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Abstract. The combustion characteristics of Shenmu bituminous pulverized coal (SBC) were 

comprehensively investigated with a combined TG-MS-FTIR system by considering the effect 

of particle size, heating rate and total flowrate. The combustion products were accurately 

quantified by normalization and numerical analysis of MS results. The results indicate that the 

decrease of the particle size, heating rate and total flowrate result in lower ignition and burnout 

temperatures. The activation energy tends to be lower with smaller particle size, lower heating 

rate and total flowrate. The MS and FTIR results demonstrate that lower concentrations of 

different products, such as NO, NO2, HCN, CH4 and SO2 were produced with smaller particle 

size, slower heating rate and lower total flowrate. The decrease of particle size would lead to 

more contact area with oxygen and slower heating rate could provide more sufficient time for 

the diffusion. High total flowrate would reduce the oxygen adsorbability on the coal particle 

surface and shorten the residence time of oxygen, which makes the ignition difficult to occur. 

This work will guide to understand the combustion kinetics of pulverized coals and be 

beneficial to control the formation of pollutants. 

1. Introduction 

With the advantages of excellent thermal stability, high calorie and huge reserves, the Shenmu 

bituminous coal (SBC) has been adopted as one of the most widely used coal in China [1-3]. The 

investigation of the combustion characteristics is essential to understand the combustion process and 

control the pollutant products. 

In recent years, SBC has been studied in terms of its burning and gasification properties. In 2003, 

Sun et al. [4] investigated the thermogravimetric (TG) characteristics of SBC and reported that 

vitrinite had higher volatile matter yield, maximum weight loss rate, lower initial decomposition 

temperature and peak temperature than that of inertinite. Compared to pressure and heating rate, the 

temperature has a more important impact on the devolatilization of SBC. With TG analysis, Zhao et al. 

[5] studied the ignition temperature (Tig), maximum reaction temperature (Tmax), burning rate, burnout 

temperature (Tburn) and combustion features of SBC coal and coke fine mixed sample. The results 

showed that with the increasing of the coke fine content, Tig of the coal and coke fine mixture, the 

caloric value of the sample and the Tmax would increase, while the burning rate would decrease. Yang 

et al. [6] studied the SBC ash’s physicochemistry with temperature on the basis of TG-differential 

scanning colorimetry (TG-DSC) methods. The results indicated that the SBC ash could convert into a 

eutectic at low temperatures. Chang et al. [2] investigated the formation of nitrogeneous products from 

the gasification of SBC in a fluidized-bed/fixed-bed reactor. More recently, Yang et al. [7] 
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investigated the SBC’s characteristics of combustion and nitrogen oxide (NOx) release in a fixed-bed 

reactor. The composition of the flue gas was analyzed to investigate the effect of sodium acetate on the 

combustion process and NOx emission. Sodium acetate was observed to reduce NOx emissions due to 

their special reactions with the nitrogen-containing species. 

Although some works related to the combustion studies of SBC are available, a systematic study 

regarding the effect of particle size, heating rate and total flowrate on its combustion characteristics is 

scarce. Mass spectrometry (MS) and Fourier transform infrared spectroscopy (FTIR) are widely used 

in multicomponent analysis in energy chemical industry and are suitable to be combined with TG and 

gas chromatographic method [8]. It is efficient and reliable to use the TG-MS-FTIR system for 

numerical analysis of the combustion characteristics of coal. In the current work, the combustion 

characteristic of SBC was comprehensively studied with online TG-FTIR-MS system. The products 

formed in the combustion of SBC were accurately qualified and quantified by considering the electron 

impact ionization cross sections, ion flow intensities and the partial pressures of different species. The 

condition-characteristic relationship among the particle size, heating rate and total flowrate and 

ignition, burnout temperature as well as activation energy was addressed. 

