
Understanding the occurrence of arsenic in
coal and its removal is significant in
optimizing coal utilization, because arsenic in
the environment is viewed as a potentially
toxic trace element (Finkelman, Belkin, and
Zhang, 1999; Hall, 2002; Smith et al., 1992;
Smedley et al., 2003; Zheng et al., 1999).
Many studies on the modes of occurrence and
concentration trends of arsenic in different coal
and washing products have been performed
(Diehl, Goldhaber, and Hatch, 2004; Kolker et
al., 2000; Quick and Irons, 2002; Wang et al.,
2006; Fan et al., 2016). Trace elements are
usually preferentially associated with certain
minerals and the form that these minerals take
will influence the efficiency of removal during
cleaning (Quick and Irons, 2002). Arsenic is
mainly associated with minerals such as
pyrite, carbonate, and silicate (Demir et al.,
1998; Diehl, Goldhaber, and Hatch, 2004;
Zhou et al., 2014). The existence of
organically bound arsenic was also confirmed

using X-ray absorption (Kolker et al., 2000).
However,  inorganic arsenic is the principal
source of pollution because of its leachability
and high concentration compared with organic
arsenic (Fujino et al., 2004; Gao, Lu, and
Wang, 2010; Jiang et al., 2008; Kolker et al.,
2000). 

Coal combustion is a major process for the
release of trace elements, such as arsenic,
mercury, and fluorine, to the environment (Dai
et al., 2014; Finkelman et al., 2002; Kolker et
al., 1999). Arsenic can be removed before,
during and after coal combustion (Gao, Lu,
and Wang, 2010). However, coal washing is a
more efficienct and lower cost method of
arsenic removal (Demir et al., 1998; Feng,
2009). Arsenic and mercury can be removed to
a high degree in the process of coal cleaning
(Wang et al., 2006). Finkelman studied the
effects of trace elements on coal washability
(Finkelman, 1994). Physical and physico-
chemcial coal washing techniques such as
gravity separation and flotation can remove
50–80% of the harmful trace element content
from the coal product (Luttrell, Kohmuench,
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and Yoon, 2000; Zheng, Liu, and Chou, 2008). Furthermore,
demineralization or desulfurization of coal by chemical coal
cleaning techniques has been reported by many investigators
(Meshram et al., 2015; Waugh and Bowling, 1984; Pietrzak
and Wachowska, 2006; Xia, Xie, and Peng, 2015). Waugh
and Bowling, 1984 reported 90% reduction of the mineral
matter content of an Australian coal after a caustic wash.
Pietrzak and Wachowska (2006) considered that treatment
with HNO3 is effective for the removal of pyrite in coal
desulphurization. As the harmful trace elements generally
occur in minerals (e.g. pyrite and carbonate), chemical
techniques are essential for their removal.

Arsenic can enter the human body through various
channels such as the respiratory tract, digestive tract, and by
skin contact (Finkelman, Belkin, and Zheng, 1999; Smedley
et al., 2003; Zheng et al., 1999). Chronic arsenic poisoning
may induce cancer, hypertension, diabetes mellitus, and
cardiovascular and cerebrovascular diseases, etc. (Smith et
al., 1992; Hall, 2002). Wang et al. (2006) reported that trace
elements such as arsenic, mercury, sulphur, etc., tend to
become enriched in coal slime. The annual production of coal
slime in China is more than 70 Mt tons. In order to be able to
estimate mass emissions of arsenic and also to develop cost-
effective, efficient removal technologies in the future, it is
necessary to research the occurrence, deportment, and
removal of trace elements like arsenic in the coal slime
washing process. Most of the arsenic removal techniques in
coal preparation have utilized gravity and flotation methods,
and the effect of a low-intensity leaching-flotation removal
method on a low-rank bitumite has not yet been explored.
Apart from this, most of the modes of occurrence of arsenic
on low-rank bitumite have also not been critically assessed.
In this study, we present semi-quantitative and quantitative
results on the mineral content, speciation, and modes of
occurrence of arsenic in coal slime from Inner Mongolia. The

effectiveness of low-intensity leaching-flotation for the
removal of arsenic with various modes of occurrence is also
discussed.

