using the Analysette 22 laser particle diffraction

analyzer (Fritsch, Germany).

The sieved coal powders were dried at 105 �C until

reaching a constant weight. Structure and morphology of

the coal samples and its mineral residues were studied by

scanning electron microscopy (SEM) using a JSM-6460LV

microscope (JEOL, Japan) with ionic focused beam. Vol-

ume and average pore size were determined by the low-

temperature nitrogen adsorption method (BET) using an

automatic gas adsorption analyzer 3Flex (Micromeritics,

USA).

2.2 Introduction of additives by impregnation

method

Crystalline hydrates of transition metal nitrates

(Ce(NO3)3�6H2O and Cu(NO3)2�3H2O) were taken as

additives by oxidation. The main characteristics (Larionov

et al. 2016; Miroshnichenko and Balaeva 2013; Phokha

et al. 2012; Wayne 2005) of the samples used are shown in

Table 1.

The incipient wetness impregnation method was chosen

for the introduction of additives (Tokareva et al. 2015). The

50 vol% C2H5OH in H2O solution was used as an

impregnator to overcome the hydrophobic properties of

powdery coal. The moisture capacitance of the dried coal

samples (in mL/g) was determined prior to the impregna-

tion procedure.

Impregnated samples were dried at 105 �C for 20 h in

air. The additives concentration in all samples (in relation

to dry salt) was 5 wt%. For the comparative analysis, ref-

erence samples without additives were prepared using the

same treatment procedures.

The list of the prepared samples and their symbols are

given in Table 2.

To study the effect of cerium oxide and copper oxide on

the coal oxidation process the impregnated coal samples

were heated in air at 200 �C for 1 h to convert cerium and

copper nitrates into their corresponding oxides (see also

reaction 1).

Table 1 Characteristics of additives

Additive Molar weight (g/mol) Decomposition temperature (�C) Solubility in water (g/mL)

Ce(NO3)3�6H2O 434 200 3.8

Cu(NO3)2�3H2O 242 170 1.3

Table 2 List of samples and their symbols

Sample Symbol

#1 without additive #1-ref

#1 ? 5 wt% Ce(NO3)3 #1-Ce

#1 ? 5 wt% Cu(NO3)2 #1-Cu

#1 ? {2.5 wt% Ce(NO3)3 ? 2.5 wt% Cu(NO3)2} #1-Ce ? Cu

#2 without additive #2-ref

#2 ? 5 wt% Ce(NO3)3 #2-Ce

#2 ? 5 wt% Cu(NO3)2 #2-Cu

#2 ? {2.5 wt% Ce(NO3)3 ? 2.5 wt% Cu(NO3)2} #2-Ce ? Cu
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2.3 TGA and MS analysis

The oxidation of modified coal samples was studied using

the thermal analyzer STA 449 C Jupiter (Netzsch, Ger-

many). All experiments were carried out with the heating

rate of 2.5 �C/min in corundum crucible with perforated

cover in a temperature range of 45–600 �C. When the

sample (* 7 mg) was loaded into the analyzer an air

(60 mL/min) was passed through the system. All experi-

ments were carried out under atmospheric pressure.

A qualitative analysis of the composition of gaseous

oxidation products by DSC/TGA was performed. The

analysis was carried out using a QMS 403 D Aëolos

interfacing quadruple mass spectrometer (Netzsch,

Germany).

2.4 Reactivity parameters

A comparative evaluation of coal reactivity during oxida-

tion was carried out using the following parameters: tem-

perature, time and oxidation rate, which were calculated by

the graphical method (Zou et al. 2016) using TG and DTG

curves (Fig. 1).

Points A and B on the TG curve were defined by tan-

gential method (Yin et al. 2012) and they characterize the

temperatures of the oxidation onset (initial temperature, Ti)

and oxidation end (final temperature, Tf). Point C repre-

sents extremum on DTG curve corresponding to the max-

imum value of the mass loss rate (Wmax) at the certain

temperature (Tmax). The following parameters were deter-

mined using points A and B as shown in Fig. 1: te (time of

sample heating before intense oxidation) and tf (time of full

oxidation).

