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Abstract 12 

This work studies the temporal release characteristics of different chemical forms of sodium 13 

during the combustion of Zhundong coal and the catalytic effects of sodium on the combustion 14 

process via target-sodium removal and enrichment approaches. The target-sodium removal approach 15 

extracts specific forms of sodium from the raw coal via a chemical method to produce coal samples 16 

with designated characteristics. In the target-sodium enrichment approach, three kinds of 17 

H2O-soluble sodium compounds, including NaCl, NaOH and Na2SO4, are manually added into the 18 

raw coal. The experimental measurement is conducted using a multi-point Laser-Induced Breakdown 19 

Spectroscopy (LIBS) system. The system quantitatively measures the temporal release flux of 20 

sodium during the combustion process, and performs the in-situ measurement of surface temperature 21 

and diameter of a burning coal pellet. It is found that H2O-soluble sodium is the major chemical form 22 

of sodium released during the combustion and exhibits the highest volatility. All the three forms of 23 

enriched H2O-soluble sodium compounds show a catalytic effect on the coal combustion (burnout 24 
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time decreased by more than 5.7%) and the catalytic activity of NaOH is found to be the strongest 25 

(burnout time decreased by 36.8%). 26 

Keywords: Zhundong coal; Sodium; Alkali metal; Catalytic effects; Laser-Induced Breakdown 27 

Spectroscopy 28 

 29 

1. Introduction 30 

Coal, as an important source of primary energy, supports approximately 40% of the worldwide 31 

electricity [1, 2]. Considering its broad availability and the overall flexibility of coal combustion 32 

systems, coal is expected to continually play an important role in the near future [3, 4]. In practice, 33 

the presence of alkali metals, especially sodium (Na), in coals leads to severe ash-related issues, such 34 

as fouling, slagging and corrosion [5]. The sodium released from the combustion process can 35 

condense on the heat transfer surfaces and form an initial sticky layer, which leads to rapid ash 36 

deposition [6, 7]. Furthermore, through reacting with sulfur and chloride species, sodium can also 37 

form complex sulfur and chloride compounds, which causes fouling and corrosion damages [8]. 38 

These sodium-induced issues severely limit the utilization of coals that have a relatively high 39 

concentration of sodium, such as the Zhundong coal which can potentially serve as the main energy 40 

source for China for the next 100 years [9-11]. To enable clean utilization of the Zhundong coal 41 

requires better understanding on the sodium-release characteristics during the coal combustion 42 

process [12].  43 

The detailed studies on the sodium release characteristics during coal combustion rely on 44 

advanced measurement techniques. Over the past decade the measurement techniques in this regard 45 

have evolved from offline measuring techniques to online in-situ measurements using laser 46 
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diagnostics. Offline sampling measurements typically employ chemical analysis methods, such as 47 

the inductively coupled plasma atomic emission spectroscopy (ICP-AES), to obtain the composition 48 

and mass of sodium species present in the fly ash or ash deposits in the post-combustion stage [13]; 49 

while online techniques, e.g., Laser-Induced Fragmentation Fluorescence (ELIF) [14], Tunable 50 

Diode Laser Absorption Spectroscopy (TDLAS) [15], Planar Laser-Induced Fluorescence (PLIF) [16] 51 

and Laser-Induced Breakdown Spectroscopy (LIBS) [17], can directly and accurately capture the 52 

time-resolved sodium release process during the combustion. In our recent studies, the release 53 

characteristics of atomic sodium and sodium element during the combustion of Zhundong coal 54 

pellets are quantitatively measured using PLIF [18] and multi-point LIBS methods [19].  55 

The previous studies [20, 21] identified that the sodium in coal can be classified into four 56 

chemical forms: (1) H2O-soluble sodium, which exists as sodium salts; (2) CH3COONH4 57 