A coal slime sample was collected from Tanggongta coal
preparation plant  in Inner Mongolia, China. According to
China national standards for coal classification (GB5751-86),
the sample is classified as long-flame coal (CY42). The
sample was dried at 70°C for 3 hours after screening. 

The experimental procedure is shown in Figure 1. Coal
slime was separated by heavy liquids with densities of 1.4,
1.5, 1.6, 1.7, and 1.8 g/cm3, using mixtures of benzene,
carbon tetrachloride, and bromoform at appropriate ratios,
following Chinese standards (GB/T 478-2008). 

After float-and-sink and flotation experiments coal slime
solids were digested with HNO3 (5mL, 68% (w/w)) and HF
(5mL, 48% (w/w)) by a microwave digestion system (MDS)
into liquid samples, which were analysed by hydride
generation inductively coupled plasma optical emission
spectrometry (HG-ICP-OES) for As, Al, and Fe. Forward
power was 1200 W. Nebulizer, auxiliary, and coolant argon
speeds were 0.8 L/min, 0.75 L/min, and 13.50 L/min, respec-
tively. The internal Tm standard was used to determine the
detection limit (0.50 pg/mL) and error range (less than
2.0%).

Mineralogical and petrographic characteristics of the coal
slime and gangue were determined using X-ray diffraction
(Philips PW 1830 diffractomoter system using Cu K
radiation) and optical microscopy (ZEISS Imager M1m),
respectively. 

The flotation tests were conducted with the addition of
collector (diesel 20.0 kg/t) and frother (sec-octyl alcohols 5.0
kg/t). After being washed with deionized water and dried,
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flotation tailings and concentrate were used as fine mud and
coal particles, respectively. Fine mud and coal particles were
mixed with deionized water to produce slurry with a liquid-
solid ratio of 1:10. HNO3 and NaOH were added to the
slurries to adjust the pH to values from 1.0 to 12.0. The
samples, adjusted to different pH values, were agitated 30
minutes and transferred to a beaker. After standing for 24
hours, the zeta potential of the supernatant liquid was
measured by ZetaPALS.

Selective leaching was carried out on duplicate 5.0 g coal
samples. Raw coal slime and clean coal were ground to pass a
200 mesh sieve, and sequentially extracted with 35 mL of 
1 N CH3COONH4, 3 N HCl, 48% (w/w) HF, and 2 N HNO3 at
room temperature (Kolker et al., 2000). After each extraction,
the leachable fraction was centrifuged and the clear solution
was analysed by HG-ICP-OES. The sequence of leaching steps
used was adopted so that arsenic associated with various
components of the coal would be removed as shown in 
Table I. 

Two consecutive steps of first low-intensity leaching and
flotation were performed. In the first step, coal slime was
leached by agitation and aeration. The low-intensity leaching
process was investigated at stirring speeds of 150 min-1 at
303 K to dissolve some of the inorganic mineral content of
coal. The leach slurry was prepared by mixing 100 g of coal
slime with 1000 mL deionized water in 1500 mL bottles.
HNO3 and NaOH were then added to adjust the pH of the
slurry to 1.0, 3.0, 5.7, 10.0, and 12.0 in order to compare the
leaching-flotation behaviour of arsenic following pre-
treatment in acid, neutral, and alkali environments. The leach
residue was collected using centrifugal separation after 1
hour and washed three times with deionized water and then
transferred to a flotation cell (XFD-1.0 L), where the pulp
density was adjusted to 80 g/L. The pH of the flotation pulp

was between 5.6 and 5.7. The flotation tests were started
with the addition of collector (diesel 20.0 kg/t) and frother
(sec-octyl alcohols 5.0 kg/t). After flotation, the concentrate
was dried and analysed. 

Low-intensity leaching was carried out in the optimal pH
conditions (pH=1, HNO3) and the other conditions of leaching
remained unchanged. After low-intensity leaching and
deionized water washing, the sediment from centrifugal
separation was transferred to a flotation cell (XFD-1.0 L). A
solution of 10% (v/v) NaOH was added to the deionized
water to adjust the initial pH to 10, which was subsequently
adjusted to pH of 8.0–9.0 and a pulp density of 80 g/L.

