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A B S T R A C T   

The interaction between flue gas and ash causes the redistribution of heavy metals and affect their emission 
characteristics. In this study, a double-layer fixed-bed reactor was used to investigate the effect of this interaction 
on Pb distribution at 800–1000 ◦C. Obvious gaseous Pb adsorption by ash just occurred in the case of high-Pb flue 
gas and less ash melting. In other cases, significant Pb release from ash occurred under the action of the high- 
temperature flue gas. The occurrences of Pb in ash was found to be thermally stable. Ash melting is the main 
reason for the Pb release. Gaseous Na in the combustion flue gas and reducing components in the pyrolysis flue 
gas promote the Pb release via promoting the ash melting. H2S and HCl in the pyrolysis flue gas also promote the 
Pb release by forming PbS and PbCl2, which are more volatile.   

1. Introduction 

Pb, a heavy metal element, is neurotoxic and nonbiodegradable with 
a biological half-life of 1–2 months or longer [1]. Coal-fired power 
plants are a major source of Pb in the atmosphere. For example, in 
China, coal-fired units emitted as much as 8600 t of Pb into the atmo
sphere in 2012 [2]. The mass concentration and distribution patterns of 
Pb in the flue gas determine the extent of damage it does to the envi
ronment. Pb emission can be reduced by transforming gaseous Pb into 
particulate Pb, which can be captured by a dust removal device [3–5]. 
Furthermore, understanding the transformation of Pb in the coal-fired 
unit is meaningful to develop Pb emission control techniques. 

Pb is a sulfurphilic element; Pb-containing sulfides such as galena 
(PbS) are the most common forms of Pb in coal. Pb can also bind to 
aluminosilicates, carbonates, phosphates, and clay minerals [6,7]. Ac
cording to the solubility of Pb in different extracts, the binding state of 
Pb in coal can be classified into water-soluble and ion-exchange state, 
carbonate-bound state, organic-bound state, sulfide-bound state, and 
residual form, among which the sulfide-bound state and residual forms 
are the most dominant. Studies have found that the water-soluble and 
ion-exchangeable Pb and carbonate-bound Pb are completely released 
after pyrolysis at high temperature, whereas sulfide-bound and residual 
Pb are partially released. The different binding states of Pb can be 
transformed into one another [8,9]. 

The transformation of Pb in coal-fired systems occurs in two stages: 
high-temperature combustion and post-combustion [10–12]. The 
transformation of Pb in the high-temperature combustion stage is 
influenced by the combustion conditions and coal properties. Xue et al. 
[13] performed coal combustion experiments at 900–1300 ◦C and found 
that the release ratio of Pb increased with an increase in the tempera
ture. Wang et al. [14] also conducted combustion experiments on four 
types of coal at 1150 ◦C and found that the release ratio of Pb in coal was 
25–60%, indicating that the distribution ratio of Pb in the flue gas and 
fly ash is different for different types of coal. Gaseous Pb released into 
the high-temperature flue gas mainly exists in the form of PbO. When the 
Cl content in coal is high, gaseous Pb exists in the form of PbCl2, which is 
easier to release [15,16]. The results showed that the mineral compo
nents adsorbed gaseous Pb in the flue gas and promoted its conversion 
into particulate form. Various adsorbents were used to adsorb PbO and 
PbCl2. SiO2, Al2O3, bauxite, kaolin, emathlite, and limestone were found 
to effectively adsorb PbCl2 in a simulated flue gas [17–19]. SiO2, Al2O3, 
CaO, MgO, Fe2O3, and kaolin were found to effectively adsorb PbO 
[20–22]. Whether it was PbO or PbCl2, Kaolin had the highest adsorp
tion capacity. In the adsorption products of Ca-based adsorbents, Pb 
mainly exists as CaPbO3 and CaPbO4, while in the adsorption products 
of aluminosilicate, it mainly exists as PbO⋅Al2O3⋅2SiO2. Through DFT 
calculation, Zhang et al. [22] found the unsaturated Al atoms on the 
α-Al2O3 (110) surface were the active sites for Pb adsorption. Due to the 
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high volatility of PbCl2, PbO was easier to be adsorbed than PbCl2 
[21,22]. In addition to minerals such as aluminosilicate, which can 
adsorb gaseous Pb in the flue gas, other components in the flue gas in
fluence the Pb distribution. Jiao et al. [23] found that SO2 and H2O in 
the flue gas promoted the solidification of Pb by facilitating the con
version of its gaseous Pb to PbSO4. 

Fly ash contains mineral components such as Si and Al, and it is also 
possible to adsorb gaseous Pb in the flue gas through chemical adsorp
tion. Laboratory studies found that Pb in coal was mostly released into 
the gas after high-temperature combustion. However, field tests at coal- 
fired plants showed that the mass of Pb in the flue gas after the operation 
of the dust collector only accounted for 4–10% of the total Pb, and Pb 
was concentrated in fine particles [24–26]. Therefore, the trans
formation of Pb should occur during the cooling process of the high- 
temperature flue gas. Theoretically analyze the possible pathways of 
Pb transformation, including chemical transformation in the interme
diate- and high-temperature ranges, and physical adsorption or 
condensation in the low-temperature range. When the concentration of 
gaseous Pb in the low-temperature flue gas is relatively high, the pos
sibility of gaseous Pb physically condensing is greater. However, the 
influence of chemical conversion on the Pb distribution in the inter
mediate- and high-temperature ranges lacks direct research evidence. 

Therefore, this study focuses on the effect of the interaction between 
high-temperature flue gas and ash on the Pb distribution. The changes in 
Pb content in the ash under the action of different flue gases were 
analyzed. The effects of flue gas constituents on the stability of Pb in ash 
were discussed. The mechanism of Pb release from ash under the action 
of the high-temperature flue gas was revealed, which is helpful to un
derstand the transformation of Pb in coal-fired units and develop Pb 
emission control techniques. 