(NH4Ac)-soluble sodium, which is bounded to carboxyl groups; (3) HCl-soluble sodium, which is 58 

organically bounded to oxygen- or nitrogen-containing functional groups; (4) insoluble sodium, 59 

which is attached to minerals. The sum of NH4Ac-soluble and HCl-soluble sodium is also called 60 

organically-bound sodium. The release characteristics of individual chemical forms of sodium have 61 

been studied using offline ICP-AES measurements [22, 23]. For instance, Liu et al. [22] investigated 62 

the transformation behavior of sodium in four high-alkali coals during the combustion process, and 63 

found that the released sodium mainly results from the NH4Ac-soluble and H2O-soluble sodium. Li 64 

et at. [23] showed that the H2O-soluble and NH4Ac-soluble sodium mainly contributes to release of 65 

total sodium during the pyrolysis process, while H2O-soluble and insoluble sodium is primarily 66 

released during the char gasification. In the regard to online in-situ measurement, van Eyk et al. [24] 67 

measured the temporal release of water- and organically-bound sodium during the char burnout stage 68 
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of a Loy Yang coal pellet using PLIF. However, their measurement did not obtain the release profiles 69 

during the first devolatilization stage, or distinguish NH4Ac-soluble and HCl-soluble sodium from 70 

the total organically-bound sodium.  71 

Although alkali metal can cause severe ash-related issues, it is also found that alkali metal can 72 

have positive effects on the thermochemical conversion of solid fuels [25]. The activity of char can 73 

be enhanced in the presence of alkali metal. Kuang et al. [26] found that sodium compounds can 74 

weaken the bond of (C-O) in coal black liquor slurry, which improves the gasification conversion 75 

rate. A number of studies [27-31] have attempted to introduce extra alkali metal additives to promote 76 

the thermochemical conversion of solid fuels, such as coal and biomass. For example, Tang et al. [29] 77 

investigated the catalytic activity of three alkali carbonates (Li2CO3, Na2CO3, and K2CO3) towards 78 

the steam gasification of coal char, and they found that Na2CO3 is the most resistant to catalytic 79 

deactivation. Liu et al. [31] showed that the addition of potassium could improve the productions of 80 

H2, CO and CO2, while reducing the production of CH4 during rice husk high-temperature pyrolysis. 81 

These previous studies motivate us to examine the catalytic effects of different chemical forms of 82 

alkali metal on the combustion of Zhundong coal. 83 

In summary, the abovementioned previous studies have not revealed quantitative information on 84 

the time-resolved release characteristics of different chemical forms of sodium during coal 85 

combustion. Furthermore, the efforts on isolating and analyzing the catalytic effects of these different 86 

forms of sodium on the combustion process have not been carried out. Within this context, the 87 

objective of the present study is to investigate the time-resolved release characteristics of different 88 

chemical forms of sodium during the combustion of coal and the catalytic effects of these forms of 89 

sodium on the combustion process. To isolate the effects of the sodium of different forms, the coal 90 
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samples will be pre-processed using the target-sodium removal and enrichment treatments, and this 91 

procedure will be detailed in Section 2. The measurement will be conducted using a combination of 92 

two in-situ measurement techniques, including multi-points LIBS and two-color pyrometry. Online 93 

multi-point LIBS technique, upgraded from the single-point LIBS previously developed in [32], will 94 

be adopted to capture the time-resolved sodium release flux during the combustion of a coal pellet. A 95 

two-color pyrometer will be employed to obtain the surface temperature and diameter of the burning 96 

coal pellet. Based on these experiments, the release characteristics of different chemical forms of 97 

sodium and their catalytic effects on coal combustion can be accurately captured. 98 

 99 

2. Experimental methodology 100 

2.1. Coal samples 101 

The Zhundong coal used here is the same as in our previous studies [19], which has appreciable 102 

sodium content. The proximate and ultimate analyses, as well as the ash composition of the raw coal 103 

sample are summarized in Table 1. The proximate analyses were conducted according to the Chinese 104 

National Standard GB/T 212-2008. The ultimate analyses were performed according to the Chinese 105 

National Standard GB/T 476-2008 (for C, H), GB/T 19227-2008 (for N) and GB/T 214-2007 (for S). 106 

The mass fraction of oxygen (O) was obtained by 100%-C%-H%-N%-S%. Ash compositions were 107 

identified according to the Chinese National Standard GB/T 1574-2007.  108 

 109 

 110 

 111 

Table 1. Chemical analysis of Zhundong coal. 112 
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Proximate analysis (wt%, air dry basis) 

   Moisture Ash Volatile Fix Carbon 

   9.85 4.23 28.72 57.2 

   Ultimate analysis (wt%, dry ash free basis) 

  Carbon Hydrogen Nitrogen Sulfur Oxygen 

  79.29 2.89 0.88 0.43 16.5 

  Ash composition (wt%) 

  SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O 

10.80 9.62 3.95 36.82 9.20 0.40 10.87 

 113 

The air-dried raw coal is grounded and sieved to fine powders with the diameter of 114 

pulverized-coal particles less than 75 μm. The obtained pulverized-coal samples are used for 115 

measurement. 116 

 117 

2.2. Target-sodium removal via chemical extraction method 118 

The sodium removal treatment is performed via a chemical extraction method based on the 119 

solubility of different chemical forms of sodium in different solvents. 1 g of the coal sample was first 120 

added into 100 ml water at 333 K and thoroughly stirred. The mixture is then filtered, and 121 

H2O-soluble sodium is removed in the solid residual sample. ICP-AES is employed to analyze the 122 

filtrate to determine the content of first class H2O-soluble sodium like sodium sulfates and chlorides. 123 

The solid filter residue is then sequentially treated by 100 ml NH4Ac (1 mol/L) and 100 ml HCl (1 124 

mol/L), with the filtrate of each step analyzed via ICP-AES. The analysis is able to identify the 125 
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second class NH4Ac-soluble sodium, and the third class HCl-soluble sodium. The final residual after 126 

HCl extraction is dissolved in strong acid and then analyzed using ICP-AES to obtain the 127 

information of the insoluble sodium, such as sodium silicate.  128 

The solid filter residuals obtained in each step, with H2O-soluble, NH4Ac-soluble and 129 

HCl-soluble sequentially removed, are completely dried in an oven at 333 K and exposed in the air 130 

for 24 hours before further use. 131 

 132 

2.3. Target-sodium enrichment approach 133 

First, 1g of the coal sample and 5 mg of a sodium additive are blended in 50 ml water at 333 K. 134 

Three sodium additives, i.e., NaCl, NaOH and Na2SO4, which represent the most common 135 

H2O-soluble sodium in coal [12], are added in the mixture solution. Then the mixture is continuously 136 

stirred at 333 K until the water is completely vaporized. The sodium enriched coal powders obtained 137 

through this treatment are then grounded into small sizes for further use. 138 

The raw and target-sodium removed/enriched coal samples are employed in the LIBS 139 

measurements. 50 mg of the coal powder is pressed into a 4 mm spherical pellet. The mass of the 140 

removed/enriched sodium is negligible compared to the total mass of coal sample (< 0.5%), and the 141 

apparent densities of the coal pellet are 1492 kg/m3. 142 

 143 

2.4. Experimental setup 144 

The experimental setup consists of a combustion system and a multi-point LIBS measurement 145 

system. The combustion system is shown in Fig. 1a. A spherical coal pellet is suspended on two 146 

ceramic rods (diameter of 1 mm) at a height of 10 mm above a heat flux burner. The burner is 147 
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operated with the flow rates of methane and air at 0.59 SL/min and 7.06 SL/min, respectively, to 148 

generate a laminar lean premixed methane-air flame (equivalence ratio of 0.8). The gas composition 149 

is (by volume): 3.9% O2, 7.6% CO2, 15.4% H2O and 72.8% N2, and the temperature at the pellet 150 

location is around 1892 K, based on CHEMKIN calculation using the GRI-3.0 mechanism [33].  151 

The multi-point LIBS measurement system [19] is illustrated in Fig. 1b. An Nd:YAG laser 152 

(Spectra Physics, Model PRO-250) with a fundamental wavelength of 1064 nm is focused at the 153 

measurement point which is 10 mm above the burning coal pellet. The repetition rate, pulse duration 154 

and average laser energy are 10 Hz, 10 ns and 300 mJ, respectively. The LIBS signal is collected by 155 

a spectrometer (Ocean Optics, Model USB 4000). The spectrometer is synchronized with the laser 156 

via a digital pulse generator (Stanford Research System, DG535). In order to perform multi-point 157 

LIBS measurement, the laser focusing lens and LIBS signal collection optics are installed on an 158 

electric translational platform. The LIBS measuring point is moving periodically in the radius 159 

distance (r) of -12 mm, -9 mm, -6 mm, -3 mm, 0 mm, 3 mm, 6 mm, 9 mm, 12mm. The moving 160 

frequency of the platform is 10 Hz, which is synchronized with the laser and spectrometer, and 161 

therefore the LIBS measuring frequency at the same measuring point is 1 Hz. 162 

To achieve the quantitative measurement of sodium concentration, the LIBS system has been 163 

calibrated by measuring the intensity of the sodium doublet (588.995 nm and 589.592 nm) in a 164 

sodium chloride (NaCl) seeded flame. The calibration procedure has been detailed in our previous 165 

study [34]. The obtained linear relationship between LIBS signal and sodium concentration is: 166 