Activation energy (Ea) of the oxidation process was

defined using the Coats–Redfern method (Kok 2002; Xie

and He 1998; Santos et al. 2007; Coats and Redfern 1964).

This method is based on the Eq. (1).

ln � lnð1� aÞ
T2

� �
¼ ln

AR

b

� �
� Ea

RT
; ð1Þ

where a is coal conversion, from 0 to 1; T is the temper-

ature, K; R is the universal gas constant, J/(mol K); A is the

pre-exponential factor, 1/min; Ea is the activation energy,

J/mol; b is the heating rate, K/min.

The solution of Eq. (1) and the definition of the basic

reactivity parameters were performed using TG analysis

results by plotting the dependence ln(- ln(1 - a)/T2)
versus 1/T. The obtained dependence was analyzed in

conversion degree a range from 0.1 to 0.9 and approxi-

mated by linear dependence in accordance with the Eq. (2).

Fig. 1 Reactivity parameters by TGA and DTG curves of coal

oxidation in air at heating rate 2.5 �C/min

Table 3 Characteristics of the coal samples dried at 105 �C for 20 h

Characteristic Sample

#1-ref #2-ref

Ash content (wt%) 5 4

Moisture content (wt%) 2 2

Content of volatiles (wt%) 40 35

Water absorption capacitya (mL/g) 3 3

Particle size distribution (lm)

X10 5 4

X50 20 21

X90 58 53

Volume-averaged diameter 27 25

Porosity

Average pore size (nm) 21 18

Total pore volume (cm3/g) 0.03 0.02

aMeasured for mixture H2O/C2H5OH = 1

Table 4 Elemental composition of mineral residue of studied coal

samples

Element Sample (wt%)

#1-ref (ash content 5 wt%) #2-ref (ash content 4 wt%)

O 39.0 38.6

Na 0.6 0.2

Mg 4.3 4.0

Al 10.5 10.2

Si 5.9 8.7

S 3.5 1.8

K \ 0.1 0.5

Ca 32.0 28.8

Fe 4.2 6.6

Cu \ 0.1 0.6
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lnð�lnð1� aÞ=T2Þ ¼ C1 þ C2 � 1=T; ð2Þ

The values of activation energy Ea [Eq. (1)] were calcu-

lated from the slope of the line (coefficient C2). The chosen

range of the conversion is explained by the fact that values

of a\ 0.1 and a[ 0.9 usually leads to a nonlinear

dependence due to the increasing measurement errors

(Vyazovkin et al. 2011).

3 Results and discussion

3.1 Characterization of the initial and modified

samples

Main characteristics of the initial coal samples that were

grinded and dried at 105 �C are given in Table 3. The high

content of volatiles (35%–40 wt%) and the relatively small

ash content (less than 5 wt%) are typical for brown coal.

The pretreated under the same grinding conditions samples

have similar particle size distribution (X50 = 20–21 lm).

Despite the low porosity of samples (less than 0.03 cm3/g),

this material is characterized by low moisture capacity

(Table 3) and, thus, it is easy to apply soluble nitrate on

coal particles with one-step impregnation.

The elemental analysis results of studied coal mineral

residue are presented in Table 4. In general, samples are

characterized by the similar elemental composition with a

high Ca content. The significant content of copper oxide

(\ 1 wt%) was also observed for sample #2-ref.

SEM images of the non-impregnated initial coal samples

are shown on Fig. 2. Samples of the investigated coals

consist of irregularly shaped faceted particles with an

inhomogeneous surface containing many small fragments

with a size of less than 5 lm. The character of the cerium

and copper nitrates distribution within the structure of coal

for the samples of the #1 series was studied using EDX

mapping. SEM/EDX images for modified samples #1-Ce,

#1-Cu and #1-Ce ? Cu as well as the corresponding ash

residues obtained after oxidations up to 600 �C are shown

in Fig. 3.