2. Experimental 

2.1. Sample 

In this study, two types of coal with high Pb contents (35.9 and 32.2 
μg/g) and different mineral compositions were selected. The results of 
proximate and ultimate analysis of the two types of coal are shown in 
Tables 1 and 2. Before the experiment, the pulverized coal was ground 
and screened to 74–96 μm, dried at 105 ◦C, and sealed for preservation. 

A slow ash program using the muffle furnace at 815 ◦C was used to 
prepare the ash samples in advance. Coal #1 and coal #2 combust to 
produce ash #1 and ash #2, respectively. Based on the national standard 
of China (GB/T 219–2008), the melting points of the two ash samples 
were determined by using the ash melting point tester (BYTHR-9F, 
Boyuntian, China). The deformation temperatures of the two ash sam
ples were 1296 ◦C and 1435 ◦C, respectively. X-ray fluorescence spec
troscopy (XRF; ARL PERFORM’ X, Thermo Fisher Scientific, USA) was 
used to analyze the component of the two ash samples and the results are 
summarized in Table 3. 

The chemicals including: Na2CO3 (CAS: 497–19–8, purity >99.8%) 
and cellulose (CAS: 9004–34–6; average diameter = 50 μm) were ac
quired from Sinopharm Chemical Reagent Co. Ltd. and Sigma-Aldrich, 
respectively. Cellulose with a Na concentration of 0.13–0.22% was 
prepared by impregnating, drying and grinding. 

2.2. Experimental method 

Fig. 1 presents the schematic of the double-layer fixed-bed experi
mental system. The detailed parameters, working principles, and 
experimental procedures can be found in reference [27, 28]. During the 
experiment, 0.5 NL/min fed gas (N2 for pyrolysis and 79% N2 + 21% O2 
for combustion) entered the reactor from the top and flowed through 
two sample layers to the exit of the reactor. 1 g of coal was loaded into 
the upper layer to generate flue gas. 0.3 g of ash was loaded into the 
lower layer to interact with the flue gas. After 40 min of interaction, the 
residues in the upper layer and the ash in the lower layer were collected 
for testing and analysis. The contents of Pb and other minerals in the 
above samples were measured by using inductively coupled plasma 
atomic emission spectrometer (ICP-AES; Prodigy 7, Teledyne Leeman 
Laboratories, US) after digestion using HNO3-HF-H2O2 method. The 
detailed experimental procedure is similar to reference [28]. The 
experiment under each condition was repeated at least thrice for 
accuracy. 

For each experiment, the amount of gaseous Pb released into the flue 
gas from coal layer (mPb,g, μg) was determined by Eq. (1). 

mPb,g = mcoal × cPb,coal − mS × cPb,S (1)  

where mcoal and mS are the mass of coal and the residue after pyrolysis/ 
combustion (g), respectively; cPb, coal and cPb, S are the Pb contents of the 
coal and residue (μg/g), respectively. 

After interacting with the flue gas, the Pb content of the ash changed 
and a Pb release ratio R was determined by Eq. (2). 

R = 1 −
mash,p × cPb,p

mash,o × cPb,o
(2)  

where mash, o and mash, p represent the mass of ash before and after the 
reaction (g), respectively, and cPb, o and cPb, p represent the Pb contents 
of the ash before and after the reaction (μg/g), respectively. 

The thermal stability of Pb in ash was investigated by performing 
constant-temperature experiments on ash in N2 and air atmospheres at 
800–1000 ◦C. To explore the effect of flue-gas components on the sta
bility of Pb in ash, 1 g of pure cellulose was used to replace C and H in 
coal to generate the flue gas containing CxHy, COx and H2O, and cellu
lose loaded with Na2CO3 was used to produce the flue gas containing 
gaseous Na. Besides, 2000 ppm SO2 + N2, 200 ppm HCl + N2, 2000 ppm 
NO + N2, 2000 ppm NO2 + N2, and 2000 ppm H2S + N2 were used as the 
simulated flue gas, respectively. The effect of the flue-gas components 
on the stability of Pb in ash was analyzed by examining the change in the 
Pb content of ash in the lower layer. 

Table 1 
Proximate analysis results for the coal samples.  

Coal sample Proximate analysis, wt% ad 

Moisture Volatile Ash Fixed carbon 

#1 2.34 32.8 25.9 39.0 
#2 1.17 28.5 20.3 50.1  

Table 2 
Ultimate analysis of the coal samples.  

Coal sample Ultimate analysis, wt% daf 

C H N O S Cl Pb (μg/g) 

#1 51.6 3.89 1.03 43.5 1.61 0.02 35.9 
#2 61.9 4.01 1.39 32.7 0.410 0.03 32.2  

Table 3 
Component analysis of the ash samples (%).   

#1 #2 

SiO2 51.7 23.0 
Al2O3 21.7 53.0 
Fe2O3 11.7 3.09 
CaO 5.17 11.5 
MgO 1.47 0.363 
Na2O 0.644 0.185 
K2O 2.23 0.439 
The rest 6.42 8.46 
Pb(μg/g) 168 155  
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The melting characteristics of ash may affect the release of Pb. To 
analyze the melting of ash under various flue-gas conditions, the liquid 
phase ratio and crystallization ratio of the ash-slag system was calcu
lated using the Equilib module of FactSage. Table 4 shows the compo
sition of the reactant input. Among them, “#1, #2” were used to 
calculate the ash-slag system composed of an initial ash composition. 
“#1 + Na” and “#2 + Na” were used to calculate the influence of 
increasing the Na content on the ash-slag system. Furthermore, the Na 
content selected was consistent with that in ash under the action of the 
flue gas generated by coal #1 combustion. “#1 + Py” and “#2 + Py” 
were used to calculate the influence of pyrolysis products of organic 
matter on the ash-slag system. The quantity of CO and CO2 was the same 
as that generated by pyrolyzing 1 g of cellulose at 1000 ◦C. Studies 
showed that the main gas constituents generated by the pyrolysis of 1 g 
of cellulose were 0.35 g of CO and 0.052 g of CO2 [29]. 