 2
, 2430 ,  0.96LIBS Na NaI C R=  = , (1) 167 

where ILIBS,Na is the LIBS signal and CNa is the sodium concentration (mg/m3) at the measuring point. 168 

 169 
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(a) LIBS measuring points (b) Configeration of equipments 

Fig. 1. Multi-point LIBS experimental setup. 170 

 171 

From the sodium concentration of all the nine measuring points, the sodium flux (Naflux,t) 172 

passing through the measuring plane 10 mm above the burning coal pellet can be determined as: 173 

 
2

,
0 0

flux t NaNa u C r dr d





=      , (2) 174 

where u is the axial velocity and θ is the radian. In the present work, the pellet is spherical and the 175 

burner produces a uniform gas flow. Therefore, Equation (2) can be simplified as: 176 

 ,
0

2flux t NaNa u C r dr


=     . (3) 177 

Considering that the distributions of u and CNa are both functions of r, the Naflux,t at a given time can 178 

be evaluated as: 179 

 ( )uu f r= , (4) 180 

 , ( )Na Na tC f r= , (5) 181 

 ,
0

2 ( )flux t tNa f r dr


=   . (6) 182 

The sodium flux Naflux,t at different time can be determined from an integration of a function of r. In 183 

addition, integrating the sodium flux with time can provide the total amount of sodium released 184 

during the combustion of a coal pellet. 185 
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 ,
0

volatile flux tNa Na dt


=  . (7) 186 

More details about the integrating procedures can be found in [19]. 187 

In LIBS measurement, the uncertainties come from calibration uncertainty and electronic noise. 188 

The calibration uncertainty originates from self-absorption and a higher sodium flux level can result 189 

in a higher uncertainty. In the present study, the maximum magnitude of the LIBS-calibration 190 

uncertainties of the LIBS system is 3.5E-5 mg/s (relative magnitude of 7.8%), which is found at the 191 

sodium flux of 4E-4 mg/s. The total uncertainty of the LIBS measurement is defined as the square 192 

root of the quadratic sum of the maximum calibration error and the standard deviation of three 193 

measurements. 194 

The surface temperature of a burning coal pellet is measured using a two-color pyrometer [19]. 195 

The output of the two-color pyrometer, I(λ,T), is proportional to the radiant exitance of the measured 196 

pellet surface [35]:  197 

 2
1 /( )

( , ) 5

C T
T c

C
I R S e 
  


−=     , (8) 198 

where Rc is the instrument constant [36], Sλ is the spectral sensitivity of the charge coupled device 199 

(CCD) system, ελ is the monochromatic emissivity. T is the temperature of pellet surface, C1 and C2 200 

are the first and second Planck’s constants. By using Wien’s equation to compare I(λ,T) at two 201 

different wavelengths, the surface temperature is determined as [35]: 202 
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 . (9) 203 

To correct the spectral response of both the CCD and filters, the value of Sλ1/Sλ2 is calibrated by 204 

measuring a thermocouple in the flame. The temperature obtained by the thermocouple is served as 205 

the standard for the calibration. 206 
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 In the present study, a bi-optic lens attachment (Model: LAVISION VZ-image doubler) is used 207 

to record two-dimensional (2D) images of a coal pellet at 1 Hz. Two filters with a bandwidth of 1 nm, 208 

which centered at 633 nm and 647 nm, provide the spectral discrimination required for the two-color 209 

pyrometry. Because the two wavelengths are close to each other, ελ1/ελ2 is approximated by 1. 210 

 During the combustion of a coal pellet, its shape can be identified from the 2D images of 211 

thermal irradiation [37]. The diameter of the pellet is then determined from the average between two 212 

orthogonal dimensions in the images under the two wavelength. The uncertainty of the two-color 213 

measurement is calculated as the standard deviation of three measurements. 214 

 215 

3. Results and discussions 216 

3.1. Release characteristics of different chemical forms of sodium 217 

The contents of the different chemical forms of sodium in the Zhundong raw coal are 218 

summarized in Table 2. The mass of Na (mg) in a sample prepared from 1 g of the Zhundong raw 219 

coal is determined by performing the ICP-AES measurements on the filtrate of chemical extraction 220 

method, as described in Section 2.2. It can be found that the major chemical forms of sodium in the 221 

