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Abstract The harmful trace elements will be released during coal utilization, which can cause environment pollution and

further endangering human health, especially for heavy metal elements. Compared to combustion, the release of heavy

metal elements during coal pyrolysis process, as a critical initial reaction stage of combustion, has not received sufficient

attention. In the present paper, a low rank coal, from Xinjiang province in China, was pyrolyzed in a fixed bed reactor from

room temperature, at atmospheric pressure, with the heating rate of 10 �C/min, and the final pyrolysis temperature was

from 400 to 800 �C with the interval of 100 �C. The volatility of heavy metal elements (including As, Hg, Cd and Pb)

during pyrolysis process was investigated. The results showed the volatility of all heavy metal elements increased obvi-

ously with increasing temperature, and followed the sequence as Hg[Cd[As[ Pb, which was mainly caused by their

thermodynamic property and occurrence modes in coal. The occurrence modes of heavy metals were studied by sink-and-

float test and sequential chemical extraction procedure, and it can be found that the heavy metal elements were mainly in

the organic and residual states (clay minerals) in the raw coal. And most of the organic heavy metals escaped during the

pyrolysis process, the remaining elements were mainly in the residual state, and the elements in Fe–Mn state also tended to

remain in the char.
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1 Introduction

China is the largest producer and consumer of coal all over

the world, accounting for about 37% of world production

of coal (Zhou et al. 2016). Coal utilization will not only

discharge SO2, nitrogen oxides (NOx), CO2 and other air

pollutants, the harmful trace elements containing in coal

and their compounds will also be released, which bring

pollution to water, soil and other ecological environment

further endangering human health. The release behavior of

heavy metal elements during coal combustion has attracted

wide attention both at home and abroad. In the 1990s, some

trace elements, including Hg, As, Cd and Pb (Zhou et al.

2019a, b), have been listed on the U.S. Clean Air Act as

key toxic air pollutants. The European Union, Japan and

other developed countries also have a clear emissions

indicator of these heavy metal elements for the coal-fired

power plants. Many scholars have conducted researches on

the release and transfer behaviors of harmful trace elements

in coal combustion process. However, pyrolysis as a crit-

ical initial reaction phase of combustion (Gürüz et al.

2004), the release of heavy metal elements in the process

has not received sufficient attention.

The release behavior of heavy metal elements during

coal combustion process has been extensively investigated

(Zhang et al. 2003a, b; Qin 2005; Zhao 2008; Querol et al.
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1995; Smith 1980; Frandsen et al. 1994; Miller et al. 2003).

According to literature, the release behavior of heavy metal

elements during coal combustion was not only dependent

on their thermodynamic property (i.e. Hg owned low

boiling point, the volatility of Hg will be higher than other

elements.), but also on their occurrence modes (Wu et al.

2013). The heavy metal elements present in the coal can be

divided into organic bound states (organic, ionic or water-

soluble) and mineral-bound states (including primary and

secondary minerals) (Davidson and Clarke 1996). It was

shown that heavy metal elements bound in the organic state

were more volatile than the mineral-bound elements in the

combustion process (Linak and Wendt 1993), whereas the

elements present in the mineral-bound state were more

affected by the mineral species. Duan et al. (2017) found

that pyrite-related elements always exhibited high volatil-

ity, whereas Sekine et al. (2008) reported that heavy metal

elements in clay minerals (residual form) were usually

released slowly with increasing temperature.

However, few literature studied the release behavior or

volatility characteristics of heavy metal elements during

coal pyrolysis process (Wang et al. 2002; Zajusz-Zubek

and Konieczynski 2003; Guo et al. 2003, 2004a, b), which

were not enough to reveal its release mechanism. Some

researchers (Wang et al. 2002; Zajusz-Zubek and

Konieczynski 2003) reported the distribution of heavy

metal elements in the pyrolysis products and compared the

volatility of several heavy metal elements such as As, Pb,

Cd and Hg, without the explanation for the distribution

behavior. Guo et al. (2003, 2004a, b) did lots of work and

found that the volatility of heavy metals increased with the

increasing pyrolysis temperature and residence time,

decreased at advanced pressure, the hydrogen atmosphere

was favorable for the evaporation of heavy metal elements,

and the occurence mode of heavy metals was studied by the

indirect method, named sequential chemical extraction. It

can be found that the occurrence mode of elements might

be a crucial factor for the volatility of heavy metals during

pyrolysis or combustion process. Therefore, it is necessary

to investigate the occurrence mode of elements in coal,

besides the influence of pyrolysis process conditions. In

addition, among so much literature, rare report studied the

volatility of heavy metals during thermal-processing for

low rank coal, normally owned low sulfur content. Low

rank coal owns high volatile content and reactivity, which

make it a good raw material to coal chemistry. It is nec-

essary to study the release behavior of heavy metal ele-

ments during pyrolysis process for low rank coal, for the

environmental issue.

