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a  b  s  t  r  a  c  t

Household  coal  combustion  has  caused  endemic  poisoning  in  southwest  Guizhou  Province  of China.  The
mineralogy,  geochemistry  and  mode  of occurrence  of trace  elements  (TEs)  of  coal  from  this  area  were
examined,  and  oxidative  pyrolysis  experiments  of  the  coal  were  conducted  in  a  box  resistance  reactor
at 300–1200 ◦C  to evaluate  the  volatilization  of  trace  elements.  In coal,  As,  Sb,  Pb,  Zn,  W, Mo,  and  Cr  are
highly  enriched  when  compared  to both  the  world  coal and  Chinese  coal.  Cadmium,  Sr,  and  Ba  are  all
slightly  higher  than  the average  value  for Chinese  coal.  The  volatility  of  trace  elements  exhibits  a close
correlation  with  the mode  of  element  occurrence.  The  considerable  volatilization  of  As,  Sb,  Pb,  Zn,  Cd
and Cr  below  450 ◦C is thought  to  be related  to the  organic  form  of these  elements.  In the  temperature
range  of  450–1200 ◦C,  the  volatility  of  all trace  elements  except  As  increases  slowly  with  temperature
olatilization because  these  elements  are  highly  associated  with  silicates.  Among  the  hazardous  trace  elements,  As
is  the  most  volatile,  and  Sb,  Pb, Zn,  Cd  and  Cr  are  moderately  volatile.  Arsenic  exhibits  a uniquely  high
release  at 900–1000 ◦C, which  could  be attributed  to the  high  proportion  of As association  with  sulfide.
Because  TEs  are  primarily  inorganically-associated,  the  volatilization  of  TEs  is  not  comparable  to  the  loss
of  coal  weight  during  pyrolysis.  At  high  temperatures,  a significantly  low  coal  weight  loss  can  result  in a
significant  volatility  of TEs.
. Introduction

Coal is the second most important source of energy compris-
ng 27.4% of the world’s primary energy production [1].  The large
bundance of coal makes it a reliable, long-term fuel source for
oth domestic and industrial applications. However, serious envi-
onmental concerns exist, as coal pyrolysis and utilization not only
mit a large amount of solids into the environment but also a high
ontent of potentially hazardous trace elements (TEs) [2,3]. For
nstance, TEs such as Hg, Pb, As, and Sb are known to be a serious
ublic health concern.

In the southwest region of Guizhou Province in China, some
oals have undergone mineralization, resulting in the enrichment
f hazardous TEs such as As, Sb, Pb, and Zn. The mineralized coals are
egularly burned in an unvented stove for domestic energy needs
n rural households and have caused chronic poisoning of more

han 3000 local residents [4].  Several studies have been conducted
egarding the abundance, distribution and occurrence of As in the
oal [5–9]. However, the behavior of hazardous elements during

∗ Corresponding author. Tel.: +86 851 5891346; fax: +86 851 5891609.
E-mail address: zhangguoping@vip.gyig.ac.cn (G. Zhang).
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the conversion of this coal has not been reported. Furthermore,
although other hazardous elements such as Sb and Pb also exist at
a high level [9],  the geochemical distribution of these elements in
the coal has not been studied in depth.

A number of studies addressed the transformation of TEs during
coal conversion, and it has been concluded that the main factors
that influence the volatilization of TEs include the reaction condi-
tions (temperature, O2, size of the coal, etc.) [10–13],  the mode of
occurrence of elements [14,15],  and the interaction between these
elements [16,17]. It should be noted that the mode of occurrence of
elements varies significantly between coals from different regions
and even between coals from the same seams [15], which can result
in a different behavior of TEs for each coal. With respect to the coal
in the endemic poisoning area in Guizhou Province, little informa-
tion about the trace element transformation of this toxic coal is
available. A particular concern is that Sb behavior in coal conver-
sion is poorly understood, although Sb is commonly enriched in
coals and fossil fuel combustion appears to be the largest single
source of anthropogenic Sb to the global atmosphere [18]. There-

fore, knowledge about the volatilization of TEs such as As, Sb, and
Pb during the conversion of coal is crucially important.