Zhundong raw coal are H2O-soluble (34.3%) and insoluble (46.8%) sodium, while the concentrations 222 

of the other two chemical forms, i.e., NH4Ac-soluble and HCl-soluble sodium, are very marginal.  223 

 224 

 225 

 226 

 227 

 228 
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Table 2. The content of different chemical forms of sodium in Zhundong raw coal measured by 229 

ICP-AES. 230 

 

Na content in a coal pellet (50 mg) 

H2O-soluble NH4Ac-soluble HCl-soluble Insoluble Total 

Mass (mg) 0.13±0.006 0.05±0.003 0.02±0.003 0.17±0.007 0.37 

Percentage 34.3% 12.6% 6.1% 46.8% 100.0% 

 231 

Temporal release of different chemical forms of sodium during combustion is shown in Fig. 2. 232 

Time resolution of the profiles is 1 data point per second. By employing the division method 233 

described in [19], three characteristic stages of coal pellet combustion can be determined for the raw 234 

and H2O treated coal samples: (1) a narrow peak during the devolatilization stage; (2) a left skewed 235 

large peak during the char burnout stage; (3) a gradual decrease during the ash cooking stage. For the 236 

NH4Ac treated sample, the three stages can also be identified in its sodium flux profile but the 237 

magnitude of the peaks are much smaller. In contrast, the profile of the HCl treated sample does not 238 

show the three-stage characteristics: only one gentle peak is found at the devolatilization stage and 239 

the sodium flux is smaller compared to other cases.  240 

 241 
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 242 

 243 

Fig. 2. Temporal sodium release profiles of raw and target-sodium sequentially removed Zhundong 244 

coal measured by the multi-point LIBS. Three combustion stages for the raw coal pellet are 245 

illustrated: (1) devolatilization, (2) char burnout, and (3) ash cooking. The NH4Ac and HCl treated 246 

cases have been zoomed in and shown on the bottom. 247 

 248 

 249 
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By integrating the sodium flux with the time, the mass of sodium released at the three stages of 250 

coal pellet combustion for the four samples can be identified, as listed in Table 3. Comparing the 251 

sodium released at the three stages for raw Zhundong coal, it can be observed that the char burnout 252 

stage contributes to 86.7% of the total sodium release, while the devolatilization and ash cooking 253 

stages only release a minor amount, i.e., 5.1% and 7.3%, respectively. The durations of the three 254 

combustion stages for the four samples are also summarized in Table 3. Since the termination time of 255 

devolatilization stage for the HCl treated sample is difficult to identify, the same value as NH4Ac 256 

treated sample is used. It can be found that the removal of sodium results in a longer devolatilization 257 

and coal burnout time. This can be attributed to the catalytic effects of sodium on the combustion, 258 

which will be further elaborated in Section 3.3. 259 

 260 

Table 3. Sodium released at the three stages of the combustion of raw and target-sodium sequentially 261 

removed Zhundong coal. Time periods of the three stages are summarized in parentheses. 262 

Sample 

Na released (mg/coal pellet) 

Devolatilization Char burnout Ash cooking Total 

Raw coal 7.6E-3 (0-53 s) 1.3E-1 (53-495 s) 1.1E-2 (495-1200 s) 1.5E-1 

Target-sodium sequentially removed 

H2O-soluble 2.0E-3 (0-73 s) 2.9E-2 (73-507 s) 4.7E-3 (507-1200 s) 3.6E-2 

NH4Ac-soluble 6.0E-4 (0-70 s) 7.5E-3 (70-540 s) 5.9E-4 (540-1200 s) 8.7E-3 

HCl-soluble 4.6E-4 (0-70 s) - - 3.9E-3 

 263 

Based on the difference between the sodium release from the four samples, the contribution of 264 
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different chemical forms of sodium to the mass of sodium released in the three stages of coal pellet 265 

combustion can be evaluated, as shown in Fig. 3. Since the char burnout and ash cooking stages for 266 

the HCl treated sample (insoluble sodium remains) cannot be identified, the sum of the HCl-soluble 267 

and insoluble sodium is shown for these two stages. It is noted that the H2O-soluble sodium is the 268 

major chemical form of sodium released in every stage, contributing to 76% of the total sodium 269 

released during the entire period of coal pellet combustion. The contributions of different chemical 270 

forms of sodium are similar for each stage: The H2O-soluble sodium plays the dominant role; the 271 