In the present study, a low rank coal from Xinjiang

province in China, named MZH coal, was pyrolyzed in a

fixed bed reactor from room temperature, at atmospheric

pressure, with the heating rate of 10 �C/min, and the final

pyrolysis temperature was from 400 to 800 �C with the

interval of 100 �C. The release behavior of heavy metal

elements (including As, Hg, Cd and Pb) during pyrolysis

process was investigated. Except for the indirect sequential

chemical extraction method, the occurrence modes in MZH

coal were also studied by a direct method, sink-and-float

test, by analysis the distribution of heavy metal elements

and the mineral matters in different density fractions of

MZH coal.

2 Materials and methods

2.1 Materials

The sample used was a Chinese low rank coal from Xin-

jiang province, named MZH coal, a low-rank bituminous

coal owned very high volatile matter. The raw materials

were crushed and milled to get the particle size less than

2 mm. All samples were heated to 105 �C and maintained

at this temperature for 24 h in an air-dried oven to get rid

of the moisture. The characteristics of raw coal were per-

formed according to the related standards. The ultimate and

proximate of raw sample are shown in Table 1. It can be

found that MZH bituminous coal owed very high volatile

matter, around 50 wt%, showing its low-rank. The low ash

(9.95 wt%) and sulfur (0.50 wt%) content showed that the

content of these trace elements would be also low, since

most heavy metals such as As, Hg, and Cd were reported to

be mainly associated with sulfide minerals (Duan et al.

2017).

2.2 Methods

2.2.1 Pyrolysis experiments in a fixed bed reactor

Pyrolysis experiments of MZH coal were conducted in a

fixed-bed reactor as schematically illustrated in Fig. 1

(Chang et al. 2017). The reactor was made of stainless

steel, and a stainless-steel pipe was welded to the cover of

the reactor for carrier gas inlet. Approximately 50 g of raw

MZH coal was placed inside the reactor, which was

installed in an electric-ring furnace with a thermocouple

inserted. Then, it was heated from ambient temperature to

final temperature of 400–800 �C with the interval of

100 �C, at a heating rate of 10 �C/min and held at the final

temperature for 60 min. Nitrogen gas was introduced into

the reactor at a flow rate of 50 mL/min to sweep the

volatile products out of the reactor. The evolved oil vapor,

water steam, and gases were channeled into a conical flask

that was immersed in an ice-water bath. Most of the water

and oil condensed in the flask, and the residual portion was

captured by a drying tube filled with cotton wool and silica

236 L. Zhou et al.

123



gel. The non-condensable gases were collected in gas bags,

which was changed every 100 �C intervals to investigate

the gaseous products with increasing temperature. After the

conclusion of each run, the apparatus was disassembled.

The mass of MZH char was weighed directly, and the mass

of the mixture of tar oil and water was determined from the

mass difference between the collecting flask before and

after pyrolysis. The water in the oil/water mixture was

determined by the Dean-Stark method using toluene as a

solvent.

2.2.2 Pyrolysis experiments in thermogravimetric analyzer

To investigate the release behavior of heavy metals during

pyrolysis process, pyrolysis behaviors of MZH coal

(10 mg) in TGA at 10 �C/min from room to 900 �C and

atmospheric pressure are studied, by utilizing mass loss

(TG) and reaction rate (DTG) plots. The thermogravimetric

analysis (TGA) was carried out using a Mettler-Toledo

TGA/DSC 1 thermogravimetric analyzer. Nitrogen was

used as the carrier gas (at 50 mL/min) in order to ensure an

oxygen-free environment.