Figure 2 shows the XRD pattern of coal slime. The mineral
assemblage is dominated by quartz and clay minerals (e.g.
kaolinite and chlorite) with trace amounts of pyrite,
carbonate, and bohmite. The pyrite occurs mainly in
association with quartz and with clay minerals, (Figue 3)
rather than as free pyrite. The relative contents of quartz and
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Table I

1 CH3COONH4 Exchangeable cations and a portion of the 
carbonate-hosted cations

2 HCl Carbonates and monosulphides (sphalerite, 
galena, and chalcopyrite)

3 HF Silicates, including those hosted by the 
clay minerals (illite and kaolinite)

4 HNO3 Disulphides (pyrite and marcasite)

Note: Elements remaining in the solid residue may be present in the
organic matrix, or occur in insoluble phases such as zircon or one of the
titanium dioxide polymorphs.
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clay are different. Table II shows the content of major
minerals in coal slime obtained by petrographic analysis. The
relative contents of clay and pyrite are 85% and 11% (by
volume), respectively. Quartz accounts for only about 2% of
the minerals in coal slime, which is consistent with the semi-
quantitative analysis by XRD. The results indicate that the
deportment of pyrite is mainly consistent with that of clay.
Therefore, pyrite might be removed with the removal of clay.

As shown in Figure 4, arsenic removal decreased consid-
erably as separation density increased from 1.4 to 2.0 g/cm3,
which can be ascribed to the mode of occurrence of arsenic.
Although 96% of the total arsenic was removed at separation
density 1.4 g/cm3, the cumulative yields of clean coal and ash
were only 5.7% and 5.0%, respectively. It is therefore clear
that gravity separation is not effective for the removal of
arsenic. As shown in Figure 5(b), there is a negative
correlation between the removal of arsenic and the content of
ash (R2=0.98597), which indicates the inorganic affinity of
arsenic. The removal of iron and aluminium have a positive
correlation with that of arsenic (R2=0.9964 and 0.94565)
(Figure 5a), as would be expected given their dominant
occurrence in pyrite and clay. Thus both pyrite and clay are
the predominant carriers of arsenic in coal slime.
Furthermore, the intercepts of the regression equations
(0.32888% and 5.24577%) indicate that a small amount of
arsenic might occur in the form of other minerals. 

igure 6 shows the results of the consecutive selective leaching
tests. In total, 91% of arsenic is leached by the four solvents,
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Table II

Content (% by volume) 85 11 2.2 1.5



and the HNO3-leachable arsenic accounts for 77%. This
indicates the dominant association of arsenic with pyrite,
which is consistent with previous reports (Finkelman, 1994;
Huggins et al. 2009; Kang et al., 2011; Zheng, Liu, and
Chou, 2008; Zhou et al., 2014). The results of selective
leaching on the predominant carrier of arsenic are different
from the correlation analysis, because the pyrite is predomi-
nantly embedded in clay (Figure 3). A small fraction of
arsenic is removed by HF and HCl, which indicates that
arsenic is not significantly associated with carbonates and
silicates, which are leached by HCl and HF, respectively
(Kolker et al., 2000). The same result was also indicated
from the correlation analysis. Zhou et al. also reported the
existence of arsenic in clay and carbonate mineral (Zhou et
al., 2014). The 9.0% of the arsenic not removed by the
leaching procedure may occur in the organic matrix or in
insoluble phases such as zircon or titanium dioxide (Gao, Lu,
and Wang, 2010; Kolker et al., 2000).

Direct flotation was carried out at ambient temperature using
deionized water (pH=5.7) and a pulp density of 80 g/L to
remove some of the ash and arsenic from the coal. After
flotation, the concentrate was dried, then analysed. The
results showed a reduction in ash and arsenic contents of 55
and 54 % respectively. The clean coal yield is approximately
58%. In direct flotation, the removal of arsenic is low,
because the carrier minerals of arsenic are closely combined
with the organic matter in the form of fine particles and
report to the clean coal during flotation. 