NH4Ac-soluble sodium is the second largest contribution; and the contributions of the HCl-soluble 272 

and insoluble are marginal. Comparing the mass of sodium released (Table 4) detected by 273 

multi-point LIBS measurement to the sodium content in the raw Zhundong coal (Table 2) identified 274 

via ICP-AES, the ratio of the released sodium mass to the existing sodium mass can be deduced for 275 

different forms of sodium. It can be found in Table 4 that 40.7% of the sodium contained in the raw 276 

coal is released into the gas phase during the whole period of coal pellet combustion. The release 277 

ratio reflects the volatility of different chemical forms of sodium. The H2O-soluble sodium shows the 278 

highest volatility with a release ratio of 90.1%, while the insoluble sodium is in a much more stable 279 

chemical state because only 2.3% of its mass is released during the combustion. 280 

 281 
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 282 

Fig. 3. Contribution of different chemical forms of sodium to the mass of sodium released in the 283 

three stages of coal pellet combustion. 284 

 285 

Table 4. Released mass and release ratio of the sodium contained in the raw coal for different 286 

chemical forms of sodium during coal pellet combustion measured by multi-point LIBS. 287 

Chemical forms Released mass (mg) Release ratio (%) 

H2O-soluble 0.114 90.1 

NH4Ac-soluble 0.027 58.7 

HCl-soluble 0.005 21.3 

Insoluble 0.004 2.3 

Total 0.150 40.7 

 288 
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3.2. Release characteristics of different H2O-soluble sodium 289 

As the H2O-soluble sodium is found to be the dominant chemical form of sodium released 290 

during the entire period of combustion, the release characteristics of different forms of H2O-soluble 291 

sodium are then investigated by measuring the sodium enriched coal pellets. The temporal sodium 292 

concentration profiles of the raw and target-sodium enriched coal are presented in Fig. 4a. The 293 

sodium release is found to be much stronger for the sodium enriched samples than the original raw 294 

coal, because the content of sodium, especially the highly-volatile H2O-soluble sodium, is much 295 

higher in the sodium enriched samples (Table 5) than in the raw coal (Table 2). The second sodium 296 

release peak corresponding to the char burnout stage occurs earlier for sodium enriched samples, 297 

which is due to the following reasons: (1) The enriched sodium catalyzes char combustion by 298 

forming -CNa and -CONa, which leads to a shorter burning period and more intensive combustion 299 

process. Thus, the release of raw sodium in the sample is enhanced [38]. (2) The enriched sodium 300 

can directly evaporate into the gas phase in the high temperature combustion environment. Table 6 301 

summarizes the time at termination of the char burnout stage for the four samples including the raw 302 

and sodium enriched coal pellets. After the coal pellet is enriched with NaOH which has the highest 303 

catalytic effects, the burnout of the pellet is shortened by 36.8%. 304 

By subtracting the profiles of target-sodium enriched and raw coal pellets and normalizing the 305 

time with the characteristic time of char burnout in each case, the temporal sodium release 306 

characteristics of the three enriched sodium can be better estimated, and the post-processed results 307 

are shown in Fig. 4b. Profiles of the raw coal and originally contained H2O-soluble sodium are also 308 

shown as a reference. The concentration of released Na2SO4 is much lower than the other two forms 309 

of sodium, which suggests that the volatility of Na2SO4 during coal combustion is weaker. The 310 
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release characteristics of the enriched H2O-soluble sodium are found to be different from the original 311 

one, which implies a complex release mechanism of the original sodium. The H2O-soluble sodium is 312 

not only released through the volatilization process under high temperature, but also gradually 313 

released along with the collapse of micro-pores during the heterogeneous combustion of coal. Thus, 314 

the release of original sodium is delayed. 315 

 316 

Table 5. Mass of sodium contained in different target-sodium enriched Zhundong coal pellets. 317 

Samples 

Na content (mg) in a coal pellet (50 mg) 

