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Effect of biomass-coal blending combustion on Pb transformation 
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• The effect of biomass-coal blending 
combustion on lead (Pb) transformation 
was studied. 

• The release of Pb in coal was promoted 
during blending combustion. 

• K compounds in biomass promoted the 
release of Pb, while Cl had little effect. 

• K2CO3 and KCl could both react with 
aluminosilicate and release residual Pb. 

• K2CO3 had a stronger promoting effect 
on Pb release than KCl.  
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A B S T R A C T   

Biomass-coal blending combustion is an effective method for utilizing biomass; however, its pollutant emission 
requires attention. Herein, the effect of biomass-coal blending combustion on lead (Pb) transformation was 
explored. Combustion experiments were conducted in a fixed-bed reactor, using coal, corn stalk, rice stalk, 
bamboo flour and their mixtures as fuels, at 1000, 1100, 1200 and 1300 ◦C. The Pb release ratios were deter
mined by measuring its content in the fuels and solid-phase combustion products. The distribution of Pb forms 
was analyzed using sequential chemical extraction. The results indicate that blending combustion significantly 
enhanced the release of Pb. At blending ratio 1:1, the release ratios increased by 1.54–27.2%, 5.30–15.6%, and 
2.31–7.76% at 1000, 1100, and 1200 ◦C, respectively. The potassium (K) components in biomass, mainly KCl and 
K2CO3, had a significant promoting effect on Pb release. K compounds facilitated the release of residual Pb 
through reactions with aluminosilicates. The promotion effect weakened as the temperature increased due to the 
faster evaporation rate of K. When the mass fractions of K in the fuels were equal, K2CO3 exhibited a stronger 
promoting effect. HCl had minimal impact on the transformation of Pb. The results are helpful for optimizing the 
combination of biomass and coal to control Pb emission from the blending combustion source.  
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1. Introduction 

Biomass is a significant renewable carbon source, distinguishing it
self from other renewable energy sources. While it offers the advantage 
of reducing carbon emission and achieving neutrality, using biomass as 
the sole fuel presents challenges such as low combustion calorific value 
and ash accumulation [1,2]. Consequently, biomass-coal blending 
combustion emerges as a viable solution for biomass utilization [3,4]. 
Compared with sole coal combustion, biomass-coal blending combus
tion can reduce the emission of carbon dioxide, sulfur oxides, and ni
trogen oxides. However, the relatively high contents of heavy metals in 
coal might bring new pollution concerns to biomass-coal blending 
combustion [5]. Among the heavy metals contained in coal, Pb is vol
atile with deleterious effects when released into the atmosphere from 
coal-fired systems [6,7]. Despite the presence of pollution control 
equipment, some power plants still exceed the emission standards set by 
the U.S. EPA [8,9]. Hence, the development of suitable control tech
nologies to curtail Pb emission is imperative. Studying the distribution 
characteristics and transformation pathways of Pb during blending 
combustion can provide theoretical support for predicting and control
ling Pb emission. 

Pb release mainly originates from coal during biomass-coal blending 
combustion because the Pb content of biomass is much less than that of 
coal [10]. The transformation of Pb in coal combustion system can be 
categorized into two stages [11]. In the high-temperature combustion 
stage, Pb undergoes release from coal decomposition and oxidation, and 
retention in the solid phase facilitated by the mineral components in coal 
[12,13]. Subsequently, during the post-combustion stage, a portion of 
the released Pb is adsorbed or condensed onto fly ash during flue gas 
cooling, leading to its re-migration back to the solid phase [14]. It is 
crucial to probe the distinct transformation characteristics and key 
factors affecting Pb in each of these stages separately. 

During the high-temperature combustion stage, coal exhibits sub
stantial Pb release, with the release ratio varying considerably based on 
combustion conditions and the type of coal being burned [10,15–18]. 
Zhou et al. [15] found an increase in Pb release ratio from 14% to 28% as 
the combustion temperature rose in the range of 500–1000 ◦C. Xue et al. 
[16] conducted coal combustion experiments at 900–1300 ◦C and found 
that the release ratios of Pb in coal increased as the temperature 
increased. Similarly, Wang et al. [17] compared the Pb release ratios of 
four different coals when burned at 1150 ◦C, and found a range of 
25–60% in Pb release ratios among them. These findings likewise indi
cate that there are differences in Pb release ratios for different coals, 
underscoring the complex of Pb transformation. 

The variations observed in Pb transformation processes during high- 
temperature combustion are mainly influenced by the original forms of 
Pb and the mineral composition present in the coal. Pb in coal can be 
categorized as several forms according to its bonding with different 
minerals [13], namely carbonate- and oxide-bound, sulfide-bound, 
organic-bound, water-soluble and ion-exchangeable, and residual forms, 
with varying proportions among different coal types [13,19]. During 
combustion, the distribution of Pb within the solid phase undergoes 
changes. Ji et al. analyzed the solid combustion products of three types 
of coal at 900–1300 ◦C and found that the Pb remained in the solid phase 
basically existed in the residual form. Liu et al. [13] observed the release 
of Pb in different forms during the pyrolysis process at 300–1000 ◦C, 
different thermal stability of Pb with different forms. Moreover, Liu et al. 
[13] highlighted the generation of residual Pb in the pyrolysis products, 
indicating that in high-temperature combustion, Pb in each form not 
only undergoes release into the gas phase but also experiences mutual 
transformations. However, there are a limited number of reports 
addressing the transformation of Pb during biomass-coal blending 
combustion. 