Thus, low-intensity leaching should be carried out prior
to the flotation step, since the acid lixiviant can penetrate into
the coal particles and attack the arsenic carried minerals.

Figure 7 shows the effects of low intensity leaching-flotation
on the quality of clean coal. The pH of 5.7 corresponds to the
result of direct flotation. After low-intensity leaching, the

yield of flotation concentrate is almost unchanged, approxi-
mately 58%.When the pH of leaching is 12.0, the removal of
arsenic and ash after flotation is approximately 58% and
57%, respectively. The removal of arsenic and ash by
flotation increased considerably under acidic conditions of
leaching and reached 83% and 60% at pH=1.0, respectively.
Direct flotation (pH=5.7) was found to be ineffective while
low-intensity leaching-flotation is suitable, which could be
ascribed to the dissolution of some minerals and the
separation of minerals from the organic matter after leaching.
The maximum removal of arsenic in low-intensity leaching-
flotation is lower than that in heavy medium separation
(Figure 4), but the yield of clean coal is higher. Therefore,
low-intensity leaching-flotation has some advantages
compared with heavy medium separation and direct flotation.

Demir et al. reported that when the degree of removal of
an element is greater than that of ash in the washing process,
this element is more related with epigenetic minerals, and
these minerals will be easily removed in the physical coal
washing process (Demir et al., 1998). Arsenic is removed to
a greater degree than ash (Figure 7), which indicates that the
arsenic occurs mainly in epigenetic minerals.

The leaching-flotation behavior of arsenic with different
modes of occurance was studied by selective leaching
experiments. The results are shown in Figure 8. The consid-
erable differences in behaviour can be ascribed to the
dissolution of carrier minerals and the separation of minerals
from the organic matter after leaching.

The removal of CH3COONH4-leachable arsenic by
leaching-flotation is higher than that of CH3COONH4-
leachable arsenic by direct flotation (pH=5.7). The maximun
removal of CH3COONH4-leachable arsenic is about 97% at pH
1.0. With alkali leaching-flotation, the removal of arsenic is
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approximately 62% at pH 10.0–12.0. This arsenic fraction
generally exists in the pore water and carbonate or is
adsorbed on the surface of organic matter and minerals (Gao,
Lu, and Wang, 2010). After acid leaching-flotation, nitric acid
reacts with calcite inducing the release of arsenic ions, and
arsenic ions desorb from the surface of organic matter and
minerals due to competitive adsorption and dissolution in the
leaching medium and are removed by flotation. In alkaline
leaching-flotation, alkaline conditions restrain desorption and
exchange of arsenic ions in comparison to direct flotation
(pH=5.7), which in turn decreases the removal of
CH3COONH4-leachable arsenic. 

The degree of removal of HCl-leachable arsenic increased
considerably as pH decreased from 5.7 to 1.0 and the
maximum removal of arsenic is 98% at pH 1.0. Under
alkaline conditions, the removal of HCl-leachable arsenic
fluctuated around 47%. HCl-leachable arsenic is primarily
associated with carbonates and monosulphides such as
sphalerite, galena, and chalcopyrite, which are dissolved by
HCl. The acid reacts with carbonates and monosulphides,
inducing the release of arsenic ions and carrier minerals of
arsenic. The floatability of carrier minerals (carbonates and
monosulphides) is weaker than that of coal. Therefore, the
likeliness of HCl-leachable arsenic reporting to clean coal is
reduced. However, carbonates and monosulphides do not
react with alkalis so the removal of HCl-leachable arsenic is
similar to that by direct flotation.

The removal of HNO3-leachable arsenic is close to that of
total arsenic, because the dominant arsenic fraction is
removed by HNO3 as shown in Figure 5. Disulphides, such as
pyrite and marcasite, are dissolved by HNO3 (Equation [1]).
The removal of HNO3-leachable arsenic showed a significant
increase as the pH decreased from 5.7 to 1.0 and reached
88% at pH 1.0. There was a slight increase in arsenic removal
under alkaline leaching, reaching 56% at pH 12.0. Chemical
leaching is an effective method for coal desulphurization and
de-ashing. Pyritic sulphur is usually extracted by direct
method with acid (Xia, Xie, and Peng, 2015). In the present
study, the reaction between pyrite and acid in low intensity
leaching process can be described by Equation [2].