Enriched mass of Na Total H2O-soluble Na Total 

0.5% NaCl enriched 0.10 0.23 0.47 

0.5% Na2SO4 enriched 0.08 0.21 0.45 

0.5% NaOH enriched 0.14 0.27 0.51 

 318 

 319 
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 320 

(a) Temporal sodium release profiles 321 

 322 

(b) Time-normalized sodium release profiles 323 

Fig. 4. (a) Temporal sodium release profiles of raw and target-sodium enriched Zhundong coal 324 

measured by single-point LIBS. (b) Time-normalized temporal release profiles. The time has been 325 

normalized by the characteristic time at the termination of char burnout in each case. Profiles of the 326 
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raw coal and originally contained H2O-soluble sodium are also shown. 327 

 328 

Table 6. Time at termination of the char burnout stage for raw and target-sodium enriched Zhundong 329 

coal. 330 

Samples Time at termination of char burnout (s) 

Raw coal 495 

NaCl-enriched 467 

Na2SO4-enriched 436 

NaOH-enriched 313 

 331 

3.3. Catalytic effects of the sodium on coal pellet combustion 332 

The catalytic effects of different chemical forms of sodium on coal pellet combustion are 333 

examined. Figure 5 shows the temporal profiles of surface temperature and diameter of four different 334 

coal pellet samples for raw and target-sodium sequentially removed Zhundong coal, which are 335 

recorded in real-time during the combustion. The general trends of the profiles for the four samples 336 

are similar. In the beginning, the coal pellet is rapidly heated up in the hot environment. Then the 337 

pellet starts to devolatilize and volatiles burn around the pellet. Heated by the burner-produced 338 

methane-air flame and the volatile flame, the surface temperature of the coal pellet increases to about 339 

1700 K within a few seconds. After the volatiles burn out, the pellet temperature reaches an 340 

inflection point since the heating effect from the volatile flame disappears. Because the duration of 341 

the first devolatilization stage is relatively short, the diameter of the coal pellet does not change 342 

significantly. In the second char burnout stage, the heterogeneous combustion between solid char and 343 
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gas-phase surroundings takes place, which generates new heat source and shrink the coal pellet. 344 

When the pellet is close to burnout, its temperature decreases because char combustion is weak and 345 

therefore the heat loss to the surroundings becomes larger than the heat produced from the 346 

combustion. After char burnout, the residual ash reaches a stable chemical state in the third ash 347 

cooking stage. The pellet temperature and diameter at this stage are almost constant, and therefore 348 

not shown for brevity.  349 

For the cases with target-sodium removal treatment, the characteristic profiles of pellet 350 

temperature and diameter are found to be elongated in time, which indicates that the combustion of 351 

the coal pellet slows down. In other words, the sodium contained in coal has catalytic effects to 352 

accelerate the combustion. In contrast to the general trend that the removal of sodium results in a 353 

slower combustion, the temperature increase and diameter decrease of the NH4Ac treated sample are 354 

found to be enhanced at the devolatilization and initial period of char burnout stages, as shown in the 355 

zoomed in region of Fig. 5. This is because chemical extraction using NH4Ac acid can influence the 356 

microcrystalline structure of the coal, leading to more micro-pores on coal surface [39]. Oxygen 357 

molecules are more easily absorbed by the coal, and therefore the heterogeneous combustion 358 

becomes enhanced. 359 

 360 
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 361 

(a) Surface temperature of coal pellets 362 

 363 

(b) Diameter of coal pellets 364 

Fig. 5. Temporal profiles of surface temperature and diameter of coal pellets for raw and 365 

target-sodium sequentially removed Zhundong coal. Three combustion stages for the raw coal pellet 366 

are illustrated: (1) devolatilization, (2) char burnout, (3) ash cooking. The first 100 s has been 367 
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zoomed in and shown on the upper right. 368 

 369 

Figure 6 illustrates the catalytic effects of different forms of enriched H2O-soluble sodium on 370 

Zhundong coal pellet combustion. With target-sodium enrichment, the burning periods characterized 371 

by pellet temperature and diameter become shorter, indicating all the three sodium additives have 372 

catalytic effects to accelerate the coal pellet combustion (burnout time decreased by more than 5.7%). 373 