2. Materials and Methods 

2.1. Coal Samples 

The SBC samples were bought from Shenmu Energy Developments Ltd Company and grinded into 

powder with different sizes. Before test, the sample was put into drying oven at the temperature of 

105 °C for 90 min. Then the coals were sieved to a particle size of lesser than 40, 90-100, 128-180, 

280-355 and 355-500 μm. The coal samples are mainly composed of CaCO3, SiO2 and Kaolinite, as 

shown in Figure. 1. The existence of carbonate could be the main reason to form the weak weight loss 

peak at the end of the combustion processes. 

 

Figure 1. XRD patterns of SBC. 

 

The elements of SBC samples were identified by the coal proximate analyzer as shown in Table .  

 

Table 1. The proximate analysis and ultimate analysis results of SBC. 

Proximate analysis Ultimate analysis 
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6.53 10.41 32.40 50.66 26120 66.70 4.11 10.79 1.04 0.42 
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2.2. Comprehensive Test 

The tests of SBC combustion characteristics were performed with the TG-MS-FTIR system which 

comprises a TG analyzer (STA-449F3, Netzsch), a mass spectrometer (QMS403C, Aeolos) and an 

FTIR spectrometer (Tensor 27, Bruker). The combined system was controlled simultaneously and data 

were recorded by a computer, as shown in Figure. 2. 

 

 

Figure 2. Scheme of TG-MS-FTIR system. 

 

The tests were carried out in four steps. Firstly, about 10 mg sample was dispersed on a circular 

alumina pan and the air in TG chamber was replaced with a gas contained 20 % O2 and 80 % Ar. So 

O2 was more than the theoretically needed for the SBC combustion. Secondly, the samples were 

heated with a heating rate of 10 °C/min from 40 to 110 °C and kept for 30 min. Thirdly, the samples 

were heated to 1200 °C by four heating rate, namely 10, 20, 30 and 40 °C/min, respectively. Finally, 

the whole temperature-rising program was finished after an isothermal process of 10 min. Three total 

flowrates (50, 100 and 150 sccm) containing 20 % O2 and 80 % Ar were sent into the TG chamber 

during the whole heating processes. The detailed experimental conditions are summarized in Table 2. 

 

Table 2. Experimental conditions 

Condition 
Mass 

(mg) 

Flowrate (sccm) Heating rate 

(°C/min) 

Particle size 

(μm) O2 Ar Ar 

1 9.411 20 60 20 20 0-40 

2 10.248 20 60 20 10 90-100 

3 9.788 20 60 20 20 90-100 

4 9.348 20 60 20 30 90-100 

5 9.589 20 60 20 40 90-100 

6 9.251 20 60 20 20 125-180 

7 10.246 20 60 20 20 280-355 

8 9.786 20 60 20 20 355-500 

9 9.341 10 20 20 20 90-100 

10 9.864 30 100 20 20 90-100 

2.3. Data Treatment 

2.3.1. Characteristic Temperature. The ignition characteristic of SBC is analyzed based on Tig. In the 

present work, Tig is determined by the commonly recognized TG-DTG methods [9]. The Tburn is 

defined as the temperature with 98% total weight loss. The Tmax, referring to the temperature at which 

combustion product own maximum volumetric flow, was also determined through numerical analysis. 
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2.3.2. Kinetic Analysis. The combustion kinetic parameters from TG data is calculated by the Coats-

Redfern method [10]: 
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and 
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  . As the first item of the right side of 

equations is nearly a constant, the two equations should result in a straight line of slope. E can be 

deduced through calculation with the slope. 

2.3.3. Products Analysis. To obtain the volumetric flowrates of the products during the oxidation of 

SBC, both MS and FIIR were used. In order to give accurate quantitative analysis, a novel method of 

equivalent characteristic spectrum analysis was employed and the details of such method can be found 

elsewhere [11]. In the MS analysis, argon was used as a reference gas to calibrate the products by 

considering the electron impact ionization cross sections, ion flow intensities and the partial pressures 

of different species. The characteristic spectra and relative sensitivity were deduced. The effect of 

initial coal weight on the formation of products was excluded by normalization of the coal weight. The 

relative uncertainty of calculated MS results was estimated to be 0.052 [11]. 