2.2.3 Sink-and-float test

Coal with different densities contains different amounts

and types of minerals. The major constituents of the min-

eral matter in coal include quartz (2.65 g/cm3), pyrite

(5.00 g/cm3), calcite (2.71 g/cm3) and clay (2.90 g/cm3),

compared to much less density for organic matter (\ 1.4 g/

cm3) (Luo et al. 2011). The sink-and-float separation was

done as follows: The heavy fluids were allocated at 1.25,

1.30, 1.35, 1.40 and 1.45 g/cm3, respectively, then put into

five buckets and calibrated by a densitometer. Around

987.84 g MZH coal sample in a sieve basket, with particle

size of 0.5–2 cm, was firstly put into the heavy fluids with

lowest density. When stratification of coal particles fin-

ished, the float fraction was separated by a small spoon,

Table 1 Characteristics of coal in different densities by sink-and-float test

Density (g/cm3) Weight (g) Yield (wt%) Proximate analysis (wt%) Ultimate analysis (wt%)

Mad Ad Vdaf FCdaf Cdaf Hdaf Odaf Ndaf St,d

Raw MZH 987.84 100.00 9.16 9.95 52.76 47.24 63.32 5.40 10.81 1.77 0.50

\ 1.25 109.32 11.07 2.67 4.46 59.43 40.57 74.20 6.78 17.86 0.84 0.30

1.25–1.30 143.26 14.51 3.03 5.02 53.95 46.05 73.30 6.46 19.06 0.92 0.24

1.30–1.35 181.09 18.34 3.13 5.50 48.66 51.34 71.79 6.24 20.69 1.02 0.24

1.35–1.40 232.35 23.53 3.74 5.71 47.43 52.57 70.61 5.80 22.27 1.08 0.23

1.40–1.45 219.66 22.24 3.72 5.98 43.69 56.31 70.66 5.56 22.45 1.09 0.23

[ 1.45 101.95 10.32 4.09 11.95 43.66 56.34 71.53 5.45 21.56 1.10 0.32

\ 0.5 5.71 5.94 53.15 46.85 72.41 7.36 18.92 1.03 0.26

Sum 987.63 100.00

Fig. 1 Schematic diagram of the fixed bed pyrolysis reactor system
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which cannot exceed the depth of 10 mm in the bucket.

The sink fraction will stay in the sieve basket, then was

slowly lift from the lowest heavy liquid. This sink fraction

would be put in the next bucket with higher density, and

the float and sink fractions were obtained by the same way

one after the other in sequence until all the samples have

been tested. By sink-and-float test, the MZH coal was

separated into six density fractions of\ 1.25, 1.25–1.30,

1.30–1.35, 1.35–1.40, 1.40–1.45 and[ 1.45 g/cm3. The

densities in the present study were much lower, due to the

low ash content for MZH coal. Then, the fractions with

difference densities were analyzed to determine the ash

composition by X-ray diffraction (XRD), and to measure

the contents of heavy metals by measurement in Table 3.

The ashes for all samples were produced at low tempera-

ture of 250 �C for several days to avoid the crystal tran-

sition. By sink-and float test, the relationship between

mineral matters and occurrence mode of heavy metals can

be roughly obtained.

2.2.4 Sequential chemical extraction procedure

The heavy metals (As, Cd and Pb) in the raw coal and chars

were separated into five chemical forms (heavy metals as

ion exchangeable, bound to carbonates, bound to Fe–Mn

oxide, bound to organic matter and remained in the resi-

due) by a sequential chemical extraction procedure.

Through the procedure, heavy metals associated with dif-

ferent parts of the coal can be removed in the following

order shown in Table 2. Then, the extracts were measured

by inductively coupled plasma atomic spectroscopy (ICP-

AES) to investigate the occurrence mode.

2.2.5 Measurement of heavy metal elements

The measurement methods of the heavy metal elements

were shown in Table 3. The mercury analyzer was used to

measure the Hg content, which theoretically was a Cold

atomic absorption spectrometry. The content of As was

analyzed by Arseno-antimono-molybdenum blue spec-

trophotometry, which was more suitable for As compared

to the ICP (inductively coupled plasma). The content of Cd

and Pb were measured by ICP-MS (inductively coupled

plasma-mass spectrometer) to ensure the accuracy of the

data.