In general, sodium can weaken the bond of (C-O) and therefore enhance the heterogeneous reaction 374 

rate of coal [26]. With the same dosing ratio by weight, the catalytic effects on coal combustion is 375 

found in the order of NaOH > Na2SO4 > NaCl. NaOH has the strongest catalytic effects (burnout 376 

time decreased by 36.8%) due to the following two reasons. First, NaOH can be absorbed by the 377 

carbon structures and causes electron transference to increase the reactive of char [40]. Second, 378 

NaOH can have thermal decomposition under high temperature and form a redox pair of Na2O and 379 

NaxOy which leads to an oxidation-reduction cycle promoting the electron transference between the 380 

char and oxygen [41]. Moreover, the enriched mass of sodium element is the highest for the same 381 

amount of sodium additives in the NaOH-enriched case (see Table 5). NaCl has the lowest catalytic 382 

effects because the combination of Cl with Na can prevents Na from becoming an active catalyst 383 

[42]. 384 
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 385 

(a) Surface temperature of coal pellets 386 

 387 

(b) Diameter of coal pellets 388 

Fig. 6. Temporal profiles of surface temperature and diameter of coal pellets for raw and 389 

target-sodium enriched Zhundong coal. The first 100 s has been zoomed in and shown on the upper 390 

right. 391 
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 392 

4. Conclusions 393 

The release characteristics and catalytic effects of different chemical forms of sodium during 394 

the combustion of Zhundong coal pellet have been investigated using a combination of two in-situ 395 

measurement techniques, i.e., multi-point LIBS and two-color pyrometry. First, the combustion of 396 

raw and target-sodium sequentially removed Zhundong coal pellets are studied. H2O-soluble sodium, 397 

which contributes to 76% of the total sodium released, is found to be the major chemical form of 398 

sodium released in every stage of coal pellet combustion. It also shows the highest volatility, as 90.1% 399 

of the H2O-soluble sodium contained in the coal is released into the gas phase. The insoluble sodium 400 

is found to be stable and only 2.3% of it is released. Different chemical forms of sodium, i.e., 401 

H2O-soluble, NH4Ac-soluble and HCl-soluble sodium, are found to introduce acceleration effects on 402 

the coal combustion.  403 

Three common forms of H2O-soluble sodium in coal, i.e., NaCl, NaOH and Na2SO4, are then 404 

enriched into the raw Zhundong coal to study their release characteristics and catalytic effects. The 405 

release characteristics of the enriched H2O-soluble sodium are different from the H2O-soluble 406 

sodium originally contained in the raw coal, which reveals the complexity of sodium behavior during 407 

coal combustion. For the same amount of sodium additives, the catalytic effects on coal combustion 408 

are found in the order of NaOH > Na2SO4 > NaCl. For the coal pellet enriched with NaOH, its 409 

burnout time is decreased by 36.8%. 410 

Our future work will extend the study to the effects of other forms of H2O-soluble, 411 

NH4Ac-soluble, HCl-soluble and insoluble sodium on the coal combustion process using the present 412 

target-sodium treatment approach.  413 
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Figure captions 

Fig. 1. Multi-point LIBS experimental setup. 

Fig. 2. Temporal sodium release profiles of raw and target-sodium sequentially removed Zhundong 

coal measured by the multi-point LIBS. Three combustion stages for the raw coal pellet are 

illustrated: (1) devolatilization, (2) char burnout, and (3) ash cooking. The NH4Ac and HCl treated 

cases have been zoomed in and shown on the bottom. 

Fig. 3. Contribution of different chemical forms of sodium to the mass of sodium released in the 

three stages of coal pellet combustion. 

Fig. 4. (a) Temporal sodium release profiles of raw and target-sodium enriched Zhundong coal 

measured by single-point LIBS. (b) Time-normalized temporal release profiles. The time has been 

normalized by the characteristic time at the termination of char burnout in each case. Profiles of the 

raw coal and originally contained H2O-soluble sodium are also shown. 

Fig. 5. Temporal profiles of surface temperature and diameter of coal pellets for raw and 

target-sodium sequentially removed Zhundong coal. Three combustion stages for the raw coal pellet 

are illustrated: (1) devolatilization, (2) char burnout, (3) ash cooking. The first 100 s has been 

zoomed in and shown on the upper right. 

Fig. 6. Temporal profiles of surface temperature and diameter of coal pellets for raw and 

target-sodium enriched Zhundong coal. The first 100 s has been zoomed in and shown on the upper 

right. 
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