3. Results and Discussion 

3.1. TG/DTG Results 

Figure 3 presents the TG/DTG curves obtained in the combustion of SBC samples. As temperature 

increases, the coal sample could proceed with several steps, including devolatilization, coke formation 

and coke combustion. The peak of maximum weight loss moves towards high temperatures gradually 

and the peak value decreases slightly as the particle size increases. The combustion rate depends on 

the diffusion and reaction ability. During the rapid combustion processes, the major factor affecting 

the combustion is diffusion ability. As the particle size increases, the contact surface area decreases, 

which would inhibit the diffusion of oxygen and make the devolatilization and combustion difficult. 

So the devolatilization occurs at higher temperature and the value of weight loss peak decreases. 

Compared to particle size, heating rate has more apparent effect on the characteristics of weight 

loss. As the heating rate increases, the peak of weight loss moves towards high temperatures. In 

addition, the peak values and residues decrease as well. Since diffusion ability is the dominant factor 

in affecting the combustion process, longer contact time of sample surface and oxygen could 

contribute to SBC conversion. Thus, the burnout time with low heating rate is longer. Sufficient 

contact of particles and oxygen is beneficial for the combustion process, and the maximum value of 

weight loss occurred at lower temperatures and the maximum weight loss shifted to larger values [12]. 

It is clearly that there is a small weight loss peak within 600~700 °C. This weak peak could come from 

the decomposition of carbonate in the coal samples. In addition, the TG/DTG results of different total 

flowrates are observed to be quite similar, as displayed in Figure. 4e and f. As the oxygen supplied is 

much more than the theoretical needed for the complete combustion, the weight loss characteristics are 

insensitive to the diverse total flowrate changed in experiments. 
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Figure 3. TG and DTG curve of SBC combustion with different particle size, heating rate and total 

flowrate. 

3.2. Characteristic Temperatures 

The characteristic temperatures obtained in the combustion of SBC at different particle sizes, heating 

rates and total flowrates are shown in Figure. 4. As indicated in Figure. 4a, both Tig and Tburn fall down 

as the particle size decreases, which is consistent with the results reported by Zhang et al. [13] for 

Yuanbaoshan and Datong coal and Zhou et al [14] for Lengshuijiang coal and lean coal. According to 

Zhang et al. and Zhou et al., the decrease of particle size could lead to larger surface area to expose to 

oxygen. The same behavior could occur to SBC and the larger surface area of SBC sample with 

smaller particle size would endow it with lower Tig and Tburn. 

 

 

Figure 4. Characteristic temperatures of SBC combustion with different particle size, heating rate and 

total flowrate. 

 

Figure 4b displays the characteristic temperature as a function of heating rate. The Tig, Tmax and 

Tburn tend to decrease slightly as the heating rate decreases, which agrees well with the conclusion 

drawn by Lu et al. [15] for Qilianta coal. This is due to the fact that the thermal conduction in coal 

particle at lower heating rate is better than that at higher ones. With the temperature increasing, the 

diffusion becomes better, which is helpful to the devolatilization and results in lower Tig. Moreover, 

the reaction time is more sufficient at slower heating rate. As the plugging of the surface pores is 

avoided, it is more difficult to form ash cladding, which could give rise to a lower Tburn [16]. 
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For the total flowrate, a slight increase of Tig is observed with large total flowrate (see Figure. 4c). 

This slight increase mainly comes from shorter residence time of O2 on the surface of coal particles at 

higher total flowrate. Even though more oxygen reached the coal surface, the higher speed of oxygen 

molecule makes the adsorption of oxygen more difficult. As the supplied O2 was much more than the 

theoretically needed for the complete oxidation of the SBC sample, the influence of oxygen flow on 

the complete combustion and maximum combustion speed is not obvious. As a consequence, both 

Tmax and Tburn exhibit similar values in the combustion of SBC at different total flowrates. 