[1]

[2]

Compared to the other lixiviants, the removal of HF-
leachable arsenic is erratic as the amount of arsenic
associated with silicates is highly variable. Gao, Ju, and Wang
(2010) reported that some minerals are completely encased
by organics or a silicate matrix, hence digestion of the sample
may not be complete. 

Pre-leaching changed the response of the gangue minerals to

flotation, which in turn affected the arsenic removal process.
HNO3 and NaOH were added to the deionized water to adjust
the pH to 1.0, 3.0, 5.7, 10.0 and 12.0 in order to compare the
flotation behaviour of gangue in an acid, neutral, and
alkaline environment. The testing process was the same as
for slime leaching-flotation. The results are shown in Figure
9. Gangue yield decreased with increasing acidity or basicity
compared to neutral conditions. Thus, flotation under acid or
basic condition promotes arsenic removal from clean coal. 

Fine mud coating is ascribed to the change of zeta potential
on the mineral surface (Gaudin, Fuerstenau, and Miaw, 1960;
Xu et al., 2003), and is detrimental to de-ashing and arsenic
removal. The zeta potential of fine mud, coal particles and
coal slime showed a reduction with increasing pH (Figure
10). The zeta potential of coal slime gradually approached
that of coal particles with increasing pH to 9.0, and then
gradually approaches that of fine mud as pH>9.0. This
phenomenon indicates that fine mud covers the surface of
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coal as pH<7.0 and pH>10.0. Therefore, a weak alkaline
environment is beneficial for the dispersion of fine mud. 

The removal of arsenic and ash by flotation increased
considerably to 86% and 61%, respectively, 3% and 2%
higher than that of low-intensity leaching-flotation alone.
The results show that low-intensity leaching-alkali washing-
flotation is beneficial for the removal of arsenic in coal
compared with direct flotation and low-intensity leaching-
flotation. In addition, an alkaline environment increases the
hydrophobicity of the surface of pyrite (Moslemi, Shamsi,
and Habashi, 2011) and contributes to enhancing the
mobility of arsenic oxyanionic species which usually
adsorbed on the surface of organic matter and minerals
(Cornelis et al., 2008).

Most of the arsenic in Tanggongta coal slime is associated
with pyrite. The presence of pyrite-hosted arsenic is proven
by selective leaching because the dominant arsenic fraction
was removed by leaching with HNO3. Examination by
polarizing microscope showed that pyrite is mostly
embedded in kaolinite as fine grains.

Low-intensity leaching-flotation is more efficient for
arsenic removal compared with heavy medium separation
and direct flotation. The removal of arsenic and ash after
low-intensity-flotation increased considerably and reached
83% and 60% at pH= 1, respectively. 

Under acid leaching, the CH3COONH4-leachable arsenic
and HCl-leachable arsenic are the easiest removable fractions
to remove, and HF-leachable arsenic the most difficult. The
recoveries of CH3COONH4-leachable arsenic and HCl-
leachable arsenic were over 97%, and that of HF-leachable
arsenic and HNO3-leachable arsenic 88% and 57%, respec-
tively. Under alkaline leaching, the decreasing sequence of
highest recovery is CH3COONH4, HF, HNO3 and HCl -
leachable fractions. The leaching had different influences on
arsenic removal, depending on the reactivity towards acids
and bases, the amphiphilic properties of the reaction
products, and mode of occurance of the carrier minerals. 

The floatability of gangue was reduced with an increase
in acidity or basicitycompared to neutral conditions.
Therefore, ash removal was improved, which in turn
decreased the content of arsenic in clean coal. 

A weakly alkaline environment is of advantage for the
dispersion of the pulp. The removal of arsenic in the low-

intensity leaching-alkaline washing-flotation process is 3%
higher than that of low-intensity leaching-flotation alone,
which can be ascribed to the dispersion of pulp. 
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