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Abstract
Special attention was drawn to the heavy metals contained in coal, due to it will cause harm to the environment during coal 
processing and utilization. The sequential chemical extraction of Shanxi coal (SX coal) and Wulanchabu coal (WLCB coal) 
was carried out to investigate the distribution of arsenic (As) in coals. Two raw coals were pyrolyzed at 300–900 °C in hori-
zontal tubular furnace to investigate release behavior of As during pyrolysis process. The results showed that As in SX coal 
mainly existed in aluminosilicate-bound state (40.25%) and disulfide-bound state (32.51%), followed by carbonate-bound 
state and organic-bound state. The As in WLCB coal mainly existed in aluminosilicate-bound state (62.50%), followed by 
disulfide-bound state (19.10%). The As contents of water-soluble, ion-exchange and residue states in the two coals were less 
than others. The modes of occurrence of As had great influence on its volatilization behavior. As in organic part was easy to 
volatilize at low temperature. Sulfide-bound state would escape with the decomposition of pyrite. Because SX coal contained 
higher organic state and sulfide-bound state, the volatilization rate of As was higher than WLCB coal at any temperature, 
and the difference was more obvious at low temperature. In addition, FactSage simulation value was basically consistent 
with the experimental value.
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1  Introduction

Although China needs to achieve the goal of “Carbon Neu-
trality”, the demand for coal in China for economic and 
social development has been high for a long time. Accord-
ing to preliminary calculations, in 2022, raw coal output 
in China reached to 4.56 × 109 t, a year-on-year increase 
of 10.5%. The total energy consumption in China is 
5.41 × 109 tce, and coal consumption accounts for more than 
half (56.2%) (National bureau of statistics 2022). In order 
to reduce carbon emissions, coal chemical industry, which 
can transform coal from fuel into raw material, has been 
receiving widespread attention in recent years. Pyrolysis is 
an important technology to realize the clean and efficient 
utilization of coal (Deng and Tan 2021; Sun et al. 2022; 
Chi et al. 2022; Кuznetsov et al. 2023), and it is crucial to 

gasification and combustion process as the initial reaction 
(Zhou et al. 2018). Pyrolysis technology has been indus-
trialized to varying degrees in China at present (Guo et al. 
2004; Lu et al. 2004). However, the extensive utilization and 
transformation of coal will release harmful elements, which 
will cause harm to the environment and human health (Wang 
et al. 2004, 2022; Zhang, 2004; Liu, 2009).

Arsenic (As) is one of the main harmful elements in coal 
(Finkelman et al. 2002), and belongs to the five most toxic 
heavy metal elements (HMEs) (Swaine 1992). As released in 
coal processing and utilization is the main source of As pol-
lution in the atmosphere (Cai and Jiang 2008). Especially in 
the process of combustion, gasification and pyrolysis, almost 
all forms of As in coal will generate highly toxic As2O3 
(commonly known as As). Many studies have shown that the 
release behavior of As in coal mainly depends on its mode 
of occurrence in coal (Guo et al. 2003; Hu et al. 2021; Xie 
and Nie 2010; Zhou et al. 2015; Jiang et al. 2021; Luo et al. 
2020). Zhang (2004) found that the content of As in coal 
determined the release capacity of As. As in low As coal 
hardly migrated. The migration characteristics of As in high 
As coal were similar to that of mercury, but the mobility 
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was smaller than that of mercury. Wang et al. (2022) used 
some high-precision technologies, such as SEM–EDS and 
EPMA (electron microprobe analyzer) to investigate mode 
of occurrence in high As coal, and found that As in coal 
mainly occurred in pyrite, which migrated and transformed 
with pyrite during coal pyrolysis. Liu (2009) found that 
the thermal stability of organic matter-bound As in coal 
was the weakest, and it was almost completely released 
at 800 °C. The thermal stability of aluminosilicate-bound 
As was strong, and almost no release occurred during the 
pyrolysis process at 1000 °C. The thermal stability of other 
bound state of As was related to the thermal stability of 
related minerals. In previous studies carried out extensive 
research in release behaviors of HMEs during coal pyrolysis 
in recent years, and found that the release behavior of HMEs 
was significantly affected by their modes of occurrence in 
coal (Zhou et al. 2019a, 2021, 2019b; Wang et al. 2021).

To study the modes of occurrence of HMEs in coal, this 
paper not only used sequential chemical extraction (SCE), 
and prepared single-components samples (only containing 
one group of similar minerals). The release behaviors of As 
in raw and single-components samples were study to reveal 
the release mechanism during pyrolysis process, which was 
also crucial for study the release of heavy metals in coal 
during high temperature process, such as combustion and 
gasification process.