2.2.6 The volatility of the heavy metal elements

The volatility of heavy metal elements is used to evaluate

the extent of the elements released during coal pyrolysis

and is defined as:

R xð Þ% ¼ Coal xð Þ � Char xð Þ
Coal xð Þ � 100% ð1Þ

where R(x) is the volatility of the elements; x can be ele-

ment Hg, As, Cd and Pb; Coal(x) is the weight of x in raw

coal; Char(x) is the weight of x in char. The weight of

element x in coal or char can be obtained by the content of

element x measured multiply by the weight of raw coal or

char.

3 Results and discussion

3.1 Occurrence modes of heavy metals

3.1.1 Occurrence modes of heavy metals by sink-and-float

test

1. Characteristics of coal in different densities by sink-and-

float test

By sink-and-float test, the MZH coal was separated into

six density fractions of\ 1.25, 1.25–1.30, 1.30–1.35,

1.35–1.40, 1.40–1.45 and[ 1.45 g/cm3. These products

were washed with hot water to get rid of the heavy fluid

(zinc chloride), until the water was not significantly white.

Table 2 Sequential chemical extraction procedure

Procedures Sequential chemical extraction method Occurence mode

1 1 g sample was added to 8 mL of 1 mol/L MgCl2, continuous shaking for 1 h at 25 �C and pH 7 Ion exchangeable

2 The residue was added with 8 mL of 1 mol/L NaOAc (pH 5 with HOAc), and continuously shaken at 25 �C
for 5 h

Bound to

carbonates

3 The residue was added with 20 mL of 0.04 mol/L NH2OH�HCl (solvent was 25% HOAc) and continuously

shaken at 96 �C for 6 h

Bound to Fe–Mn

oxide

4 Add 3 ml of 0.02 mol/L HNO3 ? 5 mL of 30% H2O2 (pH 2 with HNO3) in residue, continuously shake for

2 h at 85 �C; cool, add 3 mL of 30% H2O2, continuously shake at 85 �C for 3 h; cool, add 5 ml of 3.2 mol/

L NH3OAc (20% HNO3) diluted to 20 mL, continuous shaking at 25 �C for 0.5 h

Bound to organic

matter

5 Take 0.1 g residue and add HNO3/H2O2/HF for microwave digestion Remained in the

residue
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Then, the wet products was dried by a electricity drying

oven. The dry products were weight and analyzed, and the

basic properties, including weight, yield, proximate anal-

ysis and ultimate analysis, were shown in Table 1. It can be

seen that the density of raw MZH coal was low, mainly in

the range of 1.30–1.45 g/cm3. For each density product, the

ash content increased from 4.46 wt% to 11.95 wt% with the

increasing densities. The content of total sulfur decreased

from 0.30 wt% to 0.23 wt% firstly, then increased from

0.23% to 0.32 wt%. The ash and sulfur content were clo-

sely related with the occurrence modes of heavy metal

elements, which will be discussed later.

2. Ash composition of coal in different densities by sink-

and-float test

The ash composition for MZH coals with different

densities was measured by XRD and shown in Fig. 2. By

comparison, it can be found that the clay minerals (K:

Kaolinite, F: Feldspar, M: Mica) increased in larger-den-

sity coal. The content of sulfate minerals also increased

with increasing densities, which transformed by carbonate

and sulfur in raw coal. In addition, there were many peaks

for zinc oxide, since the heavy liquid (zinc chloride) was

difficult to be washed away completely.

3. Heavy metal elements of coal in different densities by

sink-and-float test

The content of heavy metal elements contained in coals

with different densities are shown in Fig. 3. It can be seen

that as the increasing density, the trend of these elements

was as follows:

(1) With the increasing coal density, the content of Hg

decreased firstly from 0.018 (\ 1.25 g/cm3) to

0.01 lg/g (1.30–1.35 g/cm3), increased slowly to

0.011 lg/g (1.40–1.45 g/cm3), then sharply went to

0.024 lg/g for coal with highest density. The content

of As followed similar trend as that of Hg. Accord-

ing to literature (Luo et al. 2011), a large proportion

of Hg and As in coal was associated with pyrite.

Table 1 shows that the content of total sulfur

followed the similar trend, which decreased firstly

then increased quickly with higher density. In

addition, the determined iron content increased with

increasing density, indicating the high content of

pyrite in high-density coal. For low rank coal, As can

be partly present in the organic matter, and Hg could

be associated with selenides, galena and carbonates.