3. Results and discussion 

3.1. Transformation of Pb under the action of the combustion flue gas 

3.1.1. Redistribution of Pb under the action of the combustion flue gas 
Fig. 2 (a) and (b) show the amount of Pb released into the flue gas by 

coal combustion and the release ratio of Pb in ash under the action of the 

combustion flue gas, respectively. 
Fig. 2(a) illustrates the amount of Pb released into the flue gas by coal 

combustion at 800–1000 ◦C. It can be seen that the amount of gaseous 
Pb released by coal combustion increased with the increase of temper
ature and coal #1 released a greater amount of gaseous Pb than coal #2. 
Under the action of the combustion flue gas, the release ratio of Pb in ash 
was shown in Fig. 2(b). The Pb content in ash changed little in most 
conditions, but under the action of the flue gas generated by coal #1 
burned at 1000 ◦C, a significant reduction in the Pb content in ash #1 
occurred (85%). 

3.1.2. Influence of combustion flue gas components on Pb release 
Pb may be released from ash due to its thermal instability, or due to 

the action of the flue gas. To investigate whether Pb in ash was stable in 
the thermal environment, we performed the experiments at 
800–1000 ◦C in air atmosphere, without coal in the upper layer. The 
proportion of Pb released into the gas phase was less than 4.0%. Pb 
showed a good thermal stability in both ash types in the temperature 
range of 800–1000 ◦C. This suggests that the liberation of Pb from ash 
was not caused by its thermal instability, but rather by the action of the 
flue gas. 

The action of the flue gas caused the release of Pb from ash, which 
may be due to the certain components in the flue gas. The main con
stituents of the flue gas generated by coal combustion are inorganic 
gases, including CO2, H2O, SO2, NO, and NO2. Because the Pb content in 
ash under the action of the combustion flue gas decreased significantly 
only at 1000 ◦C, the experiment to investigate the influence of the main 
components was performed at 1000 ◦C. The flue gas generated by cel
lulose combustion was used to simulate the atmosphere of CO2 + H2O, 
and the atmosphere containing 2000 ppm SO2/NO/NO2 was formed by 
gas distribution, respectively. The change in the Pb content was inves
tigated when the ash was maintained at 1000 ◦C for 40 min in these 
atmospheres. Table 5 lists the release ratio. 

As observed in Table 5, under the action of the flue gas generated by 
cellulose combustion at 1000 ◦C, the release ratios of Pb in two types of 

Fig. 1. Schematic of the double-layer fixed-bed experimental system. (X represents SO2, NO, NO2, HCl, or H2S, used to investigate the effects of the main flue gas 
components on the stability of Pb in ash). 

Table 4 
Composition of the reactant input.   

#1 #2 #1 + Na #2 + Na #1 + Py #2 + Py 

SiO2 51.7 23.0 51.7 23 51.7 23.0 
Al2O3 21.7 53.0 21.7 53 21.7 53.0 
Fe2O3 11.7 3.09 11.7 3.09 11.7 3.09 
CaO 5.17 11.5 5.17 11.5 5.17 11.5 
MgO 1.47 0.363 1.47 0.363 1.47 0.363 
Na2O 0.644 0.185 0.789 0.24 0.644 0.185 
K2O 2.23 0.439 2.23 0.439 2.23 0.439 
CO / / / / 94.6 91.6 
CO2 / / / / 15.8 15.3  
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ash were 9.6% and 1.7%, respectively. With the addition of SO2, NO, and 
NO2, the release ratio of Pb in two types of ash was less than 3.5%, which 
was significantly less than that of ash #1 under the action of the flue gas 
generated by coal #1 combustion (85%). Therefore, CO2, H2O, SO2, NO, 
and NO2 in the combustion flue gas did not cause the massive release of 
Pb from ash #1. 

3.1.3. Influence of gaseous Na on Pb release 
Besides these inorganic gases, the combustion flue gas also contains 

trace amounts of gaseous mineral elements, such as gaseous Na [30]. In 
a previous study, we found that gaseous Na, especially in the forms of 
gaseous Na2O and NaOH, can promote the release of As in ash by 
reacting with silicate aluminate in ash [28]. Similarly, 1 g of cellulose 
with a certain concentration of Na2CO3 was loaded in the upper layer 
and burned at 1000 ◦C to equalize the Na concentration to that in coal 
#1. A comparison of the change in the Pb content in two types of ash is 
shown in Table 6. 

As shown in Table 6, Pb was liberated from ash under the action of 
the flue gas generated by cellulose with a certain concentration of 
Na2CO3 burned at 1000 ◦C. With an increase in the Na2CO3 concentra
tion, the release ratio would also increase, and the effect of this increase 
on ash #1 was stronger than that on ash #2. In particular, when the 
concentration of Na2CO3 in cellulose was 0.50% (the equivalent con
centration of Na was 0.22%), the content of Na in ash #1 increased to 
0.59%, and the release ratio of Pb was as high as 80%. This trend was 
similar to the one under the action of the coal #1 combustion flue gas, 
where the Na content in ash #1 was 0.60% and the Pb decrease ratio 
85%. This also applies to the trend observed for ash #2. The Na content 
in ash #2 was 0.20%, while the Pb decrease ratio was only 14%. Under 

the action of the coal #1 combustion flue gas, the Na content in ash #2 
was 0.18% and the Pb decrease ratio was 11%. 