2 � Materials and methods

In the present study, Chinese low-rank coals from Shanxi 
and Neimeng province were selected. Modes of occurrence 
of As were studied by the method of sequential chemical 
extraction (SCE), and to obtain three single-components 
(SC). Raw coal and SC samples were pyrolyzed in a fixed-
bed reactor during 300–900 °C and the interval of 100 °C, 
with heating rate of 5 °C/min, to investigate the release 
behaviors of As. In addition, thermodynamic software 
FactSage 7.3 was used to simulate the release behaviors of 
As and transformation of minerals during pyrolysis process.

2.1 � Preparation and characterization of coal 
samples

This study collected and used two low-rank coals in 
China, named SX coal (Shanxi Province) and WLCB coal 
(Wulanchabu). The materials were crushed and screened 
to obtain a particle size less than 2 mm. All samples were 
vacuum dried at 80 °C for 24 h to remove moisture and 
sealed for storage for experimental use. Proximate and ulti-
mate analysis of the two samples were conducted according 
to the Chinese Standard Method GB/T 212-2008 and the 
Vario MACRO Cube, respectively.

The ashes of SX coal and WLCB coal were prepared at 
815 °C according to GB/T 212-2008. Then, X-Ray Fluores-
cence Spectroscopy (XRF) analysis was conducted on ashes to 
determine the ash components, including SiO2, Al2O3, Fe2O3, 
CaO, MgO, K2O and SO3.

X-Ray Diffraction (XRD) analysis was used to analyze the 
mineralogical characteristics of the SX coal and WLCB coal. 
Prior to the XRD analysis, the coal samples were burned at 
250 °C in a muffle furnace for 60 h to obtain the low-temper-
ature ash of the coal samples. The low-temperature ash was 
analyzed using a Japanese Rigaku D/max-2500PC X-Ray 
diffractometer (Rigaku Corporation, Tokyo, Japan) equipped 
with a copper tube. The XRD pattern was recorded within the 
2θ range of 5°-70° with a step size of 0.02°, the scan speed was 
2°/minute. The accelerating voltage and tube current of the 
X-Ray diffractometer were 40 kV and 150 mA, respectively.

2.2 � Determination of As in coal

The samples including raw coal, three single-component sam-
ples and all semi-cokes, were needed to be dissolved before 
measuring As. A coal sample of 0.1 g was placed in a Teflon 
tank, and 6 ml HNO3, 3 ml H2O2, and 3 ml HF are added 
as reagents, then placed in a microwave digestion instrument 
(CEM MARS 5) for three-step dissolution. The solid coal sam-
ple was pre-treated by microwave digestion to transfer ele-
ments to the solution. Then, the solution and liquid samples 
obtained by sequential chemical extraction (SCE) were ana-
lyzed by inductively coupled plasma mass spectrometry (ICP-
MS, NexlON300X). The ultra-pure water made by Milli-Q™ 
A10 system-produced was used in the microwave digestion 
process to reduce background values. The elemental concen-
tration data used above were the average of three determina-
tion data.

2.3 � Sequential chemical extraction experiment

In order to study the mode of occurrence of As in coal, SCE 
(Sequential Chemical Extraction) experiments were carried 
out on SX coal and WLCB coal. In this study, four-step SCE 
was adopted and the mode of occurrence of As in coal were 
determined, including carbonate (containing monosulfide, 
sulfate, phosphate and oxide)-bound state, aluminosilicate-
bound state, disulfide-bound state and organic-bound state. 
The specific extraction conditions and procedures refer to other 
literature (Zhou et al. 2019b) as shown in Fig. 1. The extraction 
rate (Er) of organic matter, mineral, and mode of occurrence 
of As in SX-coal and WLCB-coal can be calculated using the 
following formula:

(1)E
r
= C

extracts
+ C

rawcoal
∗ 100%
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where Er was the extraction ratio of the As, organic matter 
or minerals; Cextracts was the content of As, organic matter 
or minerals in the extracts; Crawcoal was the content of As, 
organic matter or minerals in raw coal.

2.4 � Preparation of single‑component samples

SX coal and WLCB coal were extracted with 
CH3COONa/HCl/HF/HNO3, CH3COONa/HCl/HF/H2O2 
and CH3COONa/HCl/HNO3/H2O2, respectively. As a 
result, three samples were obtained, each containing a 
single occurrence state of As (aluminosilicate-bound 
state, disulfide-bound state, organic-bound state). Stud-
ies (Steel and Patrick 2001) has shown that HCl can dis-
solve carbonates, sulfates, phosphates, and oxides. HF 
can remove aluminum silicates with its strong reactivity. 
Both HCl and HF solvents have no effect on pyrite in 
coal, while HNO3 can remove pyrite. However, due to 
the addition of HCl, it is not possible to obtain a carbon-
ate (containing a single sulfide, sulfate, phosphate, and 
oxide) binding state sample of As through this method. 
In order to understand the release behavior of As from 
carbonate-bound state sample, CH3COONa washed sam-
ple and CH3COONa/HCl washed sample were pyrolyzed, 
and the release behavior of carbonate-bound state sample 
can be obtained by comparison.