The pyrolysis of coal, other than being an important process in
itself, is the first essential step in the carbonization, gasification,

dx.doi.org/10.1016/j.jaap.2012.08.015
http://www.sciencedirect.com/science/journal/01652370
http://www.elsevier.com/locate/jaap
mailto:zhangguoping@vip.gyig.ac.cn
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nd combustion of coal [19]. Most previous studies on the pyrol-
sis of coal are focused on inert conditions; however in practical
pplications, the thermal degradation of fuels often occurs in the
resence of oxygen [20,21]. Hence, the pyrolysis of coal in oxidiz-

ng conditions has also been extensively reported in the literature
22–25]. In southwest Guizhou in China, the toxic coal is primarily
sed for domestic combustion in the atmosphere. Therefore, oxida-
ive pyrolysis of the toxic coal in the atmosphere is performed in
he present study to gain insight into the volatilization of TEs during
oal conversion.

. Materials and experiment

.1. Reagents

Deionized water (18.2 M�·cm)  produced by a Milli-Q system
Millipore, Bedford, USA) was used throughout the sample prepara-
ion, digestion and determination. Prior to use, concentrated nitric
cid (HNO3, 69%), hydrochloric acid (HCl, 37%) and hydrofluoric acid
HF, 40%) were purified using a sub-boiling distillation system (Sav-
llex DST-1000, Minnetonka, USA). Ultra-pure HNO3 and HF were
sed for sample digestion. Ammonium acetate, hydrogen peroxide
H2O2) used for extraction of the mode of occurrence of TEs in coal
ere of analytical grade. Multi-element standard solutions (Accu-

race ICP-MS Calibration Standard, 10 �g mL−1 each element) for
CP-MS analysis were purchased from AccuStandard Incorporation,
ew Haven, USA.

.2. Site description and sample collection

Southwest Guizhou Province is an important region for coal pro-
uction in China. In addition to coal, the study area is also enriched
ith many metallic and metalloid ore deposits, such as gold, anti-
ony, arsenic and mercury (Fig. 1). Carlin-type gold deposits that

re widely distributed in this area are also accompanied by As, Sb,
b and Hg mineralization [4,5]. The distribution of toxic coal in
his area was controlled by geological structures such as anticlines,
aults, and sedimentary strata [5].  The As and Sb concentrations in
he coal exist at up to 1000 �g g−1 and 600 �g g−1, respectively [4].

As a result of the serious health problems caused by the utiliza-
ion of coal in this area, the local government closed the coal mines
everal years ago. Consequently, coal samples can only be collected
rom several small coal mines. In August 2008, thirteen coal sam-
les were collected at Haizi (HZ) (Fig. 1). Samples were air dried and
hen ground to smaller than 100 mesh (0.15 mm)  prior to further
rocessing.

.3. Mineral, proximate analysis and major element
oncentrations

The mineralogical composition of the coal was determined by X-
ay diffraction (Rigaku D/max2200, Japan). The reference intensity
ethod was used to obtain a semi-quantitative estimation of the
ineral composition in coal. Proximate analysis of the coal was per-

ormed following the ISO 17246-2010 recommendation. The major
lement concentrations of the coal were determined by chemical
nalysis. The total sulfur, Al2O3, Fe2O3, TiO2, and P2O5 concen-
rations were determined using the barium sulfate gravimetric

ethod, the acid–base titration method, the potassium dichromate
apacity method, the hydrogen peroxide colorimetric method, and

he phosphor molybdate blue colorimetric method, respectively.
he concentrations of CaO, MgO, K2O, Na2O, and MnO2 were ana-
yzed by Flame Atomic Absorption Spectroscopy (FAAS) after the
oals were digested by HF and HNO3.
Fig. 1. Sketch map  showing location of the study area.

2.4. Oxidative pyrolysis experiment

Powdered coal sample (0.3 g) was  placed in a platinum cru-
cible (mouth ID: 32 mm,  bottom ID: 19 mm,  height: 34 mm). The
open crucible was  placed in a box resistance furnace (dimension:
15 cm × 10 cm × 30 cm), and then heated under a static-air atmo-
sphere. Pyrolysis was performed at a heating rate of 6 ◦C min−1 to
a desired final temperature (300, 350, 400, 450, 500, 600, 700, 800,
900, 1000, 1100 and 1200 ◦C). The apparatus was  maintained at
the final temperature for 20 min. After cooling, the residue of the
pyrolysis was  weighed and then digested to determine the TEs.