The release ratios of Pb vary among different coals, possibly due to 
the forms of Pb in the coal and the presence of inorganic components 
[20–30]. Minerals have demonstrated the ability to immobilize Pb 

through external addition. SiO2, Al2O3, bauxite, kaolin, acid clay and 
limestone can effectively adsorb PbO and PbCl2 in the simulated flue 
gas, among which Kaolin has the strongest adsorption capacity [20–25]. 
Yao et al. [21] discovered that Si-Al-based minerals exhibit stronger 
adsorption capacity for PbCl2 compared to Ca-based minerals at 
800–1000 ◦C. Zhou et al. [15] observed SiO2, Al2O3, Fe2O3, CaO, MgO, 
NaNO3, and KNO3 were capable of inhibiting Pb release at 500–1000 ◦C, 
particularly alkali metal compounds like KNO3 and NaNO3, which 
formed complexes with Pb to impede its release. However, Xu et al. [22] 
demonstrated that certain Na compounds (NaCl and Na2CO3) can pro
mote As release by lowering the melting point of ash at 1000 ◦C. In 
straw, higher Si and Al contents also influenced the release of Pb at 
700–1000 ◦C [24]. Apart from minerals, non-mineral components also 
influence the transformation of Pb [21,26–30]. Miller et al. [26] noted 
that HCl slightly promotes the release of Pb by generating a chloride 
compound (PbCl2) with a lower melting and boiling point, while SO2 
promotes release of Pb by forming a sulfate compound (PbSO4) with a 
higher melting and boiling point. Chemical equilibrium calculations 
conducted by Yao et al. [21] revealed that HCl reduces the dew point of 
Pb compounds, facilitating their release, while SO2 increases the dew 
point of Pb compounds, inhibiting their release. 

Biomass and coal differ in terms of their inorganic components. 
Specifically, biomass generally contains higher levels of K and Cl 
compared to coal [31–33]. These differing compositions may have an 
impact on the transformation of Pb. The reported effect of Cl is discussed 
in the above paragraph. K was also reported to affect Pb release during 
coal combustion. Zhou et al. [15] found that the addition of KNO3 and 
NaNO3 could inhibit the release of Pb by forming complexes with Pb at 
500–1000 ◦C [15]. Xu et al. [22] showed that some Na compounds 
(NaCl, Na2CO3) could promote the release of As by lowering the ash 
melting point at 1000 ◦C. K compounds had also been proven to lower 
the melting point of coal ash [32,34]. Yao et al. [32] found that the 
addition of K2CO3 caused kyanite and mullite to react with 
potassium-containing minerals to form a low melting point eutectic. It 
was also found that KCl was able to react with CaSi2 (melting point 
1020 ◦C) to form low melting point SiO2-Al2O3-K2O eutectics (melting 
point 700–900 ◦C) [32]. Therefore, it is speculated that the high K 
content in biomass may also promote the release of Pb by lowering the 
ash melting point, which needs further exploration. Moreover, changes 
in K morphology during biomass combustion may also affect the role of 
K in Pb transformation. Xu et al. [22] discovered that Na can enhance 
the release of As from ash. Different forms of Na exhibit varying effects 
on As transformation, with Na2CO3 demonstrating a significantly 
stronger promotion effect compared to NaCl. However, the mechanisms 
through which different forms of K affect Pb transformation have yet to 
be reported in the literature. 

The interaction of biomass and coal components during blending 
combustion might affect Pb emission. Therefore, the distribution char
acteristics and transformation pathways of Pb during biomass-coal 
blending combustion was studied in this research. Blending combus
tion experiments were carried out in a fixed-bed reactor at 1000, 1100, 
1200 and 1300 ◦C, using coal and three different biomass samples (corn 
stalk, rice stalk, and bamboo flour). The release characteristics of Pb 
during blending combustion were obtained and the distribution of Pb 
forms was analyzed. To understand the influence of Cl and K compo
nents, HCl was introduced into the reactant gas, and the blending 
combustion experiments were conducted using fuels mixed with KCl or 
K2CO3. The analysis of microscopic morphology of solid combustion 
products, ash melting characteristics, and K retention were conducted to 
reveal the mechanisms underlying the impact of K components in 
biomass on Pb transformation. The results will support optimizing the 
combination of biomass and coal for blending combustion to control Pb 
emission. 
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2. Experimental 

2.1. Sample 

The selected biomasses consisted of herbaceous biomass (rice and 
corn stalks) and woody biomass (bamboo flour). The coal utilized 
originated from the Jingtai Power Plant, specifically power coal sam
ples. Both the coal and biomass particles were sieved into 74–96 µm.  
Tables 1 and 2 present the results of the industrial and elemental ana
lyses conducted on the coal and the three biomass types. Coal ash and 
biomass ash were respectively prepared according to GB/T212–2001 
(Proximate analysis of coal) and GB/T28731–2012 (Proximate analysis 
of solid biofuels) of China [22]. The Cl contents in the raw coal and 
biomass were determined utilizing GB/T30729–2014 (Determination of 
chlorine in solid biofuels) and GB/T3558–2014 (Determination of 
chlorine in coal) of China. X-ray fluorescence spectroscopy (XRF) tech
nique, specifically using the ARL PERFORM’X instrument from Thermo 
Fisher Scientific, USA, was employed to analyze the mineral components 
content in the ash. Formula (1) was used to calculate the concentration 
CM (mg/g) of each mineral element in the raw coal and biomass, where 
M represents the mineral elements. The outcomes of these analyses are 
summarized in Table 3. 

CM = wMX OY ×
X × MWM

MWMX OY

× Aash × 1000 (1) 

X and Y represent the number of M atom and O atom, respectively; 
wMXOY represents the mass fraction (%) of the oxides of mineral M in ash; 
MWM and MWMXOY represent the relative atomic mass of mineral ele
ments and the relative molecular mass of oxides, respectively; Aash 
represents the fuel ash content (%). 