2.5 � TG analysis

In order to study the release behavior of As during pyroly-
sis, the pyrolysis behavior of SX coal and WLCB coal 
(10 mg) was studied using a thermal analyzer (Mettler-
Toledo TGA/DSC 1) at a heating rate of 10 °C /min from 
room temperature to 900 °C under atmospheric pressure 
by analyzing mass loss (TG) and reaction rate (DTG) 
graphs. Nitrogen was used as the carrier gas (50 mL/min) 
to ensure an oxygen-free environment.

2.6 � Pyrolysis experiment in fixed‑bed reactor

All pyrolysis experiments, including the raw coal and the 
single-component samples (SC), were carried out in a fixed 
bed with a heating rate of 5 °C/min to the desired final 
temperature (300, 400, 500, 600, 700, 800 and 900 °C), 
using a horizontal quartz tube and a programmable electric 
furnace as shown in Fig. 2. The reactor was maintained at 
the final temperature for 60 mins. After cooling, the semi-
coke was weighed and digested to determine the concen-
trations of As. To evaluate the volatility of As in the raw 
coal and SC samples, the concept of volatilization rate (Vr) 
was introduced, defined as

Fig. 1   Flow chart of sequential 
chemical extraction
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where Vr was the volatilization ratio of As, Crawcoal was the 
content of As in raw coal, Csemi-coke was the content of As 
in semi-coke. The content of As in coal or semi-coke was 
obtained by multiplying the measured element content by 
the mass of raw coal or semi-coke.

2.7 � Thermodynamic equilibrium calculation

Modeling of the release and migration behavior of As during 
pyrolysis can be performed to understand the characteris-
tics of elements and their compounds related to the actual 
process (Wang 2020). In this study, the thermodynamic 
calculation was carried out using the FactSage 7.3 soft-
ware package. To calculate the ash transformation, FactPS 
and FToxide databases were applied in a specific order. 
The calculation assumes the use of 1000 g of coal sample, 
represented by the content of C, H, O, N, S, As and ash 

(2)V
r
= (1 −

C
semi-coke

C
rawcoal

) ∗ 100%

components. The gas value is 210 g, the pressure is 1 atm, 
and the temperature input value is “300, 1000, 100”, repre-
senting the pyrolysis process from 300 to 1000 °C with a 
temperature interval of 100 °C. The specific input values of 
elements and oxides in the coal are listed in Table 1.

Fig. 2   Schematic diagram of 
fixed-bed reactor

Table 1   Input values for thermochemical equilibrium calculation

Element Mass (g) Ash composition Mass (g)

SX WLCB SX WLCB

C 817.700 828.4 SiO2 148.44 180.030
H 40.000 38.1 Al2O3 64.30 122.910
O 73.800 113.8 CaO 88.38 14.540
N 11.300 15.4 SO3 53.48 11.940
S 57.200 4.3 MgO 14.85 0.035
As 0.022 0.1218 K2O 58.14 0.043

Fe2O3 56.15 16.610

Table 2   Basic properties of SX and WLCB raw coal

Sample SX WLCB

Proximate analysis (wt%)
 Mad 0.36 1.46
 Ad 35.64 24.51
 Vdaf 18.23 39.93
 FCdaf 81.77 60.07

Ultimate analysis (wt%)
 Cdaf 81.77 82.84
 Hdaf 4.00 3.81
 Odaf (calculated by dirrerence) 7.38 11.38
 Ndaf 1.13 1.54
 St,d 5.72 0.43

Ash composition (wt%, d)
 SiO2 50.60 60.60
 Al2O3 34.49 26.23
 Fe2O3 4.66 2.29
 CaO 4.08 3.61
 Cl 0.02 0
 MgO 0.35 0.57
 K2O 0.43 2.37
 SO3 3.35 2.18
 Others 0.36 0.55

Concentration of As (μg/g) 21.95 106.87
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3 � Results and discussion

3.1 � Basic characteristics of coal samples

Proximate, ultimate, XRF and XRD analysis of SX coal and 
WLCB coal were performed, and the results were shown 
in Table 2 and Fig. 3. The volatile matter was 18.23% for 
SX coal and 39.93% for WLCB coal, showing its low-rank 
characteristic. XRF showed that SiO2 and Al2O3 were the 
main ash composition in both coals. The content of ash and 
sulfur of SX coal was much higher than that of WLCB coal. 
The XRD analysis in Fig. 3 indicated that the major minerals 
in both types of raw coals were quartz, kaolinite, and calcite, 
which was consistent with the results of XRF analysis. It 
was worth noting that pyrite was detected only in SX coal 
due to its high sulfur content (5.72%). The content of As 
in raw coals was measured and the results were listed in 
Table 2. Determination results indicated that the content of 
As in two coals (21.95 μg/g for SX coal and 106.87 μg/g for 
WLCB coal) were much higher than the average (6.4 μg/g) 
in Chinese coal (Dai et al. 2012), which can cause serious 
environmental issue.