The results of the analysis revealed that both the indi-

vidual and joint introduction of cerium and copper nitrates

by the impregnation method provides a fairly uniform

distribution of the additives on the surface of coal particles.

It should be also mentioned that after oxidation the distri-

bution of cerium and/or copper in the mineral residue

structure remains uniform (Fig. 3). The size of the residual

ash particles is much smaller compared to the initial coal

particles (Fig. 3).

a b × 3000  × 3000

d × 10000c × 10000

Fig. 2 SEM images of the coal samples: a, c #1-ref; b, d #2-ref
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As the next step, all prepared samples were placed in a

lab furnace and kept at 200 �C in air for 1 h. The choice of

temperature was motivated by the fact that at given tem-

perature both cerium and copper nitrates are unstable and

undergo decomposition with formation of corresponding

oxides. The weighting of samples after treatment showed

that in the presence of nitrates a sharp acceleration of coal

oxidation process takes place. It causes a significant weight

loss (from 7% to 20 wt%) compared to unmodified initial

samples (1%–2 wt%). These results are presented on

Fig. 4.

The weight loss of the modified samples is related to the

removal of moisture, the decomposition of the deposited

metal nitrates and the partial release of volatile substances

b × 1000

c × 1000

d × 1000

f × 1000

g × 1000

h × 1000

Oxi
da- 

tion

 in 

air, 

600o

C 

e × 1000a × 1000

Fig. 3 SEM/EDX images of coal samples and its mineral residues: a #1-ref; b #1-Ce; c #1-Cu; d #1-Ce ? Cu; e mineral residue of #1-ref;

f mineral residue of #1-Ce; g mineral residue of #1-Cu; h mineral residue of #1-Ce ? Cu. Purple color refer to carbon; blue—to cerium; green—

to copper
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as a result of the oxidation onset by the decomposition of

nitrates. This result allows to determine the following row

of reactivity for the used additives: Cu(NO3)2-
[ {Ce(NO3)3 ? Cu(NO3)2}[Ce(NO3)3. Thus, the effect

of mutual activity enhancement (synergism) with simulta-

neous using of cerium and copper nitrates in this case was

not observed (the effect appears to be additive). Higher

reactivity of copper nitrate can be explained by lower

temperature of Cu(NO3)2 decomposition compared with

cerium nitrate (Table 1).

It should also be noted that the highest weight change

during the calcination was observed in case of the modified

coal samples of series #2. The difference between the

series of modified samples #1 and #2 is considered to

appear due to different carbon and volatile compounds

content in the initial samples (Table 3) which correlates

well with the literature (Gong et al. 2010b; Yin et al. 2012;

Zhang et al. 1997).

Impact of metal oxides formed under heating up to

200 �C on the coal oxidation is severe probably because of

its earlier onset. Most likely, an intensification of coal

oxidation process was caused by the nitrate decomposition

step. However, it is still unclear what was the key property

of the coal that was responsible for its oxidation, acceler-

ated by copper and cerium nitrates.

3.2 Effect of additives on coal oxidation

characteristics

Results of the investigation of coal oxidation by TGA/DTG

are given on Fig. 5. It was found that in all cases the

introduction of additive has an activation influence: oxi-

dation onset temperature of modified coals (Ti) was

reduced.

Comparison of obtained results (Fig. 5a, b) reveals that

the initial samples of coal (#1-ref and #2-ref) have similar

character of decomposition and close values of oxidation

onset temperatures (Ti): 260 and 280 �C, respectively.

Parameter Tf (time of complete oxidation, see Fig. 1) for

compared samples was different: 500 �C (#1-ref) and

520 �C (#2-ref). Different Ti and Tf values were resulted

from the differences in the volatile matter and carbon

content in the composition of the initial samples #1 and #2

(Table 3). On the other hand, the rate of volatile substances

release is strongly dependent on the coal particle mor-

phology. Thus, coal with non-uniform structure and large

internal pores (Fig. 2, Table 3) is exposed to a more

intense influence of the internal thermal degradation. It

accelerates the release of volatiles (Senneca et al. 2017).