(2) With the increasing coal density, the content of Cd

stayed constantly at 1.0 lg/g until the density went

to 1.45 g/cm3, then increased sharply to 2.0 lg/g for

coal with highest density. According to the ash

composition of different-density coals in Fig. 2, it

can be deduced that a part of Cd existed in the form

of carbonate and clay minerals, which emerged at

XRD patterns for highest-density coal. It was
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Fig. 2 Ash composition for coals with different densities, the plots from top to bottom was for\ 1.25, 1.25–1.30, 1.30–1.35, 1.35–1.40,

1.40–1.45 and[ 1.45 g/cm3, respectively

Table 3 Measurement for heavy metal elements in raw MZH coal

and chars

Trace

elements

Measurement method

Hg Cold atomic absorption spectrometry (mercury

analyzer)

As Arseno-antimono-molybdenum blue

spectrophotometry

Cd ICP-MS

Pb ICP-MS
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reported that there was also a small amount of Cd

presented in the pyrite and organic matter in coal.

(3) With the increasing coal density, Pb content increased

obviously from 55 to 230 lg/g. The occurrence

modes of Pb were diverse, in which the proportion

of sulfide bound state was slightly higher, and the

content of silicon-aluminum bound state, carbonate

bound state, organic state to ion exchangeable and

water soluble state were sequentially decreased. Pb

was mainly found in galena, selenium ore or associ-

ated with other sulfides. It can be seen from XRD that

the content of carbonate and clay minerals increased,

resulting in a significant increase in Pb content.

(4) To sum up, by analysis of ash composition and

heavy metal elements distribution for coal with

different densities obtained by sink-and-float test, it

can be deduced that the main occurrence modes of

heavy metals in MZH coal, especially for the

elements exited as inorganic form, were shown as

follows:

� Mercury Hg: mainly associated with pyrite;

` Arsenic As: mainly associated with pyrite;

´ Cadmium Cd: mainly accompanied by clay

minerals and pyrite;

ˆ Lead Pb: mainly accompanied by carbonate,

clay minerals and sulfide.

3.1.2 Occurrence modes of heavy metals by sequential

chemical extraction procedure

Figure 4 illustrates distribution of the heavy metal ele-

ments in five chemical form (heavy metals as ion

exchangeable, bound to carbonates, bound to Fe–Mn oxide,

bound to organic matter and remained in the residue) in the

coal and the corresponding chars obtained from pyrolysis

at 800 �C and a holding time of 1 h. For raw MZH coal, it

is interesting to found that the distribution of As, Pb and Cd

in the coal were similar, which large portions of the ele-

ments remained in the residue fraction and bound to

organic matter after the preceding extractions and the rest
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part mainly bound to Fe–Mn oxide. The elements associ-

ated with carbonates and as ion exchangeable state

accounted for very small part. However, the dominant

forms of heavy metals in coals mentioned here were

reported to be associated with sulfides in most literature,

such as pyrite, galena, or sphalerite, while hardly any lit-

erature mentioned a large proportion of heavy metals

associated with organic matters. Zhou et al. (2019a, b)

studied the effects of occurrence mode of Cd on its

volatility during pyrolysis process for two low rank coals,

and found the similar phenomenon, which the main form

for Cd in coals were bound to organic matter and residue

fraction. It can be speculated that the association with

organic matter is a feature of low rank coal, since low rank

coal contains more heteroatoms (such as sulfur and nitro-

gen). Transition metals (including the heavy metal ele-

ments mentioned in the present study) could readily form

complexes with heteroatoms in low rank coals due to the

unfilled valence d orbitals (William 2003).

By combination of sink-and-float test and sequential

chemical extraction procedure, the occurence modes of

heavy metal elements in MZH can be summarized as

follows:

(1) Mercury Hg: pyrite ? organic state (deduced by

pyrolysis behavior);

(2) Arsenic As: pyrite ? organic state (main form) ?

residue state (clay minerals);

(3) Cadmium Cd: pyrite ? organic state ? residue state

(clay minerals);

(4) Lead Pb: pyrite ? carbonate ? organic state (main

form) ? residue state (clay minerals).