3.2 � Occurrence modes of As in raw coals

Figure 4 shows the extraction ratio (Er) of As from SX coal 
and WLCB coal after sequential chemical extraction by 
CH3COONa/HCl/HF/HNO3/H2O2. As in SX coal mainly 
existed in the form of aluminosilicate-bound (40.25%) and 
disulfide-bound (32.51%), followed by carbonate-bound and 
organic-bound As (less than 20%). As in water-soluble state, 
ion-exchange state and residue state were little (around 1%). 
As in WLCB coal mainly existed in aluminosilicate-bound 

state (62.50%), followed by As in disulfide-bound state 
(19.10%). The total content of As as carbonate, water-sol-
uble, ion-exchanged, and residual states were just 13.50%. 
As is an element with strong sulphophilicity and usually 
existed in pyrite as orpiment, arsenopyrite and realgar (Xie 
and Nie 2010). The main occurrence forms of As in the two 
coals were similar, and both are dominated by aluminosili-
cate and disulfide. Table 2 shows that sulfur content of SX 
coal was much higher than that of WLCB coal. Therefore, 
disulfide-bound As contained in SX coal was higher than 
that in WLCB coal.

3.3 � Pyrolysis in TGA​

In order to study the release behavior of As, the thermal 
decomposition behavior of SX and WLCB coals was stud-
ied by TG analysis. As shown in Fig. 5a, the maximum 
mass losses of SX and WLCB coals were approximately 
82.6 wt% and 73.4 wt%, respectively. Throughout the TG 
analysis process, the mass loss of WLCB coal was higher 
than that of SX coal, due to the high volatile matter con-
tent in WLCB coal (Table 2). By comparison, it can be 
found that the weight loss of SX coal was larger before 
200 °C, which may be caused by the more content of water 
or adsorbed gas. However, due to different coal ranks, the 
weight loss curve of WLCB coal was gradually far below 
that of SX coal after 200 °C. When the temperature was 
between 350 and 600 °C, weight loss rate of WLCB coal 
was much higher than that of SX coal, and went to high-
est at around 500 °C. In secondary pyrolysis stage of coal 
(600–900 °C), the weight loss rate of SX coal was higher 
than that of WLCB coal, which might was due to minerals 
decomposition at high temperatures. At this stage, some 

Fig. 3   XRD analysis of low-temperature ash of SX and WLCB coal
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minerals begin to decompose and transform. For example, 
pyrite loses a sulfur atom to form ferrous sulfide between 
490 and 690 °C, and iron dolomite decomposes at 780 °C 
(Jiang et al. 2021). As in Table 2, the ash content of SX 
coal was very high (35.64%) and content of sulfur, Fe2O3 
and was also higher that WLCB coal.

It is hereby stated that the thermogravimetric curve of 
SX coal in Fig. 5a has an increasing tendency between 200 
and 450 °C. To avoid experimental error, repeat experi-
ments were conducted several times, the increasing ten-
dency of SX coal showed every time. The main reason 
might be caused by substances contained Mg in SX coal. 
Under inert atmosphere, a series of reactions would occur 
at 200 °C to generate Mg2N3, leading to weight increase.

3.4 � Semi‑coke yields of raw coal during pyrolysis

Figure 6 shows the semi-coke yields of SX coal and WLCB 
coal in fixed bed reactor under different pyrolysis final tem-
peratures. As the final temperature of pyrolysis increased, 
the yield of semi-coke gradually decreased due to the con-
tinuous release of gases and tar, such as CO2, CO, CH4, H2, 
and unsaturated hydrocarbons, during the pyrolysis process. 
The semi-coke yield of SX coal dropped by 11% from 300 
to 900 °C. The semi-coke yield of WLCB coal dropped by 
25%, due to its low rank and high volatile content, from 
98.56% at 300 °C to 73.06% at 900 °C.

3.5 � Volatilization behavior of As in raw coal 
pyrolysis

As is an extremely volatile thiophilic element, and its ele-
mental melting point was around 817 °C. As and its com-
pounds were easy to react with hydrogen, and the specific 
reaction equations were shown in Table 3. It can be seen 
from Fig. 7 that the As volatility of SX coal was higher 
than that of WLCB coal in the whole pyrolysis temperature 
range. The release of As from SX coal increased from 68% 
at 300 °C to 97% at 900 °C. The release of As from WLCB 
coal increased from 11% at 300 °C to 81% at 900 °C. Before 

Fig. 5   TG a and DTG b Analysis of SX and WLCB coal

Fig.6   Semi-coke yield of SX and WLCB raw coals at different pyrol-
ysis final temperatures

Table 3   Reaction of As-containing minerals under atmospheric pres-
sure pyrolysis

Order Reaction equation Tem-
perature 
(°C)