At 1000 ◦C, the effect of gaseous Na on ash #1 was significantly 
stronger than that on ash #2, which may be due to the high content of Al 
in ash #2. Entering into the macromolecular structure and crystal lattice 
of clay minerals by isomorphic substitution is an important form of Pb in 
ash [1]. Therefore, the destruction of the lattice structure by the melting 
of ash is not conducive to the stable existence of Pb in ash. Ash #2 has a 
high Al content and ash melting point. Despite a high content of gaseous 
Na in the flue gas, ash #2 almost does not melt at 1000 ◦C, and therefore 
liberate little Pb. 

To analyze the melting phenomenon in two types of ash, we calcu
lated their liquid phase ratios at 800–1500 ◦C using FactSage (Fig. 3). 

As observed in Fig. 3, in the range of 800–1500 ◦C, the liquid phase 
ratio of ash #1 was significantly higher than that of ash #2. Ash #2 
barely began to melt until 1400 ◦C, whereas the liquid phase ratio of ash 
#1 reached 12% at 900 ◦C. With the addition of 0.145% Na2O, the ratio 
of liquid phase in ash #1 increased from 900 ◦C, whereas the effect on 
ash #2 did not appear until 1500 ◦C. Therefore, at 1000 ◦C gaseous Na 
significantly promoted the release of Pb from ash #1, whereas the effect 
on ash #2 was not noticeable. 

From this analysis, we concluded that under the action of the high- 
temperature combustion flue gas, ash liberated Pb from ash by pro
moting the melting of ash through gaseous Na and breaking its lattice 
structure. Meanwhile, CO2, H2O, SO2, NO, and NO2 did not play a role in 
this process. This explains the results illustrated in Fig. 2. Under the 
action of the combustion flue gas, the content of Pb in the ash 

Fig. 2. Transformation of Pb in combustion atmosphere: (a) amount of Pb released by coal combustion; (b) release ratio of Pb in ash.  

Table 5 
Release ratio of Pb in ash under the action of main components of the com
bustion flue gas at 1000 ◦C.  

Gas Concentration Ash #1 Ash #2 

CO2 + H2O Flue gas generated by cellulose combustion 9.6% 1.7% 
SO2 2000 ppm 2.2% 3.5% 
NO 2000 ppm 0.95% 0.27% 
NO2 2000 ppm 1.7% 0.71%  

Table 6 
Release ratio of Pb in ash under the action of the flue gas generated by com
bustion of cellulose with Na2CO3 at 1000 ◦C.  

Concentration of Na loaded in cellulose Ash #1 Ash #2 

0.13% 19% 0.81% 
0.22% 80% 14%  

Fig. 3. Effect of Na on the liquid phase ratios of two types of ash 
at 800–1500 ◦C. 
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significantly reduced at 1000 ◦C because more gaseous Na was released 
by coal #1 burned at 1000 ◦C than other conditions [30–32]. The high Al 
content in ash #2 prevented it from melting in the combustion flue gas; 
therefore, the release ratio of Pb in ash #2 was much less than that in ash 
#1. 

3.2. Transformation of Pb under the action of the pyrolysis flue gas 

3.2.1. Redistribution of Pb under the action of the pyrolysis flue gas 
In addition to the combustion atmosphere, we also studied the 

transformation of Pb in the pyrolysis atmosphere. The amount of Pb 
released into the flue gas by coal pyrolysis and the corresponding release 
ratio of Pb in ash were shown in Fig. 4. 

Fig. 4(a) shows the amount of Pb released into the flue gas by coal 
pyrolysis at 800–1000 ◦C. Similar to combustion, the amount of gaseous 
Pb released by coal #1 was greater than that of coal #2. Moreover, the 
amount of Pb released by coal pyrolysis was much more than by its 
combustion. 

Under the action of the pyrolysis flue gas, the release ratio of Pb in 
ash was shown in Fig. 4(b). Ash #1 lost some of its Pb content under all 
experimental conditions, and the reduction ratio can reach 76% at 
800 ◦C and as high as 99% at 1000 ◦C. As for ash #2, the Pb content also 
decreased significantly at 900–1000 ◦C, and the reduction ratio was 
65%–74% at 900 ◦C and up to 79%–83% at 1000 ◦C. But at 800 ◦C, the 
Pb content decreased by only 1.7%, and under the action of the flue gas 
generated by coal 1# pyrolysis even increased by 14%. 

The adsorption of gaseous Pb by ash is explained as the presence of 
elements such as Si and Al in the ash [21,22]. However, the Pb content in 
both two types of ash decreased for most flue gases studied herein, albeit 
at different decrease ratios. In N2 atmosphere without coal in the upper 
layer, the proportion of Pb released into the gas phase was less than 
6.5%. Pb showed a good thermal stability in both ash types in the 
temperature range of 800–1000 ◦C. This suggests that the liberation of 
Pb from ash was not caused by its thermal instability, but rather by the 
action of the pyrolysis flue gas. 

3.2.2. Influence of pyrolysis flue gas components on Pb release 
The main constituents of the flue gas generated by coal pyrolysis 

included CO, H2, CO2, H2O, HCl, and H2S. Under the action of the py
rolysis flue gas, the Pb content in ash significantly decreased at 
800–1000 ◦C. Therefore, the experiment was carried out to explore the 
influence of the main constituents of the pyrolysis flue gas on Pb release 
from ash at 800–1000 ◦C. The flue gas generated from cellulose pyrolysis 
was used to simulate the atmosphere of CO + H2 + CO2 + H2O, and the 
atmosphere containing 200 ppm HCl or 2000 ppm H2S was formed by 
gas distribution, respectively. The changes in the Pb content of ash #1 
and #2 were investigated after heating them for 40 min in the above 

atmospheres. We found two types of ash liberated different amounts of 
Pb and the release ratios were listed in Table 7. 

