
Thermal behavior and gaseous emission analysis during combustion of some coal samples 

using TG-MS-FTIR 

Jun-Jie Weng, Guan-Fu Pan, Hong-De Xia, Zhen-Yu Tian
 

Institute of Engineering Thermophysics, Chinese Academy of Sciences, Beijing, China 

Abstract 
Four pulverized coal samples from China and Indonesia were studied by thermogravimetry coupled with mass 

spectrometry and Fourier transform infrared spectroscopy (TG-MS-FTIR). The thermal behaviors and gaseous 

emissions of these coals were analyzed in this work. The results indicate that the relative lower values of H/C ratios, 

which normally represent the degree of aromatization and ring condensation in coal samples, could lead to the 

relative more intense thermal reaction. The time-evolved profiles of some typical gas products (i.e., CO, SO2, CH4, 

NO, NO2, NH3 and etc.) were provided by TG-MS-FTIR, and their variations are different. 
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1. Introduction 

Coal is an important and promising energy resource 

for electricity production due to its huge reserve in the 

world. At present, most power plants utilize the 

combustion of pulverized coal with fine particles below 

100 μm to produce electricity [1]. In China, coal is the 

main source of primary energy and it accounts for about 

70% of the total energy consumed [2]. Due to its huge 

reserves and lack of sufficient natural gas or oil reserves, 

coal will still be the main energy resource in China in 

the next decades. However, coal combustion leads to the 

increase of greenhouse gas emissions as well as air 

pollutants, such as nitrogen oxides (NOx), SO2 and etc. 

Thus, understanding the kinetics and mechanisms 

during the combustion of pulverized coals is crucial to 

control the product composition. 

Coal combustion involves a lots of chemical 

reactions, including the cleavage of bridge bonds in the 

aromatic ring systems, the loss of heteroatom functional 

groups, and fragmentation of the macromolecular 

network [3]. The combustion of coal is affected by a 

series of factors, such as heating rate, temperature and 

coal natures (i.e., coal type, particle size, chemical 

composition and etc.) [4-6]. Among these factors, coal 

properties are often considered as the key one before 

real application. Some traditional techniques and 

characteristic parameters, such as proximate and 

ultimate analysis, ash fusion temperatures and ash 

chemical composition, are commonly used to assess the 

behavior of pulverized coal during combustion. 

However, the test conditions of the above techniques are 

generally different from the real condition within a 

boiler or reactor, which sometimes would cause a large 

error [7]. To make good use of the pulverized coal, 

understanding of their thermal behavior is essential. The 

thermal analysis coupled to the measurement of evolved 

gas is very important to study the mechanism 

underlying coal combustion [8]. Recently, 

thermogravimetry coupled with mass spectrometry and 

Fourier transform infrared spectroscopy (TG-MS-FTIR) 

has been successfully used to study the thermal behavior 

and gaseous emission characteristic during the pyrolysis 

and combustion of specific coals [9-11]. The results 

indicate that TG-MS-FTIR is a very useful method, 

which integrates the advantages of TG, MS and FTIR. 

However, the systematic study on the effect of coals 

characteristic on their combustion behavior and evolved 

gases is rare. 

The present work is oriented to study the thermal 

behaviors and gaseous emissions of four selected coal 

samples from different regions (SQ, YQ and DT are 

from China, YN is from Indonesia) by TG-MS-FTIR. 

The ignition and burnout temperature as well as the 

activation energy of the samples were deduced. 

Moreover, the information of the evolution of typical 

gaseous compounds during the combustion of the 

samples was revealed. 

2. Experimental Methods 

2.1 Samples 

The coal samples were bought from Shenmu Energy 

Developments Ltd. Company and grinded into powder 

with particle size of 90~100 μm. The results of 

proximate and ultimate analysis of the samples used in 

this work are listed in Table 1. 

The Mad, Aad, Vad, and FCad represent the moisture, 

ash, volatile and fixed carbon in air-dried basis, 

respectively. The Cad, Had, Oad, Nad and Sad represent

Table 1 The proximate and ultimate analysis results of four coal samples 

Coal 
Proximate analyses (wt.%) Ultimate analysis (wt.%, daf) 

H/C O/C 
Mad Aad Vad FCad Cad Had Oad Nad Sad 

SQ 6.50 18.98 27.13 47.39 59.26 3.29 10.34 0.86 0.77 0.67 0.13 

YN 1.13 52.51 16.37 29.99 35.26 2.23 7.52 0.67 0.68 0.76 0.16 

DT 0.88 34.90 6.39 57.83 59.80 1.20 1.67 0.92 0.63 0.24 0.02 

YQ 0.60 14.42 2.70 82.28 80.71 1.16 0.92 1.13 1.06 0.17 0.01 
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carbon, hydrogen, oxygen, nitrogen and sulfur elements 

in air-dried basis, respectively. H/C and O/C refer to the 

H/C and O/C atomic ratio, respectively. 