Analysis of DTG profile (Fig. 5c, d) allows distin-

guishing four steps of sample weight loss:

(1) removal of moisture (25–100 �C);
(2) thermal degradation of the particles with the release

of volatile matter (100–260 �C);
(3) oxidation of the volatile compounds after release

(260–360 �C);
(4) after-oxidation of carbon residue (360–520 �C).

As it is seen from Fig. 5, the weight loss of samples for

the first stage of the process was less than 2 wt%, which

can be explained by using the pre-dried samples in

experiments. As it was mentioned above, the decomposi-

tion of brown coal takes place on the step 2 resulting in

oxidation of volatiles (step 3). The oxidation is accompa-

nied by further volumetric destruction of particles. It pro-

motes the release of volatile compounds from the particle’s

volume. Thus, the significant change in structure of the

reacting part of the fuel with the expansion of internal

cracks and pores (Li et al. 2015) which intensify interaction

between the surface and an oxidizing medium (Deng et al.

2017) is, probably, the result of the steps 1–3.

It is worth mentioning that it is impossible to distinguish

the transition between the steps 3 and 5 using DTG curves

of the modified coal samples, since the oxidation of the

resulting coke is parallel with after-oxidation of released

volatiles (Fig. 5).

In the case of modified coal samples (Fig. 5), the active

weight loss was observed in the temperature range

190–210 �C. It is associated with the decomposition of the

deposited metal nitrates (Table 1). Nitrates decomposition

on the surface of coal particles promotes significant shift of

the oxidation onset temperature towards the low tempera-

ture region. The most significant difference in the value of

parameter Ti was observed for the samples containing

5 wt% Cu(NO3)2, while the minimum one was found for

Ce(NO3)2. Complex additive {Ce(NO3)3 ? Cu(NO3)2}

had an intermediate activity. The effect of additives on

parameter DTi (oxidation onset temperature difference) for

both types of coals is presented on Fig. 6.

Fig. 4 Effect of cerium and copper nitrates on the stability of coal

oxidation. The samples were heated in air at 200 �C during 1 h
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The highest values of DTi (40 �C and 55 �C) were

observed for coal samples modified by copper nitrate (#1-

Cu and #2-Cu, respectively). Thus, thermogravimetric

analysis data were completely consistent with results which

were obtained during the isothermal oxidation of samples

in air (Fig. 4).

Fig. 5 TGA (a, b), DTG (c, d) and DSC (e, f) curves of coal samples. Linear heating in air, heating rate 2.5 �C/min
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It should be noted that this result is also in agreement

with previously published data (Gong et al. 2009), where

the positive effect of additive was proved to be enhanced

with increasing the carbon content in sample. The molec-

ular structure of brown coal is characterized by array of

lateral and bridging bonds prone to fracture at sufficiently

low temperatures. It is especially important for the active

oxygen-containing functional groups: –OCH2, –OH, –

COOH, –C=O (Zhang et al. 2017; Liu et al. 2016; Wang

et al. 2016). With the surface increasing, the concentration

of functional groups decreases and additives affect the

oxidation during heating.

Further development of the oxidation process has a

similar character for both sample series. Moreover, for all

modified samples at the early stages of the reaction an

increase of the reaction rate (Fig. 6) along with a reduction

in the intensive oxidation temperature was observed. At the

same time, for coal modified with Ce(NO3)3 the weight

loss rate decreases with further increase in temperature, and

the curves becomes similar to that for the initial samples.

The opposite is valid for samples with Cu(NO3)2 and

{Cu(NO3)2 ? Ce(NO3)3} additives. With increasing the

temperature, the slope of the TG curve becomes steeper. It

indicates the oxidation acceleration of the coals in the

temperature range of 280–380 �C.
A similar effect of DTi on additive type (Fig. 6) was

observed for the characteristic points of the DTG curves

where the oxidation rate had its maximum value (Fig. 5c,

d). The maximum change of the Tmax parameter (temper-

ature corresponding to the maximum reaction rate) was

100 �C (Table 5). It should be mentioned that the intro-

duction of additives results in noticeable change in the

DTG curve shape in comparison with initial samples.