Rice and corn stalks are typical examples of herbaceous biomasses, 
characterized by their elevated K and Cl contents. In contrast, woody 
biomass, specifically bamboo flour, exhibits relatively lower levels of K 
and Cl. The Pb content in the fuel was determined using an inductively 
coupled plasma optical emission spectrometer (ICP-OES; Leeman Labs 
Prodigy 7, USA). The results revealed a Pb content of 35.8 μg/g in coal, 
2.26 μg/g in rice stalk, and levels below the detection limit in both corn 
stalk and bamboo flour. 

For the experiments investigating the influence of K content and 
morphology on Pb transformation during combustion, high-purity K 
compounds, specifically KCl (CAS: 7447–40–7) and K2CO3 (CAS: 
584–08–7), with a purity exceeding 99.8%, were procured from Sino
pharm Drugs. To simulate biomass-induced changes in sample layer 
thickness and promote dispersion of K compounds during combustion, 
cellulose (CAS:9004–34–6) from Aladdin was selected as the carrier for 
transporting the K compounds. 

2.2. Experimental system 

The biomass-coal blending combustion experiments were conducted 
using a fixed-bed reactor, as depicted in Fig. 1. The gas supply system on 
the left played a crucial role in delivering the required gases, namely N2, 
O2, and HCl, into the fixed-bed reactor. For the combustion experiments, 
a mixture of 79% N2 and 21% O2 was employed as the carrier gas. To 
investigate the influence of HCl on Pb release, N2 was substituted with 
500 ppm HCl gas, with N2 serving as the equilibrium gas. The total gas 
flow rate was set at 500 mL/min and precisely regulated using a mass 

flow controller (D08–1F, China). The fixed-bed reactor on the right side 
set up with a constant temperature zone. Once the atmosphere and 
temperature in the constant temperature zone reached the set point and 
stabilized, the crucible containing 0.8 g of the sample was placed in the 
constant temperature zone of the reactor using the supporting bar. After 
reaching the designated reaction time, the corundum crucible was 
carefully removed and allowed to cool before being collected for sub
sequent analysis. 

2.3. Method 

2.3.1. Combustion experiments 
Fig. 2 showed the experimental flowchart of this study. 
The combustion experiments were carried out at temperatures of 

1000, 1100, 1200 and 1300 ◦C. In a preliminary experiment, the com
plete combustion time of each fuel was measured, and the concentra
tions of CO and CO2 in the exhaust flue gas were determined using a 
Fourier transform infrared spectrometer (FTIR; Thermo Fisher Scientific 
Nicolet 6700, USA). The combustion process was considered complete 
when CO and CO2 were not detected at the outlet. Based on this crite
rion, the fuels were burned for 55 min at 1000 ◦C, resulting in a 
reduction of the CO and CO2 concentrations to 0. Therefore, a reaction 
time of 55 min was selected for the experiments. The composition of the 
fuel samples under each operating condition is presented in Table 4. 
Since the biomass powder had a lower density compared to the coal 

Table 1 
Proximate analysis of the coal and biomass samples (wt% ad).  

sample moisture volatile ash fixed carbon 

coal  3.1  28.1 19.5  49.3 
rice stalk  3.6  64.0 15.8  16.6 
corn stalk  4.8  69.8 7.3  18.1 
bamboo flour  5.7  72.5 2.1  19.7  

Table 2 
Ultimate analysis of coal and biomass samples (wt% daf).  

sample C H O N S 

coal  60.20  3.65  34.95  0.85  0.35 
rice stalk  38.70  5.35  54.64  1.13  0.18 
corn stalk  43.20  5.65  50.05  1.02  0.08 
bamboo flour  47.00  5.99  46.64  0.36  0.01  

Table 3 
Contents of components in coal and biomass samples (mg/g ad).  

sample coal rice stalk corn stalk bamboo flour 

Si 20.67 34.27 7.77 2.57 
Al 53.06 3.03 0.25 0.50 
K 0.77 26.14 24.13 6.14 
Ca 17.23 8.08 6.55 1.10 
Fe 5.26 5.07 0.63 0.23 
Mg 0.51 2.36 1.41 0.76 
Na 0.13 1.74 0.04 0.18 
Cl 0.14 9.90 6.42 1.33 
Pb(×10− 3) 35.80 2.26 0 0  

Fig. 1. Schematic of the fixed–bed reactor system.  
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powder, the sample layer of biomass-coal blending combustion experi
ment was thicker than coal combustion experiment without altering the 
total fuel mass. To ensure that variations in the sample layer thickness 
did not affect the experimental results, cellulose, which has a density 
similar to that of the biomass used in the experiments and contains only 
C, H, and O, was blended with coal. Each experimental case was 
repeated three times. 

2.3.2. Distribution characteristics of Pb and K 
To analyze the Pb content, the solid samples underwent microwave 

digestion using an ETHOS UP microwave digester (Milestone, Italy). The 
digestion procedure was as follows: approximately 50 mg of solid sam
ples were weighed into the digestion tank, followed by the addition of 
10 mL of HNO3 (65.0–68.0%), 1 mL of H2O2 (30%), and 1 mL of HF 
(30%). The tank containing the samples was then placed into the mi
crowave digester and heated to 240 ◦C for 40 min. After digestion, the 
concentration of Pb in the digestion solution was measured using ICP- 
OES. The Pb release ratio (Rf) during fuel combustion was calculated 
using Eq. (2). 

Rf =

(

1 −
cPb,ama,f

cPb,cmc,f + cPb,bmb,f

)

× 100% (2)  

mc,f, mb,f, and ma,f represent the mass of coal in the fuel sample, the mass 
of biomass in the fuel, and the mass of solid-phase combustion products, 
respectively, g. cPb,c, cPb,b, and cPb,a represent the Pb content in coal, 
biomass, and solid-phase combustion products, respectively, μg/g. 