As shown in Table 7, under the action of the flue gas generated by the 
pyrolysis of 1 g of cellulose, both types of ash released a significant 
amount of Pb. The release ratio varied with temperature, which was 
consistent with that under the action of the coal-pyrolysis-generated flue 
gas and reached its maximum at 1000 ◦C. The release ratio of Pb in ash 
#1 reached 62% at 800 ◦C, and further increased to 100% at 
900–1000 ◦C. However, the release ratio of Pb in ash #2 was only 5.2% 
at 800 ◦C, which rapidly increased to 65% at 900 ◦C and up to 80% at 
1000 ◦C. This indicates that the reducing constituents in the organic- 
pyrolysis-generated flue gas can cause a large amount of Pb release 
from ash. 

3.2.3. Mechanism of Pb release under the action of the pyrolysis flue gas 
Previous studies showed that the reducing atmosphere decreased the 

melting point of ash by influencing the valence state of Fe in it. In a 
weakly reducing atmosphere, a few Fe3+ ions can be reduced to Fe2+, 
which can bond with the unsaturated O2− in ash and destroy the 
network structure, thus lowering the melting point. Meanwhile, Fe2+

easily interacts with Al2O3 to generate numerous low-melting-point Fe 
spinel (FeAl2O4), further reducing the melting point [33,34]. Therefore, 
we calculated the influence of pyrolysis products of organic matter on 
the ash-slag system by FactSage. Fig. 5 displays the results. 

As shown in Fig. 5, the reducing gas significantly promoted the 
melting of two types of ash, which not only increased the proportion of 
the liquid phase in ash at the same temperature but also decreased the 
melting point of ash. The initial melting temperature of ash #1 
decreased by 50 ◦C, and that of ash #2 by 100 ◦C. This also indicates that 
CO and other reducing gases generated by the pyrolysis of the organic 
structure caused a massive Pb release from ash via promoting the 

Fig. 4. Transformation of Pb in pyrolysis atmosphere: (a) amount of Pb released by coal pyrolysis; (b) release ratio of Pb in ash.  

Table 7 
Release ratio of Pb in ash under the action of the main constituents of the py
rolysis flue gas at 800–1000 ◦C.  

Atmosphere Temperature/◦C Release ratio of Pb 

Ash #1 Ash #2 

Cellulose pyrolysis 
800 62% 5.2% 
900 100% 65% 
1000 100% 80% 

200 ppm HCl + N2 

800 57% 2.5% 
900 56% 1.0% 
1000 65% 43% 

2000 ppm H2S + N2 

800 53% 9.2% 
900 95% 71% 
1000 98% 73%  

W. Xu et al.                                                                                                                                                                                                                                      



Fuel Processing Technology 227 (2022) 107089

6

melting of ash. 
In addition, as shown in Table 7, HCl and H2S also promoted the 

release of Pb from ash. In the presence of 200 ppm HCl, both types of ash 
liberated a certain amount of Pb. However, the release ratio of ash #1 
was 56–65%, while that of ash #2 was only 1.0–43%, which was 
significantly less than that under the action of the flue gas generated by 
the pyrolysis of coal and cellulose. In the presence of 2000 ppm H2S, the 
release ratios of both types of ash were similar to those in the flue gas 
generated by the pyrolysis of coal and cellulose. At 1000 ◦C, the release 
ratios of Pb in ash #1 and ash #2 reached 98% and 73%, respectively. 
Related studies showed that HCl and H2S promoted Pb release from ash 
by forming PbCl2 and PbS, which were more volatile [35,36]. 

Irrespective of the flue gas generation method (coal/cellulose or 
H2S), each type of ash had the same maximum release ratios. However, 
the maximum release ratios of Pb in two types of ash were different. The 
release ratio of Pb in ash #1 was 98–100% at 1000 ◦C, whereas that of 
ash #2 was 73–79%. This indicates that in a pyrolysis atmosphere, the 
release ratio of Pb in two types of ash depended on the form of Pb in ash. 
Pb in the ash is mainly embedded in the macromolecular structure and 
the clay mineral lattice by isomorphic substitution. There are two pri
mary modes of action of the high-temperature pyrolysis flue gas that can 
cause the liberation of Pb. One is to reduce the melting point of ash 
through the reducing gas generated by the pyrolysis of organic matter, 
destroying the crystal lattice and causing the release of Pb. The other is 
the reaction between acidic gases (HCl and H2S) and Pb in the crystal 
lattice to generate PbCl2 and PbS with lower boiling points. The effect of 
H2S is more pronounced. 

The above reasoning can well explain the results in Fig. 4. The py
rolysis flue gases of two types of coal contain reductive components that 
can promote the melting of ash, and thus significantly promote the 
release of Pb. Under the action of the same pyrolysis flue gas, ash #1 
liberated a significant amount of Pb at a lower temperature than ash #2 
owing to the high Al content in the latter. That is, ash with high Al 
content is difficult to melt and therefore cannot liberate much Pb. Under 
the action of the flue gas generated by the pyrolysis of coal #1 at 800 ◦C, 
ash #2 gained more Pb. This was because the amount of gaseous Pb 
released by coal was relatively high, and ash #2 adsorbed a certain 
amount of gaseous Pb. Meanwhile, ash #2 mostly remained unmolten 
and retained most of the Pb content. We emphasize that although the 
pyrolysis constituents of two types of coal were different, the decrease 
ratio of Pb in ash at 1000 ◦C did not change with the flue gas generation 
method. This was mainly because the pyrolysis-generated flue gas for 
two types of coal provided an adequate reducing atmosphere for the 
release of Pb from the crystal lattice into the gas phase. 