2.5. Sample digestion

With regard to the determination of TEs in both the coal and
char of pyrolysis, high pressure digestion has been proved efficient
to accelerate the dissolution of organic matrix [26,27]. In this study,
twenty milligrams of the powdered sample was placed in a poly-
tetrafluorethylene (PTFE) crucible (ID: 30 mm,  height: 55 mm). To
each sample was added 1 mL  of HNO3 and 0.5 mL  of HF. The crucible
was sealed within a stainless steel bomb and heated typically at
170 ◦C (internal pressure: ca. 7.9 bar) for 12 h. In occasionally cases
that samples were very refractory, the temperature was raised to
200 ◦C (internal pressure: ca. 15.6 bar). The digestion bomb was

opened after cooling to avoid analyte loss by evaporation. The
solution was heated until dry, and 1 mL  of HNO3 was added and
evaporated until dry. When the residue was  re-dissolved in 1 mL of
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Table 1
Proximate analysis and mineralogy of HZ coals.

HZ1 HZ2 HZ3 HZ4 HZ5 HZ6 HZ7 HZ8 HZ9 HZ10 HZ11 HZ12 HZ13

Proximate analysis (wt.%)
Moisture (total) 3.16 3.48 3.06 4.15 11.6 3.86 2.67 3.00 4.26 3.13 4.40 4.09 2.34
Ash 40.1 13.8 25.1 26.3 41.1 24.3 20.7 26.3 12.3 17.7 35.4 35.3 23.0
Volatile matter 8.86 5.49 6.93 8.84 22.6 9.81 6.36 7.98 16.7 8.50 13.7 16.4 7.93
Fixed  carbon 47.9 77.2 64.9 60.7 24.7 62.1 70.3 62.7 66.7 70.7 46.5 44.3 66.7

Semi-quantitative mineral composition analysis (wt.% of ash)
Quartz 54.7 73.1 81.6 85.4 90.1 82.5 91.1 69.5 85.1 89.4 81.8 64.0 85.0
Illite 3.2 5.3 2.2 7.3 2.8 3.0 3.0 11.2 2.7 1.0 8.1 2.9 3.2
Montmorillonite 3.2 4.6 3.0 1.2 3.6 2.7 0.9 5.9 3.3 1.4 0.9 6.3 4.4
Kaolinite 17.2 7.0 2.9 6.1 2.0 5.8 3.2 1.1 1.6 1.1 1.5 0.8
Pyrite  16.2 8.3 1.3 1.8 23.5
Hornblende 1.1 4.2 2.1 0.7 2.0 2.3 1.7
Albite  Rare 1.6 0.5
K-feldspar 1.2 0.8 2.5 1.5 0.7 0.6 0.8 0.8
Anatase 3.2 1.4 1.5 0.4 1.4 2.7 2.2 0.3 2.7
Gibbsite 1.1 0.7 0.8 0.3
Barite 2.5 0.5
Gypsum 0.6 2.4 1.9 1.1 2.1 Rare
Ironmineral Rare Rare 1.1 1.8 1.9 0.7
Dolomite 3.9
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NO3 and diluted into 100 mL,  a transparent solution formed and
as used for subsequent analysis.

.6. Sequential extraction

The mode of occurrence of TEs in the coal was identified through
he sequential extraction. Five modes of occurrence of TEs in the
oal, i.e., exchangeable, carbonate, organic, sulfide and residue frac-
ions, were extracted according to the following methods. (i) Water
oluble and ion exchangeable form: powdered sample (1 g) was
xtracted with 10 mL  of 1 M ammonium acetate with continuous
gitation. (ii) Carbonate form: the residue from (i) was extracted
ith 10 mL  of 1 M HCl with continuous agitation. (iii) Organic form:

he residue from (ii) was separated by 1.47 g cm−3 chloroform,
nd then the floater was digested with HNO3 and H2O2 in a high-
ressure manner the same as the whole sample digestion described
bove. (iv) Sulfide form: the subsider from (iii) was  extracted with
0 mL  of 2 M HNO3 at 85 ◦C, with occasional agitation. (v) Residue
orm: the residue from (iv) was transferred to a PTFE crucible and
igested with HNO3 and HF under the high temperature and pres-
ure described above.

.7. Sample analysis and quality control

Trace element determination was conducted by Inductively-
oupled Plasma Mass Spectrometry (Platform ICP, Micromass

nstruments Corporation, Manchester, UK). Method blanks for
ample digestion were measured to meet the quality control.
ne certified reference material of soil (GBW07404-GSS-4, China
ational Research Center of CRM’s, Beijing, China) was also digested

o determine the accuracy of the analytical and digestion methods.
he precision of the determination of elements is typically better
han 5%.