2.2 TG-MS-FTIR test 

The experiments were performed with a TG analyzer 

(STA-449F3, Netzsch) coupled to a quadrupole mass 

spectrometer (QMS403C, Aeolos) and a FTIR 

spectrometer (Tensor 27, Bruker). About 10 mg of each 

sample was heated with a heating rate of 10 
o
C/min 

from 40 to 110 
o
C and kept for 30 min. Then, the 

samples were heated to 1070 
o
C at the heating rate of 20 

o
C/min in an atmosphere of 20 sccm O2 and 80 sccm Ar. 

3. Results and Discussion 

3.1 TG analysis 

The TG and DTG curves of four coal samples are 

displayed in Fig. 1. As shown in Fig. 1a, the initial 

slopes of TG curves of SQ and DT are steeper than 

those of YQ and YN, showing that the thermal 

decomposition processes of SQ and DT occurred at 

lower temperatures than those of YQ and YN. From Fig. 

1b, the rates of weight loss of SQ, DT, and YN are less 

than that of YQ. Therefore, the SQ and DT show more 

intense thermal reaction than YQ and YN. As can be 

seen from Table 1, the H/C atomic ratios of YN, SQ and 

DT are higher than that of YQ. It has been reported that 

the high H/C atomic ratio normally generate a low 

degree of aromatization and ring condensation in coal 

samples [3]. Thus, the SQ and DT are liable to suffer 

from thermal decomposition at lower temperatures than 

YQ who has relatively higher degree of aromatization 

and ring condensation. However, for the YN coal with 

the highest value of H/C atomic ratio, less intense 

thermal reaction was observed than SQ and DT, which 

is most likely caused by its highest ash content and O/C 

ratio among the four coal samples. 

 
Fig. 1 TG and DTG curves of four coal samples. 

The characteristic temperatures and activation 

energies of the four coal samples are shown in Fig. 2. In 

this work, the ignition temperature (Tig) is determined 

by the commonly-used method [12]. The maximum 

reaction temperature (Tmax) refers to the temperature at 

which combustion products reach maximum volumetric 

flow. The burnout temperature (Tburn) is defined as the 

temperature at 98% total weight loss. The activation 

energy is calculated by the Coats-Redfern method 

[13,14]. For the four coal samples, the orders of Tig and 

Tmax are consistent with that of activation energies. The 

Tig and Tmax as well as activation energies of SQ and DT 

are less than those of YN and YQ. The Tburn of YN is 

higher than that of other samples, which could be due to 

its highest ash contents. In fact, high ash contents will 

lead to the plugging of the surface pores and ash 

cladding, which would result in a higher burnout 

temperature. 

 
Fig. 2 Characteristic temperatures and activation 

energies of four coal samples. 

3.2 MS analysis 

Figure 3 summarizes the time-evolved flowrates of 

some selected products during the combustion process 

of the four coal samples. The data was analyzed through 

calculation by taking into consideration the electron 

impact ionization cross sections, ion flow intensities and 

the partial pressures of different species [15]. 

For CO2, it appears in the temperature range of 250 

to 650 
o
C. At low temperature, CO2 comes mainly from 

the emission of adsorbed gas in the coal surface. With 

temperature increasing, CO2 is possibly from aromatic 

carboxyl or aliphatic groups [3]. At around 700 
o
C, a 

small amount of CO2 can be detected during YN coal 

combustion, which is possibly from oxygen-containing 

groups in YN coal [16]. The temperature range of CO is 

similar to that of CO2, while the CO production is likely 

from the decomposition of carbonyl structures and 

phenolic groups in coal samples as temperature 

increases [17]. Among the four coal samples, the 

amounts of CO2 and CO emission from YQ are the 

highest, while those of YN are the lowest, which is 

consistent with the amount of carbon contents in the 

four coal samples (see Table 1). 

The maximum temperatures of SO2 and COS 

emission are lower than each Tmax, and the releases of 

SO2 and COS can be found at lower temperature than 

those of NO and CO. The curve of SO2 exhibits double 

peaks during YN and YQ coals combustion, which may 

result from the oxidation of aliphatic sulfur and 

aromatic sulfur components, respectively [18]. 