3.2 Pyrolysis behavior of raw coal

3.2.1 Pyrolysis behaviors in TGA

As shown in Fig. 5a for TG plot of MZH coal, the first

stage was from the beginning to around 360 �C, where only
water and a few peripheral mobile phase from the macro-

molecular structure decomposed. The second stage was

from 360 to about 500 �C, where big weight loss,

approximately 22 wt%, was produced. The maximum

decomposition peak showed at around 440 �C, corre-

sponding to the sharp decrease in TG plot, caused by big

amount volatiles produced in a narrow temperature range.

As a low rank coal, there were higher number of oxygen-

containing functional groups contained in MZH coal,

which could decompose quickly at moderate temperature.

This can cause the release of heavy metals bound to

organic matter. The third stage was from 500 to 900 �C,
where the remaining macromolecular structures of coal,

mainly dense polycyclic aromatic compounds in the

immobile phase, decomposed further at a relatively lower

rate producing about 25 wt% volatile. At high temperature,

some minerals would decompose or transform, leading to

the release of heavy metals associated with these minerals.

The total wight loss in TGA was very high, which was

more than 60 wt%.

3.2.2 Products yields during pyrolysis in fixed bed reactor

To investigate the migration behavior of heavy metal ele-

ments during pyrolysis in fixed bed reactor, it is necessary

to determine the distribution of heavy metal elements in the

pyrolysis products. The products (including char, tar and

chemical bond water) yields during pyrolysis process are

shown in Fig. 6. It can be found that products yields of

coke, tar and chemical water showed different trends with

increasing temperature from 400 to 800 �C. The char yield
gradually reduced from 70 wt% at 400 �C to 51 wt% at

800 �C. With increasing pyrolysis temperature, coal con-

tinuously generated CO2, CO, CH4, H2 and unsaturated

hydrocarbons, leading to the reduction of char yield. The

yields of chemical water and tar increased a little between

400 and 500 �C. At higher temperatures, the yields of

chemical water kept constant, while the tar yield decreased

slightly with increasing temperature. The tar products were

mainly formed in the primary pyrolysis stage

(300–600 �C). At higher temperature range, tar products

would precipitate the secondary pyrolysis reaction with
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gaseous products or char to produce secondary char,

leading to reduction of tar yield.

3.2.3 Gas composition during pyrolysis in fixed bed

reactor

The gas generated during the pyrolysis process had big

effect on the release and migration behavior of heavy metal

elements in the coal. Therefore, the non-condensable gases

were collected in gas bags every 10 min (100 �C) to

investigate the gaseous products with increasing tempera-

ture, and the gases were collected from 300 �C (0 min).

The relationship between gas composition and residence

time is shown in Fig. 7. It can be found that CO2 was firstly

produced during coal pyrolysis process, then CO and CH4

was released at higher temperature, and finally lots of H2

was produced. For Fig. 5a, corresponding to final temper-

ature at 400 �C, the content of CO2 was highest, since

carboxylic compounds were the most thermally unsta-

ble functional groups among the oxygen-containing func-

tional groups in the chemical structures, which was easy to

be decomposed at low temperature. When temperature was

higher than 500 �C, a lot of H2 was produced, which the

ordering of gas content was H2[CH4[CO C CO2. In

addition, it can be seen that at the final temperature, most

gas yield reached its peak when the constant time was

20–40 min, showing that 1 h keeping at the final temper-

ature was enough to measure the pyrolysis behaviors.

3.3 The volatility of heavy metals during pyrolysis

in fixed bed reactor

3.3.1 The characteristics of MZH chars pyrolyzed

at different temperatures

To investigate the volatility of heavy metal elements during

pyrolysis of MZH coal, the char characteristics for raw coal

and char samples at different final pyrolysis temperature

were shown in Table 4. It can be found that the ash content

for chars increased obviously from 9.95 wt% for raw coal

to 17.67 wt% for char pyrolyzed at 800 �C. In addition, the

sulfur content which had big relationship with the content

of heavy metal elements, decreased firstly from 0.50 wt%

for raw MZH coal to 0.45 wt% for char pyrolyzed at

500 �C, then increased to 0.54 wt% for char pyrolyzed at

800 �C. The oxygen content dropped sharply from 10.81

wt% to near to zero at higher temperature, showing mostly

oxygen-containing groups consumed during pyrolysis

process. All of these changes in the properties of the char

will have important effects on the release of heavy metal

elements.
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Table 4 Characteristics of raw MZH coal and chars pyrolyzed in different temperatures