3.3. Activation Energy 

Figure 5 summarizes E of SBC with variation of particle size, heating rate and total flowrate. E tends 

to be low with the decrease of particle size, heating rate and total flowrate. As the particle size 

decreases, the surface area increases, which would result in more contact area with oxygen and better 

thermal reactivity. Thus, energy transfer from outside into inner becomes more rapidly, and E is 

getting low. Lower heating rate will make the energy transfer more evenly and slow down the rate of 

surface ash generating. When the total flowrate rises, the contact time of oxygen and sample surface 

will be shortened and result in increase of E. The lower energy barrier makes the oxidation occur more 

easily [17-19]. This finding also shows good agreement with the conclusion drawn by Lu et al. [15] 

for different kinds of coal. Similar to the tendency of Tig, E decreased when the total flowrate turned 

lower. The adsorbability of oxygen on the coal particle surface is better with lower total flowrate, 

which could be responsible for the decrease of energy barrier. 

3.4. MS and FTIR Results 

The volumetric flows of combustion products at different temperatures can be obtained by 

normalization and numerical analysis of MS results. The maximum volumetric flows of different 

combustion products as well as the corresponded temperatures (Tmax) are used to explore the formation 

rule of emitted pollutants. Table 3 shows the maximum volumetric flows of CH4, NH3, NO, HCN, 

NO2 and SO2 as well as the corresponded temperatures (Tm). By comparing the results obtained with 

different particle size, the listed species tend to be less produced with smaller particle size. In view of 

the heating rate, lower amounts of these products were measured at lower heating rate. As far as the 

total flowrate is concerned, the quantity of these species becomes lower when the total flowrate is 

smaller. In general, the Tm is insensitive to the particle size. However, the increase of the total flowrate 

normally results in smaller Tm. With the increase of the heating rate, Tm of NO, NH3 and HCN tends 

to be higher, while Tm of SOx is getting lower. To summarize, lower concentrations of CH4, NH3, NO, 

HCN, NOx and SO2 were observed at smaller particle size, slower heating rate and bigger total 

flowrate. 

 

 

Figure 5. Activation energies of SBC combustion with different particle size, heating rate and total 

flowrate. 

 

Figure 6 shows the volumetric flowrates of species formed under condition 4 (see Table 2). In the 

combustion of SBC, both NH3 and HCN exhibited two-peak shapes. The peak before Tig comes from 
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the devolatilization, whereas the peak after Tig results from the decomposition of nitrogen components 

in volatile and char. Further increase of the temperature led the conversion of NO and NO2. 

NO2 exhibited a shoulder peak and an asymmetric single peak. The shoulder peak is due to the 

weak release of NO2 during devolatilization. The asymmetric single peak could come from the 

conversion of nitrogen-containing heterocyclic species at the end of devolatilization and the beginning 

of char combustion. However, the other nitrogenous components enriched in char will release NO2 

during the rapid combustion of char. Less NO2 emissions were observed at smaller particle size, 

slower heating rate and higher total flowrate. Similarly, the emissions of SO2 are relatively less than 

those formed with slower heating rate and higher total flowrate. However, the amount of SO2 is quite 

similar for the investigated particle size range, indicating that it is insensitive to the particle size. 

 

Table 3. Maximum volumetric flow of representative combustion products 

No. 

CH4 NH3 NO HCN NO2 SO2 

Value 

(slm) 

Tm 

(°C) 

Value 

(slm) 

Tm 

(°C) 

Value 

(slm) 

Tm 

(°C) 

Value 

(slm) 

Tm 

(°C) 

Value 

(slm) 

Tm 

(°C) 

Value 

(slm) 

Tm 

(°C) 