According to literatures [18-20], the formation of COS 

is mainly from the reaction of sulfur and CO generated 

in the combustion process. 



 
Fig. 3 The time-evolved flowrates of some selected products during the combustion process of the four coal samples. 

For all samples, the formation of CH4 is detectable 

from 300 
o
C to above 650 

o
C. In fact, the temperature 

corresponding to the max flowrate is irregular for 

different samples. As shown in Fig. 3e, the temperature 

of max flowrate of YQ is higher than that of the other 

three samples, especially for SQ. The observation 

agrees with the previous discussion on the relationship 

of H/C atomic ratio and degree of aromatization. The 

CH4 produced at lower temperature results from the C-C 

bond cleavage between methyl and aliphatic chains or 

aromatic side chains [21]. At higher temperature, most 

of CH4 comes from the breakage of aryl-methyl group 

or aryl-alkyl ether bonds [3,22].  

The NH3, NO and NO2 are most likely from the 

decomposition of nitrogen components, such as 

nitrogen-containing heterocyclic species. The amounts 

of NH3, NO and NO2 emissions from YQ are the highest 

among the four samples, which is due to its highest 

nitrogen contents. For all samples, it should be noted 

that the maximum temperature of NO2 and NH3 

emission are lower than Tmax of each sample, while the 

maximum temperatures of NO emission are higher than 

each Tmax. Thus, the possible conversion of NO2 and 

NH3 to NO can be deduced as temperature increases 

during the combustion processes of the coal samples. 

3.3 FTIR analysis 

To visualize the variations of the combustion 

products directly, FTIR analysis was performed. As the 

four samples exhibit similar behavior, only the three 

dimensional FTIR spectra during DT coal combustion is 

given here as a representative. The Tmax is consistent 

with the DTG curve of DT coal shown in Fig. 1b, which 

can also be observed during the combustion of the other 

coal samples (not shown). 

The FTIR spectra during the combustion processes 

of four coal samples at different temperatures are shown 

 
Fig. 4 Three dimensional FTIR spectra during DT coal 

combustion. 

in Fig. 5. The max absorbance bands at 2315-2380 cm
-1

 

come from CO2 [23]. CO was confirmed by the 

appearance of bands at 2180 cm
-1

 and 2120 cm
-1

 [24]. 

The bands at 1320-1400 cm
-1

 and 1350-1500 cm
-1

 are 

from SO2 and HCN, respectively [25]. The presence of 

H2O is verified by the bands at 3550-3850 cm
-1

 and 

1500-1800 cm
-1

, which can hide the bands of some 

gases, such as NO (bands at 1500-1900 cm
-1

), NO2 

(bands at 1500-1700 cm
-1

), and NH3 (bands at 1450-

1800 cm
-1

) [25]. At the temperature of 400 
o
C, the 

emissions of CO2, CO, and H2O from SQ are higher 

than those from other samples. As the temperature 

increases to 600 
o
C, the releases of CO2, CO, and H2O 

from YQ are the highest, while those from SQ are the 

lowest among the four coal samples, which can confirm 

the results discussed in the section of MS analysis. 

 



 
Fig. 5 FTIR spectra during the combustion processes of 

four coal samples at different temperatures: (a) 400 
o
C, 

(b) 500 
o
C, and (c) 600 

o
C. 

4. Conclusions 

The thermal behaviors and gaseous emissions of 

four selected coal samples from different regions were 

studied by TG-MS-FTIR. The results show that the SQ 

and DT exhibit more intense thermal reaction than YQ 

due to the relative lower degree of aromatization and 

ring condensation in SQ and DT than YQ, which 

normally can be deduced by the relative higher values 

of H/C ratios in SQ and DT than that in YQ. However, 

for the YN coal with the highest value of H/C ratio, less 

intense thermal reaction was observed than SQ and DT, 

which is most likely caused by its highest ash content 

and O/C ratio among the four coal samples. The 

information on the evolution of gaseous compounds, 

such as CO2, CO, SO2, COS, CH4, NH3, NO, and NO2, 

during the combustion of the coal samples were 

simultaneously obtained in this work. For all the 

samples, the releases of SO2 and COS can be found at 

lower temperature than those of NO and CO. As the 

temperature increases, the possible conversion of NO2 

and NH3 to NO is deduced in this work. For coal 

samples with higher values of H/C atomic ratio, the 

gaseous products normally reach the max flowrates at 

lower temperatures. Thus, the release of gaseous 

compounds produced in the combustion processes is 

related to the different chemical structures and 

compositions in the coal samples. 
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