Samples Proximate analysis (wt%) Ultimate analysis (wt%)

Mad Ad Vdaf FCdaf Cdaf Hdaf Odaf Ndaf St,daf

Raw coal 9.16 9.95 52.76 47.24 63.32 5.40 10.81 1.77 0.50

400 �C 1.11 12.32 37.40 62.60 72.55 4.13 8.08 1.54 0.41

500 �C 0.77 14.41 25.30 74.70 76.41 2.93 3.72 1.42 0.45

600 �C 0.71 16.18 15.86 84.14 79.64 2.03 0.00 1.48 0.46

700 �C 0.70 17.19 11.76 88.24 81.43 1.32 0.00 1.28 0.51

800 �C 0.78 17.67 9.23 90.77 82.92 0.85 0.00 1.17 0.54
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3.3.2 The release behavior of heavy metals

during pyrolysis process

To obtain the volatility of heavy metal elements during

pyrolysis of MZH coal, the contents of these elements in

char samples were firstly measured. Then the absolute

weight of these elements in raw and char samples were

calculated based on the content and the weight of MZH and

char samples. Finally, the volatility R(x) of heavy metal

elements can be obtained by Eq. (1). The volatility of

heavy metal elements including Hg, As, Cd and Pb during

pyrolysis of MZH coal was shown in Fig. 8.

It can be found that the volatility of all heavy metal

elements increased obviously with increasing temperature,

and followed the sequence as Hg[Cd[As[ Pb, which

was consistent with the findings in literature (Wang et al.

2002). The release or migration behaviors of heavy metal

element depended on its mode of occurrence in coal and

the pyrolysis behaviors. Therefore, the release behavior

and its explanation for each heavy metal element was

illustrated as follows.

(1) The release behavior of Hg (Mercury)

According to literature, the inorganic mercury in coal was

mainly existed in the form of Hg elementary substance,

chloride, HgS and so on (Zhang et al. 2003a, b). The

boiling point of these inorganic mercury was very low,

mostly below 400 �C (Zhang et al. 2003a, b), so around 50

wt% Hg released at 400 �C. For organic form, Hg could

react with H2, HCl and H2S in the volatile products. As can

be seen from Fig. 7, lots of H2 produced when temperature

higher than 500 �C, so Hg escaped constantly as the tem-

perature increases ([ 90 wt%).

(2) The release behavior of As (Arsenic)

Organic As can be combined with oxygen and sulfur in

coal macromolecules, which can be released as the

migration of oxygen and sulfur during pyrolysis process.

Therefore, around 30% As escaped at low temperatures

(400 �C) indicated that this part of As was present in

organic form in coal. For inorganic arsenic, As2S3 is the

main substance in most coal, but the boiling point of As2S3
is higher than 800 �C. As2S3 can react with H2 (produced

at high temperature) and released as AsH3 (Liu 2011).

However, the content of sulfur in MZH coal was very low

(St, 0.50 wt%), so the volatility of As at higher temperature

was much lower than that of Hg (45 wt% compared to 93

wt%).

(3) The release behavior of Cd (Cadmium)

The organic Cd element can be decomposed and evap-

orated before 800 �C. Therefore, around 37 wt% Cd

escaped at low temperatures of 400 �C indicate that this

part of Cd was present in organic form. For inorganic

cadmium, the sink-float experiment showed that the inor-

ganic Cd in MZH coal was mainly present with clay

minerals and sulfides, which was hard to release (boiling

point was greater than 1000 �C). Cd existed in carbonates

and oxide can be reduced by char before 800 �C. There-
fore, the volatility of Cd increased with increasing tem-

perature (around 75 wt%).

(4) The release behavior of Pb (Lead)

Organic-bound Pb can be decomposed and volatilized

before 500 �C, so the volatilization rate at 500 �C was

about 17%. For inorganic lead, the Pb oxide and the sulfide

of lead can be directly reacted with hydrogen chloride (the

chlorine was released as HCl at low temperature and

volatilized in the form of alkali metal such as KCl at high

temperature) or chlorine gas to form lead chloride (Wu

et al. 2013). Therefore, by generation of chlorine, the

volatility of Pb enhanced with increasing temperature. In

addition, the aluminosilicate in coal could react with

volatile Pb to inhibit its release, resulting in a decrease at

600 �C. Pb associated with minerals such as aluminosili-

cates and sulfides had high thermal stability and were

generally difficult to volatilize. But at around 800 �C,
sulfides can reacted with CaO (from carbonate decompo-

sition) and char, resulting in Pb release at high

temperatures.