1 As2(g) + 3H2 (g) = 2AsH3(g) 170
2 As2S3(s) + 6H2(g) = 2AsH3(g) + 3H2S(g) 282
3 2As2S3(s) + 6H2(g) = 2As4(g) + 6H2S(g) 551
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400 °C, the difference in volatility of As between the two 
coals was the most obvious. Combined with the occurrence 
of As, SX coal contained more organic-bound As, which 
will be released more along with organic matter decom-
position during pyrolysis process. From Table 3, it can be 
seen that hydrogen can promote the release of As, it can 
react with some sulfides of As, which can be reduced and 
released. When the temperature was higher than 500 °C, the 
continuous generation of hydrogen gas during the pyrolysis 
process can promote the release of As. In addition, Table 2 
shows that the sulfur content in SX coal (5.72 wt%) was 
obviously higher than that in WLCB coal (0.43 wt%). When 
the pyrite was thermally decomposed (500–600 °C), the As 
contained in both coals was released rapidly, resulting in a 
sharp increase in the As release rate at 500 °C, as show in 
Fig. 7b. However, the release rate of As in the two coals 
decreased at 500–600 °C, which may be because the pores 
in the coals became larger with the progress of the pyrolysis 
process, and a part of the volatilized As was adsorbed. In 
addition, after 600 °C, the volatility of As in the two coals 
did not change significantly, indicating that the volatile As 
element had been released in large quantities, while some 
non-volatile As mainly remained. For volatilization rate, the 
rate of WLCB coal was obvious higher during 300–700 °C, 
due to its rank. The volatile matter content of WLCB coal 
was 39.93%, which was much higher than that of SX coal 
(18.23%). Much As would be released with the decomposi-
tion of coal itself.

3.6 � Occurrence modes of As in semi‑cokes

In order to further study the release mechanism of As during 
the pyrolysis process, the extraction ratio (Er) of As in semi-
coke pyrolyzed at 600 °C was measured, as shown in Fig. 8. 
The As in SX semi coke was mainly composed of carbonate-
bound, disulfide-bound and aluminosilicate-bound states, 
accounting for 28.56%, 27.17%, and 26.91%, respectively, 

followed by residual As, accounting for 13.10%. While in 
WLCB semi coke, As was mainly in aluminosilicate-bound 
state and carbonate-bound state, accounting for 56.0% and 
23.05%, respectively, followed by residual As, accounting 
for 10.86%.

Comparing the distribution of As in raw coal, the extrac-
tion ratio (Er) of As in the form of disulfide, aluminosili-
cate, and organic-bound As in SX semi coke and WLCB 
semi coke decreased with the increasing pyrolysis tempera-
ture, while the Er of As in the residual and carbonate state 
increased with the increasing temperature. Compared with 
other occurrence states, almost all the organic-bound As in 
SX coal and WLCB coal volatilized, indicating that most 
of the organic-bound heavy metals were released in large 
quantities during the pyrolysis process, which is consistent 
with the conclusions of Guo et al. (2004, 2003). However, 
with the increase of pyrolysis temperature, the content of 

Fig. 7   a The volatility curve and b Volatilization rate curve of As in SX and WLCB coals at different pyrolysis final temperatures
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aluminosilicate-bound As in semi-cokes did not change 
much, indicating that the aluminosilicate-bound As were 
relatively stable and not easily volatile, similar results were 
concluded by Liu (2009).

3.7 � Volatilization behavior of As 
in single‑component samples pyrolysis

To investigate the impact of mode of occurrence of As on 
its release behavior, pyrolysis experiments was adopted 
for three single-component (SC) samples obtained by SCE 
(organic-bound state, disulfide-bound state, aluminosilicate-
bound state) in fixed-bed reactor and shown in Fig. 9. The 
volatilization ratio (Vr) of As was calculated based on their 
content in each SC sample. It can be found that the release 
behavior of As in single-component (SC) samples in the two 
coals was basically the same with the increasing tempera-
ture, that is, with the increase of temperature, the release rate 
of As gradually increased, and the organic-bound As was 
more volatile than As in other occurrence modes.

3.7.1 � Volatilization behavior of organic‑bound As

Figure 9 compares the volatilization behavior of organic-
bound As in the two coals as a function of temperature. From 
Fig. 9a, it can be found that the volatility of organic-bound 
As gradually increased as the temperature increased. The 
volatility of organic-bound As in SX coal increased from 
27.64% at 300 °C to 94.90% at 900 °C, which increased by 
about 67%. The volatility of organic-bound As in WLCB 
coal increased from 60.54% at 300 °C to 86.16% at 900 °C, 
which increased by about 26%. By comparison, it was found 
that the volatility of organic-bound As in SX coal changed 
more obviously with temperature than that in WLCB coal. 
From Fig. 9b, the volatilization rate of WLCB coal was 

greater than that of SX coal before 700 °C. After 700 °C, 
the volatilization rate of SX coal was greater than that of 
WLCB coal. Combining the occurrence mode, it can be seen 
that the content of organic-bound As in SX coal was greater 
than that in WLCB coal (17.10% in SX coal and 7.36% in 
WLCB coal). Therefore, the volatility of organic-bound As 
in SX coal at 900 °C was greater. However, since WLCB 
coal was a low-rank coal, owned poor thermal stability, so 
the volatilization rate in early stage was large.