To study the impact of K compounds on Pb transformation and 
analyze the relationship between Pb release and K retained in the solid 
combustion product, the retention of K (Re, mg) in the solid-phase 
combustion product of the K-containing cellulose-coal blending com
bustion was calculated. The K concentration in the digestion solution 
was measured using ICP-OES, and Re was determined by employing Eq. 
(3). 

Re = ck,ama,f (3)  

ma,f represents the mass of the solid-phase combustion product, and ck,a 
represents the K content of the solid-phase combustion product, mg/g. 

A chemical extraction method [35] was utilized to analyze the forms 
of Pb. The classification of Pb forms and the corresponding extraction 
solutions used in each stage are provided in Table 5. The extraction 
procedure involved weighing 0.25 g of fuel or solid-phase combustion 
product in a centrifuge tube, followed by the addition of 15 mL of a 
1 mol/L CH3COONH4 solution. Ultrasound was used to assist the 
extraction for a specific duration. After centrifugation, filtration, and 
washing, the filtrate was transferred to a new centrifuge tube for sub
sequent analysis. The Pb dissolved in the filtrate represented the 
water-soluble and ion-exchangeable Pb. The residue remaining after the 
first stage extraction was subjected to extraction with 15 mL of 3 mol/L 
HCl solution, 2 mol/L HNO3 solution, and 2 mol/L HNO3 + 30% H2O2 
solution, in sequential order. The forms of Pb extracted at each stage are 
shown in Table 5. Any Pb remaining in the residue after these extrac
tions was considered the residual Pb. 

The Pb content in the filtrate was determined using ICP-OES, 
allowing for the calculation of the proportion of each form of Pb. To 
determine the proportion of each form of Pb in the coal, Eqs. (4) and (5) 
were utilized. The proportion of the residual form was obtained by 
subtraction. 

Fig. 2. Experimental flowchart.  

Table 4 
The compositions of fuel samples used in combustion experiments.  

Sample Proportion of raw materials 

coal 100% coal 
coa-cel coal: cellulose= 1:1 
coa-ric coal: rice stalk = 1:1 
coa-cor coal: corn stalk = 1:1 
coa-bam coal: bamboo flour = 1:1 
3coa-1cor coal: corn stalk = 3:1 
1coa-3cor coal: corn stalk = 1:3 
cc-HCl coal: cellulose= 1:1 

+ 500 ppm HCl 
cc-n%KCl (n = 1/3/5) coal: cellulose= 1:1 

+n wt% KCl 
(n wt% represents the mass fraction of element K) 

cc-n%K2CO3 (n = 1/3/5) coal: cellulose= 1:1 
+n wt% K2CO3 

(n wt% represents the mass fraction of element K)  

Table 5 
Extracts used for sequential chemical extraction.  

Levels Form of Pb Extracts Ultrasonic extraction 
temperature 

1 Water–soluble and 
ion–exchangeable 

1 mol/L 
CH3COONH4 

50 ◦C water bath 
heating 

2 Carbonate– and 
oxide–bound 

3 mol/L HCl 

3 Sulfide–bound 2 mol/L HNO3 

4 Organic–bound 2 mol/L HNO3 

+ 30% H2O2  
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PPc,i =

(
Mc,i

Mc

)

× 100% (4)  

PPc,5 = 100% −
∑4

i=1
PPc,i (5) 

PPc,i represents the proportion of Pb in level i form in coal (levels 1–4 
are shown in Table 5, and level 5 represents the residual form, %). Mc,i 
represents the mass of Pb in level i form in coal, μg. Mc represents the 
mass of Pb in coal, μg. 

The proportion of each Pb form in the solid-phase combustion 
products was determined using Eqs. (6) and (7). 

PPa,i =

(
Ma,i

Mraw

)

× 100% (6)  

PPa,5 = 100% − R −
∑4

i=1
PPa,i (7) 

PPa,i represents the proportion of Pb in level i form, %；Ma,i repre
sents the mass of Pb in level i form, μg；Mraw represents the mass of Pb 
in the fuel, μg；R represents the release ratio of Pb under the corre
sponding working conditions, %. 

2.3.3. Ash melting characteristics 
The ash melting point was determined using a microcomputer ash 

melting point tester (BYTHR-9 F, Boyuntian, China). The deformation 
temperature of ash was determined according to GB/T219–2008 
(Determination of fusibility of coal ash) of China. 

The surface morphology of the ash was characterized using scanning 
electron microscopy (SEM; Merlin, Zeiss, Germany). 

3. Results and discussion 

3.1. Distribution characteristics of Pb in fuels and solid combustion 
products 

Combustion experiments were carried out at 1000–1300 ◦C to 
explore the effect of biomass-coal blending on Pb transformation by 
comparing the Pb release ratio and change in Pb form distribution with 
those of coal combustion. Fig. 3 illustrates the release ratios of Pb during 
coal combustion and blending combustion at temperatures ranging from 
1000 ◦C to 1300 ◦C. The results demonstrate that with increasing 
combustion temperature, the release ratio of Pb in coal progressively 
rose. At 1000 ◦C, the release ratio was 64.2%, and reached 100% at 
1300 ◦C. As the combustion temperature increased, the degree of ash 
melting increased. At 1300 ◦C, the degree of ash melting was high [22, 
32], thus Pb was completely released into the gas phase. Cellulose 
exhibited a slight inhibitory effect on Pb release, with reductions of 