3.3.3 Release mechanism of heavy metal elements

The release mechanism and occurrence modes of heavy

metals during pyrolysis were summarized and deduced in

Table 5. It can be seen that the volatility of heavy metal

elements in order was Hg (93 wt%)[Cd (75 wt%)[As

(45 wt%)[ Pb (25 wt%), which was determined by the
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characteristics of elements and their occurrence modes in

coal. It can be seen from Table 5 that the release of heavy

metal elements in the organic state accounted for a large

part, namely Hg (43 wt%), As (30 wt%), Cd (37 wt%) and

Pb (17 wt%), which was consistent with their occurrence

modes. By sequential chemical extraction procedure shown

in Fig. 4a, the heavy metals (Hg, As, Pb and Cd) for raw

MZH coal were mainly in the organic states and residual

states. As shown in Fig. 4b, by pyrolysis at 800 �C, most of

the organic heavy metals escaped, the remaining elements

were mainly from the residual state, and the elements in

Fe–Mn state also tended to remain in the char. This was

consistent with the experiment behaviors described previ-

ously. The residual state was the elements mainly present

in the clay minerals, which was difficult to be volatilized

before 800 �C. Therefore, combined with the occurrence

modes and the release behaviors of heavy metals in organic

and inorganic states, the migration mechanism of each

heavy metal element can be derived.

4 Conclusion

The present study mainly focused on effects of occurrence

modes of heavy metal elements on the release behaviors

during pyrolysis process. From the discussions, it can be

concluded that:

(1) By combination of sink-and-float test and sequential

chemical extraction procedure, the occurence modes

of heavy metal elements in MZH can be summa-

rized. Hg was bound to pyrite and organic state

(deduced by pyrolysis behavior); As was associated

with pyrite, organic state (main form) and residue

state; Cd was bound to pyrite, organic state and

residue state; Pb was associated with pyrite, carbon-

ate, organic state (main form) and residue state. The

association with organic matter was a feature of low

rank coal, since low rank coal contains more

heteroatoms, which could form complexes with

heavy metal elements.

(2) For the release behaviors of heavy metal elements,

the volatility of all heavy metals increased obviously

with increasing temperature, and followed the

sequence as Hg (93 wt%)[Cd (75 wt%)[As

(45 wt%)[ Pb (25 wt%), which was mainly caused

by their different occurrence modes. By pyrolysis,

most of the organic-bound heavy metals escaped, the

remaining elements were mainly as the residual

state, and the element in Fe–Mn state tended to

remain in the char.
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Table 5 Effect of occurrence mode on release behavior of heavy metal elements

Element Volatility

(800 �C)
Organic mode Inorganic mode Occurrence mode

by sink-and-float

test (inorganic)

Mechanism

Hg 93 wt% Around 43 wt%, react

with H2 (at high

temperature), HCl

and H2S

Around 50 wt%, Hg, chloride, HgS (boiling

point is low)

Pyrite (43 wt% organic

Hg ? 50 wt%

inorganic Hg); most

released

As 45 wt% Around 30 wt%, as the

migration of oxygen

and sulfur

Around 10%–20 wt%, As2S3 react with H2 to

produce AsH3

Pyrite (30 wt% organic

As ? 10%–20 wt%

As2S3) released

Cd 75 wt% Around 37 wt%, can

be volatilized with

the decomposition

of coal

Around 40 wt% Cd existed in carbonates and

oxide can be reduced by char before 800 �C
Clay minerals and

pyrite (boiling

point[ 1000 �C)

(37 wt% organic

Cd ? 40 wt% Cd in

carbonates and

oxide) released

Pb 25% Around 17 wt%, can

be decomposition of

before 500 �C

Aluminosilicate in coal react with volatile Pb

to inhibit its release, resulting a decrease at

600 �C; The oxides and sulfides of Pb react

with hydrogen chloride to form lead chloride

which volatilizes to about 8%

Carbonate, clay

minerals and

sulfide

(17 wt% organic

Pb ? 8 wt%

inorganic Pb)

released
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