4. Conclusions 

In the combustion flue gas, the changes of Pb content in ash were less 
than 5.5% in most conditions, but the Pb in one kind of ash was reduced 
by 85% at 1000 ◦C. The constant temperature experiments demon
strated the high thermal stability of Pb in ash. Moreover, CO2, H2O, SO2, 
NO, and NO2 cannot liberate Pb from ash. Under the action of the flue 
gas generated by Na2CO3-loaded cellulose combustion at 1000 ◦C, Pb 
significantly released from ash. The melting phenomenon analysis by 
FactSage revealed that gaseous Na in the combustion flue gas was an 
important constituent to promote the melting of ash and thus cause Pb 
release from ash. 

In the pyrolysis flue gas, gaseous Pb adsorption by ash was also 
prominent only when the flue gas contained a high concentration of 
gaseous Pb and the ash was nearly non molten. In other cases, significant 
Pb release from ash occurred. The reduction ratios of Pb in both types of 
ash were as high as 99% and 83%, respectively. The reducing atmo
sphere was found to significantly promote the release of Pb from ash by 
promoting the melting of ash. In addition, H2S and HCl in the pyrolysis 
flue gas also significantly promoted the release by generating more 
volatile compounds (PbS and PbCl2), with H2S having a more significant 
effect. Irrespective of the pyrolysis flue gas generation method, each 
type of ash had the same maximum release ratio, and the maximum 
release ratios of Pb depended on the form of Pb in ash. 

The mechanism of Pb release from ash under the action of the high- 
temperature flue gas is meaningful to understand the transformation 
pathways of Pb in coal-fired systems and develop Pb emission control 
techniques, such as low Pb emission by combustion of blended coals. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This work was financially supported by the National Key R&D Pro
gram of China 2018YFB0605101. 

References 

[1] T. Fang, G.J. Liu, C.C. Zhou, R.Y. Sun, J. Chen, D. Wu, Lead in Chinese coals: 
distribution, modes of occurrence, and environmental effects, Environ. Geochem. 
Hlth. 36 (2014) 563–581, https://doi.org/10.1007/s10653-013-9581-4. 

[2] H.Z. Tian, C.Y. Zhu, J.J. Gao, K. Chen, J.M. Hao, K. Wang, S.B. Hua, Y. Wang, J. 
R. Zhou, Quantitative assessment of atmospheric emissions of toxic heavy metals 
from anthropogenic sources in China: historical trend, spatial distribution, 
uncertainties, and control policies, Atoms. Chem. Phys. 15 (17) (2015) 
10127–10147, https://doi.org/10.5194/acp-15-10127-2015. 

[3] S.M. Swanson, M.A. Engle, L.F. Ruppert, R.H. Affolter, K.B. Jones, Partitioning of 
selected trace elements in coal combustion products from two coal-burning power 
plants in the United States, Int. J. Coal Geol. 113 (2013) 116–126, https://doi.org/ 
10.1016/j.coal.2012.08.010. 

[4] C. Tian, B.G. Gong, X.C. Wang, Y.C. Zhao, J.Y. Zhang, Ash formation and trace 
elements associations with fine particles in an ultra-low emission coal-fired power 
plant, Fuel 288 (2021) 119718, https://doi.org/10.1016/j.fuel.2020.119718. 

[5] Z.P. Zhang, Y.Z. Li, X.Y. Zhang, H.W. Zhang, L. Wang, Review of hazardous 
materials in condensable particulate matter, Fuel Process. Technol. 220 (2021) 
106892, https://doi.org/10.1016/j.fuproc.2021.106892. 

[6] J. Chen, G.J. Liu, M.M. Jiang, C.L. Chou, H. Li, B. Wu, L.G. Zheng, D.D. Jiang, 
Geochemistry of environmentally sensitive trace elements in Permian coals from 
the Huainan coalfield, Anhui, China, Int. J. Coal Geol. 88 (2011) 41–54, https:// 
doi.org/10.1016/j.coal.2011.08.002. 

[7] S.F. Dai, D.Y. Ren, C.L. Chou, R.B. Finkelman, V.V. Seredin, Y.P. Zhou, 
Geochemistry of trace elements in Chinese coals: a review of abundances, genetic 
types, impacts on human health, and industrial utilization, Int. J. Coal Geol. 94 
(2012) 3–21, https://doi.org/10.1016/j.coal.2011.02.003. 

[8] H.L. Lu, H.K. Chen, W. Li, B.Q. Li, Occurrence and volatilization behavior of Pb, Cd, 
Cr in Yima coal during fluidized-bed pyrolysis, Fuel 83 (2004) 39–45, https://doi. 
org/10.1016/S0016-2361(03)00215-1. 

Fig. 5. Effect of reducing gases on the liquid phase ratios of two types of ash 
at 800–1500 ◦C. 

W. Xu et al.                                                                                                                                                                                                                                      

https://doi.org/10.1007/s10653-013-9581-4
https://doi.org/10.5194/acp-15-10127-2015
https://doi.org/10.1016/j.coal.2012.08.010
https://doi.org/10.1016/j.coal.2012.08.010
https://doi.org/10.1016/j.fuel.2020.119718
https://doi.org/10.1016/j.fuproc.2021.106892
https://doi.org/10.1016/j.coal.2011.08.002
https://doi.org/10.1016/j.coal.2011.08.002
https://doi.org/10.1016/j.coal.2011.02.003
https://doi.org/10.1016/S0016-2361(03)00215-1
https://doi.org/10.1016/S0016-2361(03)00215-1


Fuel Processing Technology 227 (2022) 107089

7

[9] R.X. Guo, J.L. Yang, D.Y. Liu, Z.Y. Liu, Transformation behavior of trace elements 
during coal pyrolysis, Fuel Process. Technol. 77-78 (2002) 137–143, https://doi. 
org/10.1016/S0378-3820(02)00041-3. 

[10] M.H. Xu, R. Yan, C.G. Zheng, Y. Qiao, J. Han, C.D. Sheng, Status of trace element 
emission in a coal combustion process: a review, Fuel Process. Technol. 85 (2003) 
215–237, https://doi.org/10.1016/S0378-3820(03)00174-7. 