. Results and discussion

.1. Proximate analysis and mineralogy of coal
The results of the proximate analysis and mineralogy of HZ coal
re shown in Table 1. The moisture of most HZ coal is at a low level
f 2.34–4.40%; however, the moisture of HZ5 is at a medium level
1.0
0.8

0.9

of 11.6%. The ash range of HZ coal is 12.3–41.1%, which is a medium
or medium-high ash level. The volatile matter of HZ coal typically
exists at a low level of 5.49–16.7%, whereas HZ5 exhibits a medium
volatile matter level of 22.6%. Most of the HZ coal contains a high
sulfur content of more than 3% (Table 2), whereas only three sam-
ples contain a medium sulfur content of 1.75–2.65%. In summary,
HZ coal is characterized by low moisture, medium ash yield, low
volatile matter, and high sulfur content.

X-ray diffraction is often used to semi-quantitatively determine
the fraction of constituents. By comparing the integrated intensi-
ties of the diffraction peaks from each of the known phases, their
fraction can be identified. The results in Table 1 represent the semi-
quantitative estimation of the mineral composition in coal and that
quartz and clay minerals (illite, montmorillonite, kaolinite) are the
major crystalline mineral constituents of HZ coal. The content of
pyrite in coal is highly variable. In some coal, no crystalline pyrite
can be observed; however in some other coal the content of pyrite
can be up to 23.5%. Two types of coal, HZ1 and HZ2, have the highest
content of pyrite at 16.2% and 23.5%, respectively. Both HZ1 and HZ2
also have a high level of sulfur at 6.27% and 7.26%, respectively. This
result indicates a close association of sulfur with pyrite and sug-
gests that a large portion of the sulfur in HZ coal is bound in pyrite.
In addition to the major minerals, hornblende, potassium-feldspar,
and anatase are also prevalent at low levels; minor albite, gibbsite,
barite, gypsum, iron-mineral, dolomite, pyrophyllite, calcite, and
boehmite are occasionally found in some HZ coal.

3.2. Major and trace elements in coal

In comparison to the average values of Chinese coal, HZ coal
exhibits a higher concentration of SiO2, MgO, K2O,  and Na2O and
a lower concentration of Al2O3, Fe2O3, CaO, MnO, TiO2, and P2O5
(Table 2).

When compared with Chinese coal and other coal deposits
located around the world, As, Sb, Pb, Zn, W,  Mo,  and Cr in HZ
coal is significantly enriched, and Cd, Sr, and Ba is slightly enriched
(Table 3). In addition, the average concentration of Rb in HZ coals is

noticeably higher than the average value for Chinese coal; however
it is slightly lower than the average value for coal deposits around
the world. The average enrichment factors of As, Sb, Pb, Zn, W,  Mo,
and Cr relative to the average value of coal deposits around the
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Table  2
Major element composition in HZ coals (%).

HZ1 HZ2 HZ3 HZ4 HZ5 HZ6 HZ7 HZ8 HZ9 HZ10 HZ11 HZ12 HZ13 HZ average China average [41]

S (Total) 6.27 3.64 5.05 4.01 1.81 4.14 3.60 3.51 2.65 3.74 3.17 7.26 1.75 3.89 No data
SiO2 27.2 9.52 17.1 19.4 30.7 16.2 15.7 14.2 5.36 10.4 19.3 12.5 16.4 16.5 8.47
Al2O3 2.56 7.23 1.58 1.20 1.15 1.57 1.03 5.15 0.46 0.72 6.75 1.52 0.42 2.41 5.98
Fe2O3 5.32 0.84 2.30 1.67 6.11 3.00 0.54 1.67 2.14 1.58 2.43 19.1 1.37 3.70 4.85
CaO 0.31  0.25 0.32 0.37 0.22 0.36 0.29 0.19 0.32 0.25 0.24 0.26 0.37 0.29 1.23
MgO  0.68 0.68 0.77 0.67 0.58 0.56 0.32 0.71 0.51 0.56 0.53 0.25 0.59 0.57 0.22
K2O 1.83 1.29 1.50 1.33 1.07 0.83 1.54 3.62 2.00 2.72 3.66 0.80 1.26 1.80 0.19
Na2O 2.27 0.90 1.42 1.30 1.09 1.30 0.93 1.16 1.10 1.14 2.20 0.57 1.12 1.27 0.16
MnO 0.015 0.014 0.016 0.016 0.015 0.012 0.004 0.003 0.014 0.004 0.010 0.018 0.007 0.011 0.015
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TiO2 0.120 0.170 0.100 0.052 0.045 0.100 0.045 0.
P2O5 0.037 0.038 0.042 0.045 0.039 0.042 0.032 0.

orld are 163, 65, 3.6, 12, 4.2, 11, and 4.2, respectively. Various
esearch has discussed the processes accounting for the enrich-
ent of TEs in coal within the study area. The formation of coal

n the study area is thought to have been deposited after the end of
meishan basalt extrusion, and the enrichment of TEs in coal may
e related to the extrusion of Emeishan basalt [4]. Moreover, epi-
enetic low-temperature hydrothermal fluids accompanying the
ormation of gold and antimony deposits can penetrate into coal
eams after coal-formation. This process could have led to the
eochemical and mineralogical anomalies of coal [4,5,28,29]. The
requent eruptions of volcanic ash during the Late Permian age may
lso be the origin of TEs for coal [30,31].