3.7.2 � Volatilization behavior of disulfide‑bound As

Figure 10 compares the volatilization behavior of disulfide-
bound As in the two coals as a function of temperature. The 
volatility of disulfide-bound As from SX coal increased from 
19.67% at 300 °C to 79.61% at 900 °C, which increased by 
about 60%. For WLCB coal, it increased from 19.95% at 
300 °C to 66.47% at 900 °C, which increased by about 46%. 
By comparison, it was found that before 600 °C, the volatil-
ity of disulfide-bound As of WLCB coal was higher than that 
of SX coal, and the volatilization rate of the two decreased 
as the temperature increased. After 600 °C, the volatility 
of SX coal gradually increased, which was equal to that of 
WLCB coal at around 650 °C and beyond it at higher tem-
peratures. Combining the occurrence mode, it can be seen 
that the content of disulfide-bound As in SX coal was greater 
than that in WLCB coal (32.51% in SX coal and 19.10% in 
WLCB coal). Therefore, the volatility of disulfide-bound 
As in SX coal was beyond WLCB at temperatures higher 
600 °C, when sulfides began to decompose. However, since 
WLCB coal was a low-rank coal, owned poor thermal stabil-
ity, so the volatilization rate in early stage was large.
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3.7.3 � Volatilization behavior of aluminosilicate‑bound As

Figure 11 compares the volatilization behavior of alu-
minosilicate-bound As in the two coals withing increas-
ing temperature. As shown in Fig. 11a, the volatility of 
aluminosilicate-bound As gradually increased as the 
temperature increased. The volatility of aluminosilicate-
bound As from SX coal increased from 14.72% at 300 °C 
to 79.61% at 900 °C, which increased by about 56%. For 
WLCB coal, it increased from 15.05% at 300 °C to 73.08% 
at 900 °C, which increased by about 48%. Combining the 
occurrence mode, it can be seen that the content of alumi-
nosilicate-bound As in WLCB coal was greater than that in 
SX coal (62.50% in WLCB coal and 40.25% in SX coal). 

Therefore, the volatility of disulfide-bound As in WLCB 
coal at 900 °C was greater, with a higher volatilization 
rate.

3.7.4 � Volatilization behavior of carbonate‑bound As

In the single-component preparation process, carbonate-
bound state sample can never be obtained. In order to inves-
tigate the release behavior of carbonate-bound As, raw coal 
samples and the samples after HCl extraction were pyrolyzed 
respectively, and the difference subtraction method was used 
to obtain the release behavior of carbonate-bound As. Fig-
ure 12 compares the volatilization behavior of carbonate-
bound As in the two coals withing increasing temperature. 
As shown in Fig. 12a, the volatility of carbonate-bound As 
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gradually increased as the temperature increased. The vola-
tility of carbonate-bound As from SX coal increased from 
27.42% at 300 °C to 68.05% at 900 °C, which increased by 
about 41%. For WLCB coal, it increased from 61.85% at 
300 °C to 92.64% at 900 °C, which increased by about 31%. 
Combining the occurrence mode, it can be seen that the con-
tent of carbonate-bound As in SX coal was greater than that 
in WLCB coal. Therefore, the volatility of disulfide-bound 
As in WLCB coal at 900 °C was greater, with a higher vola-
tilization rate.

Figure 13 compares the volatility behaviors of all single 
component samples. It can be found that the organic matter 
in coals was mainly volatilized, and the organic-bound As 
was decomposed and released along with it before 400 °C. 
Between 400 and 800 °C, with the increasing pyrolysis 

temperature, hydrogen was produced and to react with 
As sulfide, leading to the release of disulfide-bound As. 
During the period, pyrite was mainly decomposed into 
ferrous sulfide and hydrogen sulfide in the presence of 
hydrogen. With the continuous increase of the final tem-
perature of pyrolysis, a large amount of pyrite in coal 
was decomposed, resulting in the growing release rate of 
disulfide-bound As. The carbonate-bound As in coal began 
to release after 600 °C. When the pyrolysis temperature 
reached 800 °C, the release rate of As tended to be flat, 
and the rest was mostly non-volatile aluminosilicate-bound 
As. At 600–800 °C, aluminosilicate minerals had strong 
physical adsorption capacity, and generate new condensed 
states under heating conditions, such as AlAsO4 and other 
substances, reducing the volatilization rate of As.
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To sum up, the main release behavior of As in sin-
gle components was that at low temperature (< 400 °C), 
organic-bound As was mainly released along with the 
pyrolysis decomposition reaction. At medium temperature 
(400–600 °C), the disulfide-bound As was released with the 
decomposition of pyrite in coal, and a part of As reacted 
with H2 generated by pyrolysis and was released in the form 
of AsH3 and As. At high temperature (800–900 °C), a part 
of calcite and clay minerals were decomposed, and the As 
occurred with them were also released.