3.6%, 2.9%, and 1.7% at combustion temperatures of 1000, 1100, and 
1200 ◦C, respectively. This was caused by a longer residence time of Pb 
in the cellulose-coal sample layer. Since the density of the cellulose was 
less than that of coal powder, the thickness of the sample layer increased 
when biomass and coal are blended at the same total mass. Hence the 
residence time of Pb in the sample layer was extended, and the contact 
with minerals was more complete, resulting in a decrease in the release 
ratio of Pb. In order to minimize the influence of sample layer thickness, 
the Pb release ratio during biomass-coal blending combustion should be 
compared with the Pb release ratio during coal-cellulose blending 
combustion, which have the similar sample layer thickness. In this 
comparison, all three types of biomass samples promoted Pb release. At 
1000 ◦C, bamboo flour increased the release ratio from 60.7% to 62.2%. 
When the combustion temperature increased to 1100 ◦C and 1200 ◦C, 
the release ratios of Pb increased by 5.3% and 2.3%, respectively. Rice 
stalk led to significant increases in the release ratios of Pb, raising them 
from 60.7%, 78.0%, and 90.8% to 86.0%, 91.9%, and 98.1% at 1000, 
1100, and 1200 ◦C, respectively. Similarly, corn stalk enhanced the 
release ratios of Pb to 87.9%, 93.7%, and 98.5%. The promoting effect 
can be understood by the change in the ash melting point [32]. At the 
same temperature, the solid product of biomass-coal blending combus
tion had a higher degree of melting, so the Pb release ratio was higher. It 
is evident that rice and corn stalks had comparable promotion effects on 
Pb release, while the promotion effect of the three biomasses followed 
the order: corn stalk ≈ rice stalk > bamboo flour. The promoting effect 
decreased with the increasing combustion temperature. As the com
bustion temperature increased, on the one hand, the volatilization rate 
of K accelerated [36] and had less time to react with other minerals, thus 
the promotion effect of biomass weakened. On the other hand, as the 
temperature increased, the degree of ash melting increased, hence the 
Pb release ratios of all samples became closer and closer to 100%. By 
1300 ◦C, the degree of ash melting was already very high, and the Pb in 
all samples was completely released into the gas phase. 

Fig. 4 presents the release ratios of Pb during coal-corn stalk blending 
combustion at various blending ratios. It is observed that corn stalks 
exerted a significant influence on promoting the release of Pb from coal 
across all three blending ratios. Furthermore, the promotion effect on Pb 
release became more pronounced as the proportion of corn stalks in the 
fuel increased. At a combustion temperature of 1000 ◦C, when the mass 
fraction of corn stalk rose from 25% to 50% and 75%, the release ratio of 
Pb increased from 85.2% to 87.9% and 92.8%, respectively. 

Table 6 illustrates the distribution of Pb forms in the fuel and its solid 
combustion products at temperatures ranging from 1000 ◦C to 1200 ◦C. 
The predominant forms of Pb were found to be carbonate- and oxide- 
bound (47.8% of total Pb), sulfide-bound (16.2% of total Pb), and re
sidual forms (32.8% of total Pb). Upon combustion at 1000 ◦C, the 
sulfide-bound form nearly disappeared, and carbonate- and oxide-bound 

Fig. 3. Pb release ratios during coal combustion and blending combustion.  
Fig. 4. Effects of coal-corn stalk blending ratio on Pb release dur
ing combustion. 
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Pb significantly decreased. Meanwhile, the proportion of residual Pb 
increased to 34.6%. As the combustion temperature increased to 1100 
and 1200 ◦C, the proportions of carbonate- and oxide-bound Pb further 
decreased. Additionally, residual Pb decreased to 17.99% and 6.77%, 
respectively. Finally, at 1300 ◦C, all forms of Pb were completely 
released. 

During coal-bamboo flour blending combustion, the proportions of 
residual Pb at 1000, 1100, and 1200 ◦C were 37.0%, 16.1%, and 6.91% 
of the total Pb in coal, respectively. During coal-rice stalk blending 
combustion, the residual Pb at 1000, 1100, and 1200 ◦C accounted for 
11.3%, 8.15%, and 1.93% of the total Pb in coal, respectively. Moreover, 
a portion of Pb in the solid combustion products at 1000 ◦C was present 
in the form of carbonate- and oxide-bound, comprising 2.63%. For coal- 
corn stalk blending combustion, the residual Pb in the solid combustion 
products at 1000, 1100, and 1200 ◦C constituted 11.5%, 6.31%, and 
1.47% of the total Pb in coal, respectively. Furthermore, a fraction of Pb 
at 1000 ◦C existed in the form of carbonate- and oxide-bound. Compared 
to the solid combustion products from coal alone, the blending solid 
combustion products exhibited a significant reduction in residual Pb. 
This indicates that biomass primarily enhanced the release ratio of Pb in 
coal by promoting the release of residual Pb. 

During blending combustion, water-soluble and ion-exchangeable, 
sulfide-bound and organic-bound Pb in coal were thermally unstable 
and could be completely released at 1000 ◦C. Furthermore, carbonate- 
bound and oxide-bound Pb also experienced decomposition due to 
their thermal instability, resulting in a substantial decrease at 1000 ◦C 
and 1100 ◦C, and complete disappearance at 1200 ◦C. Interestingly, the 
proportion of residual Pb at 1000 ◦C was higher than that found in coal. 
This suggested a transformation of other forms of Pb into residual Pb 
during high-temperature combustion. This phenomenon occurred when 
Pb became incorporated into the aluminosilicate lattice or is enveloped 
by the aluminosilicate, thus remaining in a solid state as residue. 
Notably, when blending cellulose with coal during combustion, the 
proportions of residual Pb in the solid-phase combustion products were 
even higher. This can be attributed to the increased thickness of the 
material layer during cellulose-coal blending combustion, resulting in 

an extended residence time for Pb and enhanced contact with silicon- 
aluminum minerals. As the temperature rose, the melting of silica- 
aluminate intensified, causing the decomposition and subsequent 
release of residual Pb [38]. Consequently, the proportion of residual Pb 
decreased and reached complete release at 1300 ◦C. 

To summarize, when coal was blended with corn stalk, rice stalk, or 
bamboo flour, significant promotion of Pb release was observed. The 
promoting effect varied with biomass type. Increasing the proportion of 
biomass in the blending fuel enhanced Pb release. Biomass played a 
crucial role in promoting Pb release from coal, primarily by facilitating 
the release of residual Pb. 