Table 4 shows the Pearson correlation matrix for TEs and some
ajor elements of HZ coal. Among the highly enriched TEs men-

ioned above, Sb, Pb, Zn, W,  Mo,  and Cr show a highly positive
orrelation with each other, whereas As only shows a weak cor-
elation with other elements. The relationship between As and
ther elements is complex, possibly because As in HZ coal has a
iversity of origins and modes of occurrence. Previous research
uggests that As in coal from southwest Guizhou may  be associ-
ted with pyrite, arsenopyrite, arsenic-bearing sulfide, scorodite,
nd arsenic-bearing clays [4,5,8,32].

Antimony, Pb, Zn, W,  Mo,  and Cr show a strong correlation with
iO2 but a weak correlation with CaO + MgO, which suggests that
hese TEs may  have originated from deep hydrothermal fluid rich in
iliceous components. Among these elements, a much stronger cor-
elation can be found between some element pairs, such as Sb–Pb,
n–W, and Mo–Cr, which implies that these element pairs may
xhibit similar behaviors during the formation of coal [33,34].

Barium and Rb exhibit a high correlation with K2O + Na2O, sug-

esting that they may  have a strong relationship with both clay
ineral and feldspar. Iron and Mn  exhibit a relatively high corre-

ation with the total sulfur, indicating that Fe and Mn  may  have
 close relationship with the sulfide mineral. In previous studies,

able 3
race element composition in HZ coals (�g g−1).

HZ1 HZ2 HZ3 HZ4 HZ5 HZ6 HZ7 HZ8 HZ9

As 386 228 288 253 676 494 2979 237 1617 

Sb  111 51.1 75.0 523 309 455 165 47.2 81.8 

Pb  79.4 44.3 68.7 277 97.8 139 27.0 67.4 51.6 

Zn  587 550 536 689 704 616 501 583 545 

Cd  0.53 0.47 0.45 0.65 0.73 0.67 0.27 0.27 0.30 

W  21.2 8.6 6.2 25.8 20.6 13.1 5.5 10.9 3.4 

Mo  162 55.7 106 51.6 83.2 61.5 13.6 45.5 28.7 

Rb 31.8  20.9 30.4 19.9 24.1 16.2 21.5 21.4 20.4 

Sr  118 112 181 304 166 259 104 40.0 78.5 

Ba 93.7  44.8 72.2 87.7 71.9 55.2 67.7 92.3 80.6 

Cr  165 58.6 156 59.7 204 63.2 34.5 103 38.5 
0.030 0.037 0.150 0.100 0.032 0.085 0.330
0.022 0.029 0.032 0.035 0.026 0.034 0.092

a high level of Mn  in pyrite (18–332 �g g−1) has been reported in
coal from southwest Guizhou [35,36].

3.3. Modes of occurrence of elements in HZ coals

Trace elements exist in coal through different modes of occur-
rence, which result from both the coal-forming environments and
the subsequent geologic activity. Methods of sequential extraction
can provide quantitative information about the speciation of TEs
in coal. Two HZ coals with significantly different ash content were
chosen for sequential extraction. HZ1 exhibits a high ash content
of 40.1%, whereas HZ2 exhibits a low ash content of 13.8%. The
occurrence modes of TEs in these coals are shown in Fig. 2.

The residue form of the eleven TEs in HZ1 is higher than in HZ2,
whereas the organic form of the TEs in HZ1 is lower than in HZ2.
This corresponds to the higher ash content of HZ1 than HZ2. High
ash content results in a high fraction of silicate minerals and a low
fraction of organic carbon. The eleven TEs in HZ coal exist predom-
inantly as three occurrence modes: the sulfide form, organic form
and residue form. Among these TEs, the proportion of the sulfide
form varies widely, and As, Pb, and Mo  exhibit the highest propor-
tion of the sulfide form. The residue form is the most important
occurrence mode for most TEs, except for As and Mo.