[11] J.A. Ratafia-Brown, Overview of trace element partitioning in flames and furnaces 
of utility coal-fired boilers, Fuel Process. Technol. 39 (2) (1994) 139–157, https:// 
doi.org/10.1016/0378-3820(94)90177-5. 

[12] Q. Tang, G.J. Liu, C.C. Zhou, R.Y. Sun, Distribution of trace elements in feed coal 
and combustion residues from two coal-fired power plants at Huainan, Anhui, 
China, Fuel 107 (2013) 315–322, https://doi.org/10.1016/j.fuel.2013.01.009. 

[13] Z.Y. Xue, L. Dong, Z.P. Zhong, X.D. Lai, Y.J. Huang, Capture effect of Pb, Zn, Cd 
and Cr by intercalation-exfoliation modified montmorillonite during coal 
combustion, Fuel 290 (2021) 119980, https://doi.org/10.1016/j. 
fuel.2020.119980. 

[14] J. Wang, A. Tomita, A chemistry on the volatility of some trace elements during 
coal combustion and pyrolysis, Energy Fuel 17 (4) (2003) 954–960, https://doi. 
org/10.1021/ef020251o. 

[15] W.P. Linak, J.O.L. Wendt, Trace metal transformation mechanisms during coal 
combustion, Fuel Process. Technol. 39 (1994) 173–198, https://doi.org/10.1016/ 
0378-3820(94)90179-1. 

[16] S.L. Zhao, Y.F. Duan, Y.N. Li, M. Liu, J.H. Lu, Y.J. Ding, X.B. Gu, J. Tao, M.S. Du, 
Emission characteristic and transformation mechanism of hazardous trace 
elements in a coal-fired power plant, Fuel 214 (2018) 597–606, https://doi.org/ 
10.1016/j.fuel.2017.09.093. 

[17] M. Uberoi, F. Shadman, Sorbents for removal of lead compounds from hot flue 
gases, AICHE J. 36 (2) (1990) 307–309, https://doi.org/10.1002/aic.690360220. 

[18] M.V. Scotto, M. Uberoi, T.W. Peterson, Metal capture by sorbents in combustion 
processes, Fuel Process. Technol. 39 (1994) 357–372, https://doi.org/10.1016/ 
0378-3820(94)90192-9. 

[19] H. Yao, I. Naruse, Using sorbents to control heavy metals and particulate matter 
emission during solid fuel combustion, Particuology 7 (6) (2009) 477–482, https:// 
doi.org/10.1016/j.partic.2009.06.004. 

[20] X.Y. Wang, Y.J. Huang, Z.G. Pan, Y.X. Wang, C.Q. Liu, Theoretical investigation of 
lead vapor adsorption on kaolinite surfaces with DFT calculations, J. Hazard. 
Mater. 295 (2015) 43–54, https://doi.org/10.1016/j.jhazmat.2015.03.020. 

[21] S.H. Yu, C. Zhang, L. Ma, Q.Y. Fang, G. Chen, Experimental and DFT studies on the 
characteristics of PbO/PbCl2 adsorption by Si/Al-based sorbents in the simulated 
flue gas, J. Hazard. Mater. 407 (2021) 124742, https://doi.org/10.1016/j. 
jhazmat.2020.124742. 

[22] A.J. Zhang, J. Liu, Z. Zhang, Y.J. Yang, Y.N. Yu, Y.C. Zhao, Insights into the 
mechanism of lead species adsorption over Al2O3 sorbent, J. Hazard. Mater. 413 
(2021) 125371, https://doi.org/10.1016/j.jhazmat.2021.125371. 

[23] F.C. Jiao, Y. Cheng, L. Zhang, N. Yamada, A. Stato, Y. Ninomiya, Effects of HCl, SO2 
and H2O in flue gas on the condensation behavior of Pb and Cd vapors in the 

cooling section of municipal solid waste incineration, P. Combust. Inst. 33 (2011) 
2787–2793, https://doi.org/10.1016/j.proci.2010.07.062. 

[24] S. Ito, T. Yokoyama, K. Asakura, Emissions of mercury and other trace elements 
from coal-fired power plants in Japan, Sci. Total Environ. 368 (1) (2006) 397–402, 
https://doi.org/10.1016/j.scitotenv.2005.09.044. 

[25] S.L. Zhao, Y.F. Duan, C.P. Wang, M. Liu, J.H. Lu, H.Z. Tan, X.B. Wang, L.T. Wu, 
Migration behavior of trace elements at a coal-fired power plant with different 
boiler loads, Energy Fuel 31 (2017) 747–754, https://doi.org/10.1021/acs. 
energyfuels.6b02393. 

[26] D.M. Han, Q.R. Wu, S.X. Wang, L.W. Xu, L. Duan, M.N. Wen, G.L. Li, Z.J. Li, 
Y. Tang, K.Y. Liu, Distribution and emissions of trace elements in coal-fired power 
plants after ultra-low emission retrofitting, Sci. Total Environ. 754 (2021) 142285, 
https://doi.org/10.1016/j.scitotenv.2020.142285. 

[27] W.T. Xu, Q. Song, H.B. Zhao, J.K. Zhuo, Q. Yao, Study on the capture of gaseous 
KCl by cellulose char, Energy Fuel 33 (2019) 362–368, https://doi.org/10.1021/ 
acs.energyfuels.8b03533. 

[28] W.T. Xu, G.C. Song, K.X. Hu, Q. Song, Q. Yao, The redistribution of arsenic during 
the interaction between high-temperature flue gas and ash, Fuel Process. Technol. 
212 (2021) 106641, https://doi.org/10.1016/j.fuproc.2020.106641. 

[29] Z.Y. Luo, S.R. Wang, Y.F. Liao, K.F. Cen, Mechanism study of cellulose rapid 
pyrolysis, Ind. Eng. Chem. Res. 43 (2004) 5605–5610, https://doi.org/10.1021/ 
ie030774z. 