3.2. Effect of biomass components on Pb transformation during blending 
combustion 

The promoting effect on Pb release varied with biomass samples. It 
was speculated that the difference in K and Cl contents in biomass 
affected the promotion. Comparing the inorganic components of the 
three biomasses used, the Cl contents of rice and corn stalks and bamboo 
flour were 0.990%, 0.642%, and 0.133%, respectively. Meanwhile, their 
K contents were 26.1 mg/g, 24.1 mg/g, and 6.14 mg/g, respectively. 
The ranking of the biomasses’ promotion effect on Pb release, from 
strongest to weakest, was determined as corn stalk ≈ rice stalk 
> bamboo flour. This variation in promotion effect was likely attributed 
to the K and Cl contents present in each biomass. To study the impact of 
K and Cl on Pb transformation, the combustion atmosphere was sup
plemented with HCl gas, or KCl and K2CO3 were added to the fuel. 

In Fig. 5, the release ratio of Pb was depicted after introducing HCl 
gas into the combustion atmosphere during coal-cellulose blending 
combustion. The data reveals that at combustion temperatures of 1000, 
1100, and 1200 ◦C, the increase in Pb release ratio were only 0.5%, 
2.7%, and 0.6%, respectively. These findings indicate that the promo
tion effect of HCl on Pb release was not significant. Table 6 illustrates the 
distribution of Pb forms before and after the introduction of HCl gas into 
the combustion atmosphere. The results showed that HCl does not 
substantially alter the distribution of Pb forms. 

Table 6 
Distribution of Pb forms in the fuel and solid combustion products.  

Sample Water–soluble and ion–exchangeable bound Carbonate– and oxide–bound Sulfide–bound Organic–bound Residual 

Fuel 
coal 1.48 47.79 16.16 1.79 32.78 
Combustion Product 
at 1000 ◦C 
coal 0 1.18 0 0 34.59 
coa-cel 0 1.35 0 0 37.97 
coa-ric 0 2.63 0 0 11.34 
coa-cor 0 0.64 0 0 11.46 
coa-bam 0 0.75 0 0 37.01 
cc-HCl 0 0.30 0 0 38.46 
cc-3%KCl 0 0.74 0 0 4.56 
cc-3%K2CO3 0 1.52 0 0 0.32 
at 1100 ◦C 
coal 0 1.07 0 0 17.99 
coa-cel 0 0.64 0 0 21.31 
coa-ric 0 0 0 0 8.15 
coa-cor 0 0 0 0 6.31 
coa-bam 0 0.51 0 0 16.05 
cc-HCl 0 0 0 0 19.34 
cc-3%KCl 0 0.84 0 0 5.91 
cc-3%K2CO3 0 0.81 0 0 0.07 
at 1200 ◦C 
coal 0 0.71 0 0 6.77 
coa-cel 0 0.41 0 0 8.82 
coa-ric 0 0 0 0 1.93 
coa-cor 0 0 0 0 1.47 
coa-bam 0 0.02 0 0 6.91 
cc-HCl 0 0 0 0 8.65 
cc-3%KCl 0 0.69 0 0 7.93 
cc-3%K2CO3 0 1.48 0 0 0.10  
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Fig. 6 displays the release ratio of Pb during K-containing cellulose- 
coal blending combustion. The addition of KCl and K2CO3 demonstrated 
a significant promotion effect on Pb release. The release ratio of Pb 
exhibited a positive correlation with the KCl content. For instance, at 
1000 ◦C, as the mass fraction of K in the fuel increased from 0% to 1%, 
3%, and 5%, the release ratios of Pb escalated from 60.7% to 86.9%, 
94.7%, and 95.1%, respectively. Notably, fuels with different K contents 
exhibited varying degrees of temperature influence on the Pb release 
ratio. When the mass fractions of K were 1% and 5%, the release ratio of 
Pb notably increased as the combustion temperature rose from 1000 ◦C 
to 1100 ◦C. However, the increase in the release ratio of Pb became 
marginal when the combustion temperature further rose from 1100 ◦C 
to 1200 ◦C. Conversely, when the mass fraction of K in the fuel was 3%, 
the release ratio of Pb tended to decrease as the combustion temperature 
increased. This phenomenon can be attributed to the rapid volatilization 
of KCl in the fuel at higher temperatures, thereby weakening its role in 
promoting Pb release. 

With an increasing addition ratio of K2CO3, the release ratio of Pb 
gradually increased as well. When the addition ratio of K increased from 
0% to 1%, the release ratio of Pb at 1000 ◦C, 1100 ◦C, and 1200 ◦C 
elevated from 60.7%, 78.0%, and 90.8% to 90.6%, 96.3%, and 98.7%, 
respectively. When the mass fractions of K in the fuel reached 3% and 
5%, the release ratio of Pb exceeded 98% within the combustion tem
perature range of 1000–1200 ◦C. At this point, Pb was essentially 
completely released. 

KCl and K2CO3 demonstrated distinct promotion effects on Pb 
release. When the mass fraction of K and combustion temperature 
remained constant, the promoting effect of K2CO3 on Pb release sur
passed that of KCl. Previous studies have revealed that compared to 
NaCl, Na2CO3 exhibited more vigorous reactions with aluminosilicate 

[22]. These reactions effectively reduced the ash melting point, thereby 
facilitating the release of Pb. K2CO3 was speculated to readily react with 
aluminosilicate, thereby promoting the release of Pb. 