The proportion of As in the sulfide, organic and residue forms
are 33.1%, 22.6%, and 42.4% in HZ1, and 50.6%, 29.3%, and 18.2% in
HZ2, respectively. In contrast, As associated with the water-soluble
plus ion exchangeable form and carbonate form accounts for less
than 2%. The existence of As in these three main forms has also
been reported in previous studies. Arsenic is a typical chalcophile
element, and in some types of coal, it is primarily associated with

pyrite [37]. In addition to its sulfide form, organic As is also impor-
tant in coal. Zhao et al. [38] have reported that the occurrence of
organically associated As in Guizhou coal has been proved by X-ray
absorption fine structure (XAFS); however, the detailed structure of

HZ10 HZ11 HZ12 HZ13 HZ average China
average [41]

World
average
[32,41]

432 1922 955 120 814 3.8 5.0
44.7 140 49.8 477 195 2.3 3.0
57.1 34.4 40.3 181 89.6 15 25

518 580 567 571 580 42 50
0.28 0.39 0.41 0.36 0.44 0.3 0.3
4.9 11.2 2.5 1.5 10.4 2.0 2.5

10.2 20.6 32.8 15.8 52.9 3.1 5.0
23.4 45.8 21.9 19.1 24.4 8.0 26.0

570 48.3 65.2 129 167 136 100
162 160 71.4 104 89.6 82 70

41.9 63.5 52.6 46.4 83.7 15.3 20
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ig. 2. Mode of occurrence of TEs in HZ coals (1. HZ1 coal; 2. HZ2 coal; W:  water sol
esidue  form).

rganic arsenic is still unknown. The third important form of As is a
esidue form, in which As is primarily associated with clay miner-
ls: illite, montmorillonite, and kaolinite. In a previous study, it was
roved that AsO4

3− can replace SiO4
4− in the structure of kaolinite

39].
Antimony can occur in minerals associated with pyrite and clays

40,41]. Finkelman [42] suggests the existence of organic and inor-
anic antimony in coal, and a previous study suggests that Sb can
xchange with organic ions in coal [37]. In HZ coal, Sb occurs pri-
arily as a residue form that accounts for up to 80.3% in HZ1. The

econd important form of Sb in HZ coal is the organic form, which
onstitutes 14.9% in HZ1 and 26.9% in HZ2. Moreover, a small frac-
ion (7.3%) of the sulfide form of Sb occurs in HZ2.

In the two HZ coals, Pb is characterized to exhibit primary
odes of occurrence as the residue form (56.4–57%), sulfide form
22.6–30.5%) and organic form (11–21.9%) (Fig. 2). This indi-
ates that Pb is primarily associated with silicate minerals, while
ulfide minerals are also an important host to Pb. Previous stud-
es also reported the occurrence of Pb in coal associated with
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lus ion exchangeable form; C: carbonate form; S: sulfide form; O: organic form; R:

alumino-silicate (residue form) [43,44]. In addition to this, a sig-
nificant fraction of Pb has been reported associated with sulfides
such as pyrite [40,41]. The association of Pb with sulfide minerals
conforms to the existence of galena, clausthalite and other sulfide
minerals in coal in southwest Guizhou [45].

Zinc, Cd and W have a similar mode of occurrence. Both the
residue and organic forms are the dominant mode of occurrence of
these elements. Generally, Zn and Cd exhibit similar geochemical
behavior, and in most cases, Cd can exist in sphalerite, smithsonite,
and wurtzite through isomorphism to replace other irons [45]. A
previous study reported a strong correlation between Zn and Cd in
coal [34].

The mode of occurrence of Mo  in HZ coal is similar to that of
As. The majority of Mo  is present as the sulfide form, organic form
and residue form. In general, Cr is thought to be associated with
the organic form [46]. In addition, Cr shows association with clay
minerals and feldspars [41]. Zhang et al. [37] reported that Cr pri-
marily occurs in inorganic mineral matter, which is associated with
either clay minerals or pyrite. In HZ coal, Cr primarily occurs in both
residue and organic forms (Fig. 2).