1 4.08E-05 442 3.61E-04 318 4.72E-05 493 5.05E-04 452 6.14E-05 431 6.38E-06 400 

2 3.53E-05 427 2.41E-04 309 3.56E-05 458 3.68E-04 443 4.17E-05 438 4.52E-06 402 

3 5.91E-05 440 2.81E-04 305 7.69E-05 492 3.09E-04 451 6.41E-05 440 7.73E-06 388 

4 6.51E-05 437 2.17E-04 307 6.46E-05 494 4.94E-04 453 9.84E-05 429 8.37E-06 379 

5 5.06E-05 430 3.41E-04 337 1.40E-04 507 3.97E-04 512 1.29E-04 439 1.24E-05 350 

6 7.27E-05 453 4.23E-04 338 4.60E-05 494 6.74E-04 463 7.10E-05 442 4.55E-06 400 

7 7.94E-05 453 4.89E-04 306 6.97E-05 504 5.19E-04 453 7.43E-05 442 6.33E-06 410 

8 7.96E-05 432 3.73E-04 317 4.95E-05 503 4.52E-04 463 7.20E-05 442 6.20E-06 390 

9 9.75E-05 453 7.72E-04 327 9.44E-05 504 6.53E-04 463 1.47E-04 453 1.01E-05 400 

10 3.76E-05 430 1.58E-04 316 4.32E-05 482 3.03E-04 472 4.99E-05 440 5.75E-06 398 

Note: Tm refers to the temperature at which the peak flow is obtained. 

 

By comparing the formation of NO2 and SO2 with different particle sizes, heating rates and total 

flowrate shown in Figure. 7, it is obvious that the amount of SO2 production is much lower than those 

of NO and NO2. To summarize, the SBC combustion with smaller particle size, slower heating rateand 

bigger total flowrate is beneficial to controlling the formation of pollutants. This finding is consistent 

with the results reported for Hegang, Tiefa and Zhungeer coal [20] and Heshan sulfer coal. [18, 21]. 

 

 

Figure 6. Flowrates of major products. 
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Figure 7. Production of NO2 (a, c, e) and SO2 (b, d, f) with different particle size, heating rate and 

total flowrate. 

 

 

Figure 8. FTIR spectra with different wavenumber and temperature. 

 

To visualize the formation of the major species and avoid the effect of ion fragmentation in MS, 

FTIR with spectral range of 500-5000 cm
-1

 was involved. Figure 8 presents a representative three-

dimensional spectrum measured with particle size of 90-100 μm and heating rate of 30 °C/min. The 

maximum absorbance peak is located at the wavenumber of 2380 cm
-1

 corresponding to the 
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anomalistic vibration of CO2. Another obvious peak at 700 cm
-1

 belongs to the bending vibration of 

CO2. The peaks at 1375 and 3600 cm
-1

 corresponds to SO2 and H2O, respectively. By comparing the 

standard spectral peaks of different species, overlapped peaks were observed. For instance, the peak 

between 1500-1800 cm
-1

 was the overlap of H2O and NO [22, 23]. In Figure. 8, CO2 becomes 

detectable at around 140 °C. Up to 200 °C, a slow increase was observed. Another turning point was 

measured at about 375 °C, which also agrees well with the wave valley in the profiles of HCN and 

NH3. Besides CO2, the fast production of the major species was achieved within the temperature range 

of 400-500 °C, which is consistent with the rapid combustion temperature revealed in the MS analysis. 

4. Conclusion 

The combustion of SBC was comprehensively studied with online TG-FTIR-MS system in terms of 

characteristic temperatures as well as qualitative and quantitative analysis of products. Five particle 

sizes ranging from 0-500 μm, four heating rates from 10 to 40 °C/min and three total flowrate from 

50-150 sccm were used. To avoid the influence of overlap peaks, signal drift and dynamic response 

delay in ion current spectra during MS analysis, argon was used as a reference gas to calibrate the 

products by considering the electron impact ionization cross sections, ion flow intensities and the 

partial pressures of different species. The results indicate that the decrease of the particle size, heating 

rate and flowrate lead to lower ignition and burnout temperatures, and the activation energy tends to 

be lower with smaller particle size, slower heating rate and lower flowrate. The decrease of particle 

size could lead to more contact area with oxygen and better thermal reactivity. Slower heating rate 

could provide more sufficent time for the reaction. Moreover, higher total flowrate would reduce the 

oxygen adsorbability on the coal particle surface at higher flow speed. From MS and FTIR analysis, 

lower concentrations of different products were observed to be formed at smaller particle size, slower 

heating rate and higher total flowrate. These findings will guide to understand the combustion kinetics 

of SBC and be beneficial to control the formation of pollutants. 
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