3.8 � FactSage equilibrium calculation

In order to study the release and migration behavior of As 
more deeply, a thermodynamic equilibrium calculation was 
carried out using the FactSage 7.3 to calculate the trans-
formation behavior of As at 300–1000 °C under the ideal 
conditions. As shown in the Fig. 14, before 700 °C, the As 
in SX coal and WLCB coal mainly existed in the form of 
gaseous As4, and a small amount of solid As2S3 and As2O3 
also existed during this period. The difference was that there 
was a small amount of As2S3 solid in SX coal, but WLCB 

coal did not have it, which may be related to different sul-
phur content. After 700 ℃, As in SX coal and WLCB coal 
mainly existed in the form of gaseous As2 and As4. Combin-
ing simulation and experimental results, it can be found that 
As was very volatile, and the solid oxide of As was almost 
completely converted at about 700 °C, and almost com-
pletely volatilized in the form of gaseous As4 after 900 °C, 
and hydrogen can promote the release of As.

4 � Conclusions

The volatilization behaviors of As in the two coals were 
mainly determined by the pyrolysis temperature, occurrence 
mode of As and their coal ranks.

(1)	 As in SX coal mainly exists in the form of aluminosil-
icate-bound (40.25%) and disulfide-bound (32.51%), 
followed by carbonate-bound and organic-bound As. 
The As in WLCB coal mainly existed in aluminosili-
cate-bound state (62.50%), followed by disulfide-bound 
state (19.10%). The content of As existed in water-sol-
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uble state, ion-exchange state and residue state in the 
two coals was less.

(2)	 During pyrolysis, the volatility of As in SX coal during 
300–900 °C was 68% to 97%, which is significantly 
lower than that in low-grade WLCB coal, which was 
11% to 81%. The occurrence modes of As had seri-
ous impacts on its volatilization behavior. The differ-
ence thermal stability of the two coal samples in single 
components provided the possibility for the different 
release rules of heavy metals. The content of organic-
bound As in SX coal was higher than that of WLCB 
coal, which can be volatilized at low temperature, lead-
ing to higher volatility at 300 °C. As in the disulfide 
and aluminosilicate-bound states were released as the 
minerals decompose at high temperatures, which also 
attributed high volatility for SX coal at 900 °C. Higher 
volatilization rate for WLCB coal during 300–700 °C 
was due to its low rank. Much As would be released 
with the decomposition of coal itself.

(3)	 FactSage thermodynamic calculations show that before 
700 °C, As in SX coal and WLCB coal mainly existed 
in the form of gaseous As4, and a small amount of solid 
As2S2 and As2O3 exists. The solid oxide of As at about 
700 °C was almost completely converted, and it was 
almost completely volatilized in the form of gaseous 
As4 at 900 °C, and hydrogen can promote the release 
of As.

Acknowledgements  This work was supported by the National Natural 
Science Foundation of China (52304311 and 52274282), Yue Qi Young 
Scholar Project, China University of Mining & Technology, Beijing 
(2020QN10).

Author contribution  Meijie Sun and Jiali Zhong: Writing—original 
draft, Funding acquisition. Lingmei Zhou: Conceptualization, Meth-
odology, Writing—original draft, Funding acquisition. Yingjie Zhao, 
Hao Zheng, Beibei Qu and Maolin Ma: Investigation.

Declarations 

Conflict of interest  The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Cai W, Jiang Y (2008) Research advance of health risk assessment on 
methylmercury exposure. J Environ Health 01:77–81

Chi H, Li H, Hu S et al (2022) Pyrolysis characteristics and kinetic 
study of coal in a novel concentrating photothermal thermogravi-
metric analyzer: effect of heating rate. Fuel 322:124218

Dai S, Ren D, Chou C et al (2012) Geochemistry of trace elements in 
Chinese coals: a review of abundances, genetic types, impacts on 
human health, and industrial utilization. Int J Coal Geol 94:3–21

Deng Y, Tan X (2021) Status and development of classification utiliza-
tion technology of coal pyrolysis. Coal Chem Ind 49(6):79–83

Finkelman R, Orem W, Castranova V et al (2002) Health impacts 
of coal and coal use: possible solutions. Int J Coal Geol 
50(1):425–443

Guo R, Yang J, Liu D et al (2003) The fate of As, Pb, Cd, Cr and Mn 
in a coal during pyrolysis. J Anal Appl Pyrolysis 70(2):555–562

Guo R, Yang J, Liu Z (2004) Thermal and chemical stabilities of arsenic 
in three Chinese coals. Fuel Process Technol 85(8–10):903–912

Hu Y, Xiao T, Zhao A (2021) Associations between and risks of trace 
elements related to skin and liver damage induced by arsenic from 
coal burning. Ecotoxicol Environ Saf 208(208)

Jiang P, Xie C, Luo C et al (2021) Distribution and modes of occur-
rence of heavy metals in opposed multi-burner coal-water-slurry 
gasification plants. Fuel 303(3):121163