3.4. Oxidative pyrolysis of HZ coal

3.4.1. Coal weight loss at different temperatures
Fig. 3 shows the variation of coal or char weight during the pyrol-

ysis of HZ1 and HZ2 coals. At a temperature of 350 ◦C, which is
called the cracking temperature, HZ1 and HZ2 exhibit a low weight
loss of 11.1% and 6.5%, respectively. In the temperature range of
<350 ◦C, the formation and volatilization of low molecular weight
species (e.g. water, methane, and carbon dioxide) may  occur before
organic carbon pyrolysis begins [47,48].  In the temperature range
of 350–450 ◦C, a significant loss of coal weight (HZ1 – 48.9%, HZ2
– 79.1%) occurs as a result of the pyrolysis and volatilization of a
variety of organic carbon species. These results are in accordance
with the organic carbon content of the coal, which is 47.9% and
77.2% (Table 1), indicating that the weight loss in this tempera-
ture range is primarily caused by the transformation and release

of organic carbon. In the temperature range of 450–1200 ◦C, the
coal weight is only slightly reduced because the organic carbon has
almost entirely transformed and volatilized at 450 ◦C. However,
minerals begin to melt and, consequently, the TEs in the mineral
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lattice are released [49]. Therefore, this temperature range may  be
important for the volatilization of TEs bound in minerals.

3.4.2. Volatility of hazardous elements during pyrolysis of HZ
coals

The release of an element during coal pyrolysis may be con-
trolled by a variety of factors, including its binding form in coal, its
interaction with co-existing mineral matter, and the formation of
its thermally stable forms at different temperatures [14]. During the
initial stage of coal pyrolysis, the structure of organic matter readily
decomposes, and the interaction of elements with other elements
of mineral matter can occur. This process is summarized by [50]. In
the temperature range of 600–850 ◦C, coal undergoes an intense
degradation of its structure, and at a temperature greater than
900 ◦C, alumino-silicate minerals and sulfides start to decompose.
Furthermore, PbCO3 can be completely decomposed into PbO at
a temperature greater than 300 ◦C [14]. In addition, mineral trans-
formation can occur within a wide range of pyrolysis temperatures.
At 450 ◦C, disulfide FeS2 can be transformed into monosulfide FeS,
resulting from the decomposition of pyrite [51]. Iron sulfate fre-
quently decomposes at a temperature of <500 ◦C [52]. Most of the
PbS would be transformed into PbO from the pyrolysis of brown
coal [14]. Both the decomposition and transformation of organic
and mineral matter can release TEs from coal. In addition, the inter-
action of the elements may  form their chlorides or sulfides and then
be volatilized [50].

The volatilization of the hazardous elements As, Sb, Pb, Zn, Cd,
and Cr in coal during pyrolysis is shown in Fig. 4. A strong contrast
of TEs volatility exists between the two coals. The volatility of As
in HZ2 below 900 ◦C is noticeably higher than that in HZ1, with a
difference of up to 31.5% at 800 ◦C. However, the volatility of As
in the two  coals finally reaches a similar level at a temperature of
1200 ◦C. Unlike arsenic, Sb, Zn, and Cr exhibit a considerably dif-
ferent volatility between the two  coals in the entire temperature
range, whereas Pb and Cd generally show a similar volatilization.
The difference in the volatility of some TEs between the two  coals
may  be caused by the occurrence mode of TEs in coal.

With regard to the volatility of TEs in coal during pyrolysis, As
exhibits the highest volatility of 91.4%, whereas Sb, Pb, Zn, Cd, and
Cr exhibit a lower but relatively similar volatility of 48.8–58.9%.
This may  have resulted from the fact that As is mostly present in
both sulfide and organic forms, whereas the other five elements are
mostly present in clay minerals (residue form) (Fig. 2). Trace ele-
ments bound in both the organic and sulfide forms are considered
to vaporize more completely than in the residue form [53]. Alter-
nately, during the coal pyrolysis TEs may  transform into element,
oxide or chloride prior to volatilization [50]. Arsenic and its com-
pounds of oxide, sulfide, and chloride have a generally lower boiling
point than the other five elements (Table 5). As a consequence, As
is more likely to volatilize than other TEs during the pyrolysis of
coal.

With respect to the influence of the pyrolysis temperature on
the volatilization of TEs, the hazardous elements in HZ coal gen-
erally present a three-stage volatilization: stage 1 (below 450 ◦C),
stage 2 (450–900 ◦C), and stage 3 (above 900 ◦C). The three-stage
volatilization of TEs is such a contrast to the coal weight loss, which
occurs primarily in stage 1 (below 450 ◦C).