Additives promote the oxidation of pyrolysis gas and car-

bon residue within the same stage.

Introduction of additives results in significant lowering

of the oxidation onset temperature, increasing the oxidation

rate during the step of volatiles release, and acceleration of

the process during the step of coke residue after-oxidation.

It should be noted that the position of exothermic peaks

in DSC curves (Fig. 5e, f) is nearly identical with the

values for Tmax, which correspond to the maximum oxi-

dation rate (calculated from the DTG data, Fig. 5c, d).

Exo-effects observed with DSC (Fig. 5e, f) were asso-

ciated with exothermic heat release in the oxidation of the

pyrolysis gas (volatile matter) and carbon residue steps

(Ozbas et al. 2003). DSC curves for the initial samples #1-

ref and #2-ref are characterized by bimodal form that

allows one to distinguish individual process steps quite

evidently. With an increase of additive activity, tendency to

merge two separate stages of heat release into one becomes

stronger. For example, for the samples #1-Ce and #2-Ce

the first peak at 300 �C was transformed into a character-

istic ‘‘shoulder’’. At the same time, for the samples modi-

fied with the most active copper nitrate, DSC curves have a

single maximum of heat release, which was moved towards

the lower temperatures: DT#1�Cu
max1 ¼ 96 �C and

DT#2�Cu
max1 ¼ 112 �C. Probably, the decomposition of the

metal nitrates occurs simultaneously with the oxidation of

volatile compounds which release occurred from both the

surface of coal particles and its inner parts.

3.3 MS analysis

The mass spectrometric (MS) profiles of primary gaseous

products (CH4, CO2 and NOx) for the samples of series #1

are shown on Fig. 7. For better clarity, MS analysis data

Fig. 6 Effect of additive type on oxidation onset temperature

difference (DTi) for modified coal samples

Table 5 Effect of additives on the formation of gaseous products (by

MS and DSC) during coal oxidation

Parameter Sample

#1-ref #1-Ce #1-Cu #1-Ce ? Cu

CH4 (m/z = 16)

Tmax(�C) 360 337 268 300

DTmax(�C) – 23 92 60

CO2 (m/z = 44)

Tmax(�C) 380 338 283 302

DTmax(�C) – 42 97 78

NOx (m/z = 30)

Tdec(�C) – 223 190 204

Tmax(�C) 410 387 340 364

DTmax(�C) – 23 70 46
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are presented together with DSC curves for the same

samples.

Results of mass spectrometric analysis (temperatures

corresponding to MS curve maximums Tmax, difference

between modified and initial sample DTmax, extremum of

the temperature corresponding to the decomposition of

metal nitrates Tdec) are summarized in Table 5.

Methane was appeared in gas phase as a by-product of

coal thermal decomposition. The temperature dependence

of methane (m/z = 16) yield has the single peak around

360 �C, which is moved to the low temperature region in

the case of the sample with additives (Fig. 7). The tem-

perature shift value (DTmax) increases in a row:

Cu(NO3)2[ {Cu(NO3)2 ? Ce(NO3)3}[Ce(NO3)3,

which is in good agreement with the DSC analysis data

(Table 5). It means that introduction of nitrates promotes

thermal degradation while facilitating the release of the

volatile compounds.

Carbon dioxide (m/z = 44) (main product of oxidation)

release is characterized by a bimodal curve for the sample

#1-ref. Shape of MS profile for CO2 looks like a mirror

image of the corresponding DSC curve (Fig. 7). The first

maximum (320 �C) is associated with the oxidation of

desorbed volatiles. The second peak (380 �C) is connected
to the oxidation of the coke residue. Introduction of pro-

moting additives decreases volatiles release and oxidation

onset temperatures. The highest temperature peak shift was

observed for the sample #1-Cu (DTCu
CO2

¼ 97 �C). For

samples #1-Ce and #1-Ce ? Cu, these values are DTCe
CO2

¼
42 �C and DTCeþCu

CO2
¼ 78 �C, respectively (Table 5).