[30] W. Yang, D. Pudasainee, R. Gupta, W. Li, B. Wang, L.S. Sun, An overview of 
inorganic particulate matter emission from coal/biomass/MSW combustion: 
Sampling and measurement, formation, distribution, inorganic composition and 
influencing factors, Fuel Process. Technol. 213 (2021) 106657, https://doi.org/ 
10.1016/j.fuproc.2020.106657. 

[31] X.B. Wang, Z.X. Xu, B. Wei, L. Zhang, H.Z. Tan, T. Yang, H. Mikulcic, N. Duic, The 
ash deposition mechanism in boilers burning Zhundong coal with high contents of 
sodium and calcium: a study from ash evaporating to condensing, Appl. Therm. 
Eng. 80 (2015) 150–159, https://doi.org/10.1016/j.applthermaleng.2015.01.051. 

[32] P.J. van Eyk, P.J. Ashman, G.J. Nathan, Mechanism and kinetics of sodium release 
from brown coal char particles during combustion, Combust. Flame 158 (2011) 
2512–2523, https://doi.org/10.1016/j.combustflame.2011.05.005. 

[33] M. Li, F.H. Li, Q.R. Liu, Y.T. Fang, H.X. Xiao, Regulation of ash fusibility for high 
ash-fusion-temperature (AFT) coal by industrial sludge addition, Fuel 244 (2019) 
91–103, https://doi.org/10.1016/j.fuel.2019.01.161. 

[34] Z.J. Shen, H. Nikolic, L.S. Caudill, K.L. Liu, A deep insight on the coal ash-to-slag 
transformation behavior during the entrained flow gasification process, Fuel 289 
(2021) 119953, https://doi.org/10.1016/j.fuel.2020.119953. 

[35] S.J. Wang, H. Zhang, L.M. Shao, S.M. Liu, P.J. He, Thermochemical reaction 
mechanism of lead oxide with poly (vinyl chloride) in waste thermal treatment, 
Chemosphere 117 (2014) 353–359, https://doi.org/10.1016/j. 
chemosphere.2014.07.076. 

[36] S.Q. Liu, Y.T. Wang, L. Yu, J. Oakey, Thermodynamic equilibrium study of trace 
element transformation during underground coal gasification, Fuel Process. 
Technol. 87 (2006) 209–215, https://doi.org/10.1016/j.fuproc.2005.07.006. 

W. Xu et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/S0378-3820(02)00041-3
https://doi.org/10.1016/S0378-3820(02)00041-3
https://doi.org/10.1016/S0378-3820(03)00174-7
https://doi.org/10.1016/0378-3820(94)90177-5
https://doi.org/10.1016/0378-3820(94)90177-5
https://doi.org/10.1016/j.fuel.2013.01.009
https://doi.org/10.1016/j.fuel.2020.119980
https://doi.org/10.1016/j.fuel.2020.119980
https://doi.org/10.1021/ef020251o
https://doi.org/10.1021/ef020251o
https://doi.org/10.1016/0378-3820(94)90179-1
https://doi.org/10.1016/0378-3820(94)90179-1
https://doi.org/10.1016/j.fuel.2017.09.093
https://doi.org/10.1016/j.fuel.2017.09.093
https://doi.org/10.1002/aic.690360220
https://doi.org/10.1016/0378-3820(94)90192-9
https://doi.org/10.1016/0378-3820(94)90192-9
https://doi.org/10.1016/j.partic.2009.06.004
https://doi.org/10.1016/j.partic.2009.06.004
https://doi.org/10.1016/j.jhazmat.2015.03.020
https://doi.org/10.1016/j.jhazmat.2020.124742
https://doi.org/10.1016/j.jhazmat.2020.124742
https://doi.org/10.1016/j.jhazmat.2021.125371
https://doi.org/10.1016/j.proci.2010.07.062
https://doi.org/10.1016/j.scitotenv.2005.09.044
https://doi.org/10.1021/acs.energyfuels.6b02393
https://doi.org/10.1021/acs.energyfuels.6b02393
https://doi.org/10.1016/j.scitotenv.2020.142285
https://doi.org/10.1021/acs.energyfuels.8b03533
https://doi.org/10.1021/acs.energyfuels.8b03533
https://doi.org/10.1016/j.fuproc.2020.106641
https://doi.org/10.1021/ie030774z
https://doi.org/10.1021/ie030774z
https://doi.org/10.1016/j.fuproc.2020.106657
https://doi.org/10.1016/j.fuproc.2020.106657
https://doi.org/10.1016/j.applthermaleng.2015.01.051
https://doi.org/10.1016/j.combustflame.2011.05.005
https://doi.org/10.1016/j.fuel.2019.01.161
https://doi.org/10.1016/j.fuel.2020.119953
https://doi.org/10.1016/j.chemosphere.2014.07.076
https://doi.org/10.1016/j.chemosphere.2014.07.076
https://doi.org/10.1016/j.fuproc.2005.07.006

	Study on the mechanism of lead release from ash under the action of high-temperature flue gas
	1 Introduction
	2 Experimental
	2.1 Sample
	2.2 Experimental method

	3 Results and discussion
	3.1 Transformation of Pb under the action of the combustion flue gas
	3.1.1 Redistribution of Pb under the action of the combustion flue gas
	3.1.2 Influence of combustion flue gas components on Pb release
	3.1.3 Influence of gaseous Na on Pb release

	3.2 Transformation of Pb under the action of the pyrolysis flue gas
	3.2.1 Redistribution of Pb under the action of the pyrolysis flue gas
	3.2.2 Influence of pyrolysis flue gas components on Pb release
	3.2.3 Mechanism of Pb release under the action of the pyrolysis flue gas


	4 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