Кuznetsov PN, Fetisova OYu, Kuznetsova LI, Avid B, Purevsuren 
B (2023) Insight into the key kinetic steps in the pyrolysis of 
coking and non-coking coals, characterization of the pyrolysis 
products. Int J Coal Sci Technol 10(1):16. https://​doi.​org/​10.​1007/​
s40789-​023-​00574-9

Liu R (2009) A study on thermal stability and transformation behavior 
of arsenic, selenium, lead during coal conversion. Shanxi Institute 
of coal chemistry, Chinese Academy of Sciences, Shanxi

Lu H, Chen H, Li W et al (2004) Transformation of arsenic in Yima 
coal during fluidized-bed pyrolysis. Fuel 83(6):645–650

Luo J, Sheng B, Shi Q (2020) A review on the migration and transfor-
mation of heavy metals influence by alkali/alkaline earth metals 
during combustion. J Fuel Chem Technol 48(11):1318–1326

National bureau of statistics. Statistical bulletin of national economic 
and social development of the China in 2022 (2023)

Steel K, Patrick J (2001) The production of ultra clean coal by chemical 
demineralization. Fuel 80(14):2019–2023

Sun S, Xu D, Wei Y et al (2022) Influence laws of operating parameters 
on coal pyrolysis characteristic. J Anal Appl Pyrolysis 167:105684

Swaine D (1992) Guest editorial: environmental aspects of trace ele-
ments in coal. Environ Geochem Health 14(1):2

Wang J, Takaya A, Tomita A (2004) Leaching of ashes and chars for 
examining transformations of trace elements during coal combus-
tion and pyrolysis. Fuel 83(6):651–660

Wang B, Sun J, Wu P (2022) Occurrence and speciation of heavy 
metals in coals from a microscale perspective. Earth Environ 
50(04):498–505

Wang C (2020) Migration and transformation behaviors and its influ-
encing mechanism of harmful trace elements during pressurized 
fixed-bed coal gasification. China University of Mining & Tech-
nology (Beijing), Beijing

Wang X, Zhou L, Zhu S et al (2021) Modes of occurrence of chromium 
and their thermal stability in low-rank coal pyrolysis. Processes 10

Xie H, Nie A (2010) The modes of occurrence and washing floatation 
characteristic of arsenic in coal from Western Guizhou. J China 
Coal Soc 35(1):117–121

Zhang Y (2004) The study of the migratory characteristics of sulfur, 
fluorine, chlorine, mercury, arsenic in barometric pyrolysis of 
coals. Central Coal Mining Research Institute, Beijing

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40789-023-00574-9
https://doi.org/10.1007/s40789-023-00574-9


The release and migration mechanism of arsenic during pyrolysis process of Chinese coals﻿	 Page 13 of 13     49 

Zhou C, Hu S, Guo J (2015) Trace elements migration transformation 
rule of As/Cd/Pb/Zn during typical coal pyrolysis and gasification 
under high temperature. J Combust Sci Technol 21(06):554–560

Zhou L, Wang X, Guo H (2018) Research progress on influence of 
heavy metal occurrence mode on release behavior during coal 
conversion. Clean Coal Technol 24(6):8–13

Zhou L, Guo H, Chu M et al (2019a) Effects of occurrence mode of Cd 
in low rank coal on its volability during pyrolysis process. J China 
Coal Soc 44(1):323–331

Zhou L, Wang X, Ma C et  al (2021) Volatility of cadmium dur-
ing pyrolysis of typical low rank coals. J Fuel Chem Technol 
49(5):648–655

Zhou L, Guo H, Wang X et al (2019) Effect of occurrence mode of 
heavy metal elements in a low rank coal on volatility during 
pyrolysis. Int J Coal Sci Technol 6(2)

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	The release and migration mechanism of arsenic during pyrolysis process of Chinese coals
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Preparation and characterization of coal samples
	2.2 Determination of As in coal
	2.3 Sequential chemical extraction experiment
	2.4 Preparation of single-component samples
	2.5 TG analysis
	2.6 Pyrolysis experiment in fixed-bed reactor
	2.7 Thermodynamic equilibrium calculation

	3 Results and discussion
	3.1 Basic characteristics of coal samples
	3.2 Occurrence modes of As in raw coals
	3.3 Pyrolysis in TGA​
	3.4 Semi-coke yields of raw coal during pyrolysis
	3.5 Volatilization behavior of As in raw coal pyrolysis
	3.6 Occurrence modes of As in semi-cokes
	3.7 Volatilization behavior of As in single-component samples pyrolysis
	3.7.1 Volatilization behavior of organic-bound As
	3.7.2 Volatilization behavior of disulfide-bound As
	3.7.3 Volatilization behavior of aluminosilicate-bound As
	3.7.4 Volatilization behavior of carbonate-bound As

	3.8 FactSage equilibrium calculation

	4 Conclusions
	Acknowledgements 
	References