The lower graph on Fig. 7 compares the mass spectro-

metric data on nitrogen oxides NOx (m/z = 30) for various

additives. It is seen that the introduction of cerium and/or

copper nitrate results in a substantial changes of MS pro-

file. The broad peak at low temperature area (190–223 �C)
appeared for all modified samples. This is obviously caused

by the thermal decay of nitrates (Fig. 7). Character of NOx

release indicates that the decomposition of Cu(NO3)2
begins at about 130 �C. It allows one to assume the certain

degree of participation of the carrier (coal) in the process

(Ruiz et al. 2010). It should be noted that the decomposi-

tion of complex additive {Cu(NO3)2 ? Ce(NO3)3} occurs

within a broad peak at 135–270 �C (Fig. 7), indicating the

uniform distribution of nitrates using the method of

impregnation with joint solution.

The second, less intense wave of NOx release refers to

the formation of nitrogen oxides (Fig. 7). Thus, a shift of

the second peak to lower temperatures (410 �C ? 340 �C)
took place. Its magnitude was in dependence on the type of

the additive (Table 5). It is important that this process was

accompanied by a significant decrease in the NOx forma-

tion rate as it seen from the comparison of the data in

Fig. 7.

Nitrogen oxides, which are formed by the decomposi-

tion of the nitrates, were, probably, the reason of coal

oxidation acceleration (Shao et al. 2016; Wang et al.

2015a, b). Nitrogen oxides, thus, were responsible for the

early release of volatile compounds and their subsequent

intensive oxidation. Comparing the DTG and MS analysis

Fig. 7 MS and DTG of coal samples. Linear heating in air, heating

rate 2.5 �C/min
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data (Fig. 7), we concluded that oxidation onset tempera-

ture shift DTi correlates directly with the temperature of

corresponding nitrates decomposition.

3.4 Reactivity parameters of oxidation

TGA data analysis allowed one to calculate and compare

the characteristics of modified brown coal oxidation with

additives. Results of the calculation are presented in

Table 6.

As it was already noted, the maximal accelerating effect

is realized in the case of using copper nitrate as an additive

for both series of the samples. The observed effect was in

reducing the oxidation onset temperature Ti by 40–55 �C,
shifting maximal oxidation rate temperature by 100 �C,
and reducing the total sample oxidation time by 8–16 min

(Table 6). With Ti values decreasing, the duration of

heating steps (steps 1 and 2) and the direct oxidation steps

(steps 3 and 5) was also decreased. It should also be noted

that in presence of promoting additive, a substantial

decrease in the maximal sample weight loss rate (up to 1.5

times) is observed as a result of oxidation (Table 6).

The graphs plotted from the TGA data in coordinates

ln � ln 1�að Þ
T2

h i
versus 1/T according to the Coats–Redfern

method (Xie and He 1998) are given on Fig. 8. The values

of activation energy (Ea) are given in Table 6 (bottom row)

calculated from the slope of these lines. The initial samples

#1-ref and #2-ref have the same values of the activation

energy: 69 kJ/mol. These values are in good agreement

with a literature (Fangxian et al. 2009; Wang et al. 2015c).

Introduction of additives causes a decrease in Ea in all the

cases.

The maximal decrease in activation energy (DEa-

* 11 kJ/mol), as expected, was observed for the most

active copper nitrate (Table 6).