In Table 6, the alterations in the distribution of Pb forms in the solid 
combustion products are depicted before and after the addition of 3% K. 
The inclusion of KCl resulted in a reduction in the proportion of residual 
Pb from 38.0% and 21.3% to 4.56% and 5.91% at 1000 and 1100 ◦C, 
respectively. As the temperature reached 1200 ◦C, the proportion of 
residual Pb remained relatively unchanged before and after the addition 
of KCl. On the other hand, the addition of K2CO3 led to the near elimi
nation of residual Pb within the temperature range of 1000–1200 ◦C. 
Less than 2% of Pb remained in the form of carbonate- and oxide-bound. 
These observations indicate that both KCl and K2CO3 promoted the 
release of residual Pb. Furthermore, the effect of K2CO3 exhibited 
greater strength compared to KCl. 

To summarize, upon introducing HCl gas into the combustion at
mosphere or incorporating KCl and K2CO3 into the fuels, the impact on 
the release of Pb was examined. The results indicate that HCl did not 
substantially influence the release of Pb. Conversely, both KCl and 
K2CO3 demonstrated a promotion effect on the release of residual Pb. 
Notably, the promoting effect of K2CO3 was found to be stronger than 
that of KCl. 

3.3. Mechanism of Pb release promotion by K compounds 

K compounds could promote the release of Pb in coal during 
biomass-coal blending combustion, and different K compounds have 
different effects. To further investigate the impact of K compounds on Pb 
transformation, an analysis of ash melting characteristics and K reten
tion was conducted. Fig. 7 presents the surface morphology character
ization results of the following: KCl-containing cellulose-coal blending 
combustion, K2CO3-containing cellulose-coal blending combustion, and 
coal combustion products. Upon comparing (a), (b), and (c), notable 
distinctions could be observed. The surface of the coal combustion 
product appeared rough with numerous protrusions, and the particles 
exhibited irregular shapes. This indicates that when coal was combusted 
independently, the melting ratio of mineral components within the coal 
was low. However, with the addition of KCl and K2CO3 to the raw ma
terial, the shape of the solid-phase combustion product particles became 
more regular, and the surface became smoother. This observation sug
gests that melting occurred during blending combustion, causing fine 
particles to fuse together, forming larger particles. The presence of K 
compounds promoted particle melting during combustion and disrupted 
the stable aluminosilicate structure. Consequently, this promoted the 
release of residual Pb [37,38]. 

Fig. 8 displays the ash cone images obtained from the microcomputer 
ash melting point detector when different samples reached their 
respective softening temperatures. The results reveal that the 

Fig. 5. Release ratio of Pb before/after introduction of HCl.  

Fig. 6. Release ratios of Pb during blending combustion after addition of: (a) KCl (b)K2CO3.  
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deformation temperature of the K2CO3-containing cellulose-coal 
blending solid combustion product was 1398 ◦C, while that of the KCl- 
containing cellulose-coal blending combustion product was 1409 ◦C. 
In comparison, the coal combustion products exhibited a deformation 
temperature of 1417 ◦C. Using FactSage software, the liquid phase 
temperature TL was calculated for various mass fractions of K2O in the 
ash, namely 0.47% (coal ash), 1%, 3%, and 5%. Subsequently, the cor
responding flow temperature FT was determined using the empirical 
formula FT = − 30 + 0.934 TL [39]. The calculated results are presented 
in Table 7. It is evident that as the mass fraction of K2O increased, the 
flow temperature gradually decreased. This indicates that the presence 
of K reduced the melting point of the ash, thereby promoting its melting. 
Furthermore, the softening temperature of the K2CO3-containing 
cellulose-coal blending combustion product was lower than that of the 
KCl-containing cellulose-coal blending combustion product. This sug
gests that the reaction between K2CO3 and aluminosilicate was more 
prone to occur. As a result, K2CO3 exhibited a stronger promoting effect 
compared to KCl. 

In Section 3.2, it was observed that during KCl-containing cellulose- 
coal blending combustion, when the mass fraction of K in the fuel was 
3%, the release ratio of Pb exhibited a decrease with an increase in 
combustion temperature. This phenomenon can be attributed to the 
accelerated volatilization rate of KCl as the temperature rose, resulting 
in reduced K retention in the solid phase. Consequently, the promotion 

effect of K on the release of Pb became weaker. Although the increase in 
combustion temperature promoted the release of Pb, the accelerated 
volatilization of KCl weakened the promoting effect of K. In this case, the 
effect of K became greater than the effect of the temperature increase, 
leading to the above phenomenon. On the other hand, when the mass 
fraction of K was 1%, there was no significant change in the volatiliza
tion amount with temperature increase. For a mass fraction of K at 5%, 
the remaining KCl facilitated the almost complete release of Pb. In 
contrast to KCl, K2CO3 exhibited violent reactions with aluminosilicate. 
As a result, the accelerated volatilization rate caused by temperature 
increase had minimal impact on its promotion effect. 

To validate this hypothesis, the retention of K in the solid combustion 
products was analyzed. Fig. 9 illustrates the variation in K retention in 

Fig. 7. Surface morphologies of different solid-phase combustion products: (a) coal+cellulose+KCl; (b) coal+cellulose+K2CO3; (c) coal+cellulose.  

Fig. 8. Grey cone images of different fuels at 1398 ◦C, 1409 ◦C, 1417 ◦C.  

Table 7 
Liquid phase temperature and flow temperature at different K2O mass ratio (◦C).  