Arsenic exhibits a typical three-stage volatilization (Fig. 4a). The
majority of As is volatilized in stage 3 (HZ1: 62.4%, HZ2: 41.2%);
however, a considerably lower proportion of As is volatilized in
stage 1 (HZ1: 11.8%, HZ2: 30.6%) and stage 2 (HZ1: 14.5%, HZ2:
22.2%). Arsenic volatilized in stage 1 may  correspond to the organic

form because organic arsenic frequently vaporizes with coal de-
volatilization [54]. Arsenic volatilized in stage 3 may  correspond
to the sulfide form and clay mineral form because sulfide min-
eral decomposition and alumino-silicate mineral transformation
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ig. 4. The volatility of TEs during the pyrolysis of coal (data are the mean value of th

enerally occur above 900 ◦C. In stage 2, As volatilizes slowly as
he temperature increases, possibly because only mineral transfor-

ation occurs in this stage. This transformation only results in the

elease of a small fraction of TEs [55].

Generally, Sb, Cd, and Cr volatilize evenly as the tempera-
ure increases (Fig. 4b, e, and f), with only Sb in HZ2 showing a
xperiments, and the bars represent the standard deviation of three measurements).

considerable volatilization of 35.2% in stage 1. Trace elements
bound in clay minerals (residue form) typically exhibit a slow
release when the temperature rises [56]. The steady volatilization

of Cd with an increase in temperature is consistent with the results
of a previous study. Guo et al. [57] reported an approximately linear
volatility of Cd with an increase in the pyrolysis temperature. The
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Table  5
Boiling point of TEs and their compounds (◦C).

Element Oxide Sulfide Chloride

As 814 461 707 130
Sb 1750 1570 550 223
Pb 1740 1535 1281 953

f
c
o

c
a
b
s
P
a
f
t
i
f

Zn  907 1800 

Cd 765  920 

Cr  2672 2275 

raction of Cr associated with the residue form, which is generally
onsidered stable, may  be responsible for the steady volatilization
f Cr [36,55,58].

Lead and Zn volatilize considerably in stage 1 for the two HZ
oals and then volatilize evenly and slowly in stages 2 and 3 (Fig. 4c
nd d). The considerable volatility of Pb in stage 1 might be caused
y the interaction of Pb with other elements and by the decompo-
ition of organic matter. In stages 2 and 3, thermally stable forms of
b, which particularly occur in HZ2, may  have formed above 450 ◦C,
s the volatility of Pb barely increases in this temperature range. The
raction of Pb associated with clay minerals may  be responsible for
he formation of the thermally stable form. The high volatility of Zn

n stage 1 (25.1% for HZ1 and 42% for HZ2) might be caused by the
raction of Zn associated with organic matter. The slight increase
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of the volatility of Zn in stages 2 and 3 may show the existence of
some inert chemical forms of Zn in the coal.

The volatilization of TEs presents a strong contrast to the loss of
coal weight during pyrolysis (Fig. 5). In the early stage of pyrolysis
(<450 ◦C), the high loss of coal (60% for HZ1 and 85.6% for HZ2) has
resulted in average trace element volatility of 16.9% for HZ1 and
32% for HZ2, whereas in the late stage of pyrolysis (>450 ◦C), the
minor loss of coal (6.3% for HZ1 and 2.7% for HZ2) has resulted in
average trace element volatility of 35.2% for HZ1 and 34% for HZ2.
This result is in agreement with the association of a large propor-
tion of TEs with sulfide and silicate minerals. At high temperatures,
TEs can be significantly released because of the transformation and

decomposition of these minerals. However, these processes only
result in a minor loss of coal weight.
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. Conclusion

In the HZ coal, As, Sb, Pb, Zn, W,  Mo,  and Cr are highly enriched,
nd Cd, Sr and Ba are slightly higher than the average values of
hinese coal. Trace elements in the coal are present predominantly
s three modes of occurrence: the sulfide form, organic form and
esidual form.

The trace element volatilization during the pyrolysis of coal is
ighly affected by the temperature, the mode of occurrence, and
he element itself. Generally, TEs show a considerable volatilization
elow 450 ◦C, which is thought to correspond to the organic form
f TEs. In the temperature range above 450 ◦C, the volatility of TEs,
xcluding As, increases slowly with temperature because of their
ssociation with silicates. Arsenic exhibits a uniquely high release
t 900–1000 ◦C and, consequently, a higher volatility than Sb, Pb,
n, Cd, and Cr, which may  result from the high proportion of As
ssociated with sulfide.

The volatilization of TEs is not similar to the loss of coal weight
uring pyrolysis. At high temperatures, a minor loss of coal weight
an result in a significant volatility of TEs. This phenomenon is likely
aused by the association of a large proportion of TEs with sulfide
nd silicate minerals.
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