Considering the possible mechanism of initiating addi-

tive action (for example, Cu(NO3)2) during coal oxidation,

a following set of parallel reactions exist:

CuðNO3Þ2 �!
T;�C

CuO + 2NO2 þ O2 ð3Þ

2CuðNO3Þ2 þ 3C ! 2CuO + 4NOþ 3CO2 ð4Þ

Table 6 Characteristic parameters of coal oxidation by TGA

Parameter Sample

#1-ref #1-Ce #1-Cu #1-Ce ? Cu #2-ref #2-Ce #2-Cu #2-Ce ? Cu

Oxidation onset temperature, Ti (�C) 260 255 220 230 280 260 225 240

Onset oxidation delay, td (min) 86 84 70 70 94 86 72 78

Temperature of the oxidation end, Tf (�C) 500 460 420 440 520 480 440 460

Oxidation time of the sample, tf (min) 96 82 80 84 96 88 86 88

Temperature of the maximal oxidation rate, Tmax (�C) 380 360 280 310 400 375 300 330

Activation energy of the oxidation, Ea (kJ/mol) 69 64 56 62 69 66 60 63

Fig. 8 Linearly approximated dependence ln � ln 1�að Þ
T2

h i
versus 1/

T calculated using the TGA data via Coats–Redfern method. See

Table 2 for samples’ symbols
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Cþ NO2 ! COþ NO ð5Þ
2COþ 2NO2 ! 2CO2 þ N2 ð6Þ

NOþ 1

2
O2 � NO2 ð7Þ

Cþ O2 �!CO2 ð8Þ

At the first, heating of copper nitrate (up to 170 �C and

above) promotes its degradation according to Eq. (3). At

the same time, according to MS analysis data, decompo-

sition of Cu(NO3)2 salt begins at lower temperatures (near

130 �C). It indicates that the carbon acts as a reducer

[Eq. (4)] during oxidation. Nitrogen oxides NO and NO2

are formed by the nitrate decomposition. The NO2 in this

case acts as a strong oxidizing agent promoting combustion

of carbon and volatile compounds [Eqs. (5) and (6)]. Coal

interaction with nitrogen dioxide is followed by NO for-

mation, which is oxidized by atmospheric oxygen accord-

ing to reversible reaction [Eq. (7)].

After complete decomposition of Cu(NO3)2 the disperse

nonstoichiometric copper oxide CuOx is formed. This

oxide is uniformly distributed in the structure of the sample

(according to the EDA-mapping, Fig. 3). Copper oxide is

known to possess high catalytic activity towards complete

oxidation of organic substrates and fuel (Li et al. 2007).

Thereby, it may accelerate brown coal oxidation according

to Eq. (8).

4 Conclusions

The effect of cerium and copper nitrates additives on the

brown coal non-isothermal oxidation was studied. Intro-

duction of the additives via incipient wet impregnation was

ensured the uniform distribution of the nitrates over the

structure of coal samples. Heating of coal samples in air

under isothermal conditions (200 �C, 1 h) revealed that the

decomposition of introduced nitrate was accompanied by

the activation of the brown coal thermal degradation and

oxidation (weight loss from 8% to 20 wt%). Further

investigations of coal sample oxidation by TGA allowed to

determine the following row of studied nitrates reactivity:

CeðNO3Þ3\fCeðNO3Þ3 þ CuðNO3Þ2g\CuðNO3Þ2:

Analysis of the oxidation characteristics has shown that

the application of nitrates additives reduces the oxidation

onset temperature Ti by 20–55 �C and decreases the total

sample oxidation time tf. Maximal reduction of oxidation

duration (Dtf = 16 min) was obtained for the sample #1-

Cu, which corresponds to an increase in oxidation effi-

ciency by 17%.

Calculations of activation energy of oxidation brought

us to conclusion that the use of metal nitrates as additives

reduces the kinetic barrier of thermal degradation and

oxidation reactions for coal. That leads to a significant

acceleration of the overall oxidation process and the whole

process shifted towards low temperature region. Significant

role in accelerating of oxidation process may also be

attributed to the catalytically active metal oxides, which

were resulted from decomposition of the corresponding

nitrates.

Obtained results of brown coal oxidation in presence of

copper and cerium nitrates may be further applied for the

development of novel energy efficient technologies for coal

oxidation (Slyusarskiy et al. 2017).
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