K2O ratio 0.47% 1% 3% 5% 

TL  1697.54  1694.69  1678.66  1654.34 
FT  1555.50  1552.84  1537.86  1515.15  Fig. 9. K retention in blending combustion products.  
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the solid-phase product during blending combustion. In KCl-containing 
cellulose-coal blending combustion, when the combustion temperature 
remained constant, the K retention in the solid combustion product 
exhibited a positive correlation with the K content in the raw material. 
Consequently, the release ratio of Pb increased with higher KCl content. 
When the KCl content in the raw material was consistent, the retention 
of K in the solid combustion products decreased as the combustion 
temperature increased. As a result, the promotion effect of K on the 
release of Pb from coal was weakened. During K2CO3-containing 
cellulose-coal blending combustion, a positive correlation was observed 
between the K retention and the K content in the raw material. Similarly, 
when the K2CO3 content in the raw material remained constant, the K 
retention in the solid combustion product decreased with rising com
bustion temperature. Comparing the K retention between the blended 
KCl and K2CO3 combustion experiments, when other experimental 
conditions were the same, the K2CO3-containing cellulose-coal blending 
combustion product exhibited significantly higher K retention compared 
to the KCl-containing cellulose-coal blending combustion product. This 
indicates that K2CO3 was more prone to react with aluminosilicates. 

The mechanism of the influence of K compounds on Pb trans
formation was as follows. K compounds had the ability to react with 
aluminosilicates, disrupting their stable structure and reducing the ash 
melting point. This led to increased ash melting and facilitated the 
release of residual Pb, thus promoting the overall release of Pb from the 
coal. During biomass-coal blending combustion, the promotion effect 
was influenced by factors such as the K content in the biomass, the type 
of K compounds used, and the combustion temperature. When the 
temperature and type of K compounds were held constant, a higher K 
content in the biomass resulted in a stronger promotion effect. Similarly, 
when the content and type of K compounds were consistent, higher 
temperatures accelerate the volatilization rate of the K compound, 
thereby weakening its promotion effect. Lastly, when other experi
mental conditions were the same, the stronger promoting effect of 
K2CO3 compared to KCl could be attributed to its greater tendency to 
react with aluminosilicates. 

In summary, biomass could promote the release of Pb in coal, and 
mainly promote the release of residual Pb. The promotion effect is 
related to the K and Cl content. HCl had almost no effect on Pb release, 
while K compounds could promote the release of Pb in the coal, and the 
promotion effect of K2CO3 was stronger than that of KCl. K compounds 
reduce the ash melting point mainly by reacting with aluminosilicates. 
This could destroy the stable aluminosilicate structure and release Pb 
that is encapsulated in the aluminosilicate or retained in the alumino
silicate lattice. Compared with KCl, K2CO3 was more likely to react with 
aluminosilicate and be retained. It had a stronger effect on promoting Pb 
release. These research results can help optimizing the selection of 
biomass and coal types for blending combustion. When the main forms 
of K in biomass are the same, choosing biomass with lower K content for 
blending combustion with coal can reduce the gas phase release of Pb. In 
addition, K compounds existed in different forms in biomass, and the 
proportions of each form in different biomass are different. Therefore, in 
order to reduce the gas phase release of Pb, when the K element content 
is close, biomass with KCl as the main form of K compound is more 
suitable for blending combustion with coal than biomass with K2CO3 as 
the main form of K compound. For coal with high Pb content, the pro
portion of biomass added should be reduced, or other mineral com
pounds which can capture Pb should be added into the blending 
combustion furnace to reduce Pb emission. 

In addition to K2CO3 and KCl used in this study, K compounds also 
exist in other forms in biomass. Therefore, in future studies, the effects of 
other K compounds on Pb release can be further compared. 

4. Conclusions 

The transformation characteristics of Pb during biomass-coal 
blending combustion were obtained. When coal was blended with 

corn stalk, rice stalk, or bamboo flour, significant promotion of Pb 
release was observed. At 1000, 1100, and 1200 ◦C, the Pb release ratio 
increased by 1.54–27.2%, 5.30–15.6% and 2.31–7.76%, respectively. 
Increasing the proportion of biomass in the fuel enhanced the promotion 
of Pb release. 

Pb primarily existed in carbonate- and oxide-bound, sulfide-bound, 
and residual forms in coal. During combustion, these forms of Pb were 
thermally unstable and underwent form transformation or were 
released. The residual form was the dominant form of Pb in the solid 
combustion products. Biomass played a crucial role in promoting the 
release of Pb from coal, primarily by facilitating the release of residual 
Pb. 

Different biomass had different promoting effects on Pb release, 
which is relevant to K and Cl contents in biomass. The influence of K and 
Cl components in biomass on Pb transformation was demonstrated. HCl 
was found to have minimal effect on the release or distribution of Pb in 
the product. On the other hand, both KCl and K2CO3 were observed to 
promote the release of Pb. K2CO3 exhibited a stronger promotion of Pb 
release compared to KCl. Both KCl and K2CO3 facilitated the release of 
residual Pb by reacting with aluminosilicates. 

The mechanism through which K in biomass promoted the release of 
residual Pb was revealed. The addition of K compounds facilitated the 
melting of ash and destroyed the aluminosilicate structure, ultimately 
leading to the release of residual Pb. Notably, K2CO3 demonstrated a 
stronger ability to react with aluminosilicate and higher retention dur
ing blending combustion compared to KCl. Consequently, the promoting 
effect of K2CO3 on the release of Pb was more pronounced. 

The findings of this study help understand the effect of biomass-coal 
blending combustion on Pb transformation and support optimizing the 
combination of biomass and coal for blending combustion to control Pb 
emission. In addition to K2CO3 and KCl studied in this study, K also exists 
in other compound forms in biomass, which needs further research to 
reveal their effect on Pb release. 

Environmental implication 

Utilizing biomass as fuel can reduce the emission of CO2, SO2, and 
NOx. Biomass-coal blending combustion is an effective way to utilize 
biomass as fuel in large-scale. But heavy metal emission might be more 
severe in such a scenario. Pbis a typical harmful heavy metal in coal, 
whose emission causes serious environmental pollution. In this research, 
the promoting effect of K and Cl compounds inbiomass on Pb release and 
the corresponding mechanism were revealed. The results are helpful for 
optimizing the selection of biomass and coal types tocontrol Pb emission 
from the blending combustion source. 
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