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a b s t r a c t

In this paper, the flotation separation of pyrite from sub-bituminous and meta-bituminous coals in
the presence of slimes was investigated. The sub-bituminous coal and the meta-bituminous coal have
significant differences in their surface properties compared with pyrite. The flotation experiments were
performed in the presence of potassium amyl xanthate (PAX) collector. The adsorption of PAX on
pyrite was significant while that on the coal surfaces was negligible. The recovery of pyrite from
sub-bituminous coal increased by 55% when the concentration of PAX increased from 1×10−4mol/L
to 5×10−4mol/L. Similarly, pyrite recovery from the meta-bituminous coal increased by up to 60%
for the coarser size fraction upon increasing PAX concentration from 1×10−4mol/L to 5×10−4mol/L.
Before the de-sliming process, the flotation recovery of pyrite increased with decreasing coal particle
size whereas the opposite is true for pyrite grade. Desliming reduced the adsorption amount of PAX
on pyrite by more than 50% because of the removal of fine particles that would otherwise be available
for adsorption. Desulphurization of fine coal appears to be challenging probably due to the increased
entrainment of fine coal particles during pyrite flotation. The de-sliming process increased pyrite grade
by >20% for the meta-bituminous coal and by 10% for the sub-bituminous coal. The results suggest that
excessive collector consumption by fine particles and slimes, and entrainment are the main challenges
in separating pyrite from coal particles.
Crown Copyright© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Inorganic sulphur is present in many coals in the form of
pyrite, marcasite, iron sulphates (e.g., FeSO4) and elemental form
(Eligwe, 1988). The sulphur in coals is highly undesirable be-
cause it reduces its economic value and results in SO2 emission
into the environment during coal combustion (Fuerstenau et al.,
2007), and the SO2 generated in this process is one of the most
harmful air pollutants and can chemically react with rainwater
to cause acid rain (Ga Siorek, 1997; Jha et al., 2011). Pyritic
sulphur present in tailings can be oxidized in the presence of
oxygen and water, and produces sulphuric acid, which leads to
acid mine drainage (AMD). Subsequently, the AMD is the main
cause for the leaching of toxic elements present in the tailings
which has become a critical environmental concern (Akcil and
Koldas, 2006). Therefore, the removal of sulphide minerals prior
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to coal utilization (desulphurization) has significant economic
and environmental implications, and enhances the sustainability
of coal mining operations.

Desulphurization methods for the removal of inorganic sul-
phur include gravity separation (e.g., use of hydrocyclones), mag-
netic separation and flotation (Demirbas and Balat, 2004). Micro-
bial (Eligwe, 1988) and chemical desulphurization methods such
as washing with alkaline solutions or organic and inorganic acids
are practised to remove organic sulphur (Demirbas and Balat,
2004). Gravity separation methods are usually employed in coal
beneficiation due to the significantly lower density of coal (e.g., 1
– 1.5 g/cm3) in comparison with the density of gangue minerals
to be rejected (> 5 g/cm3). Thus, dense medium cyclones (Wang
et al., 2017; Dou et al., 2015), fluidized dry beneficiation (Tang,
2017) and jigs (Kumar and Venugopal, 2017) are extensively used
in the processing of coarse coal particles (> 0.5 mm) due to
their superior performance over other methods. However, the
efficiency of gravity separation methods declines significantly in
the presence of high proportion of ultrafine particles and slimes.
In such case, froth flotation is widely used for fine coal cleaning
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and upgrading (Kawatra and Eisele, 1997), even in cases where
coal has undergone surface oxidation (Xia et al., 2015a; Chen
et al., 2017a).

It is well known that high rank coal is naturally hydrophobic
and is floatable in neutral pH conditions. The fine pyrite present
in the pulp can also be naturally hydrophobic depending on
chemical conditions and can float with coal and/or recovered by
entrainment in the froth phase at fine particle sizes (Kawatra
and Eisele, 1997; Çınar, 2009), which makes fine coal benefi-
ciation challenging. Surface oxidation of both coal and pyrite
can significantly impact on the success of coal beneficiation by
flotation (Fuerstenau et al., 1987). Another challenge is the poor
floatability of low rank coals due to the presence of various hy-
drophilic surface functional groups on coal (Ye et al., 1988; Chen
et al., 2017b), and the presence of floatable gangue (Xia et al.,
2016; Xia and Yang, 2013). Thus, low rank coals are difficult to
float even at high collector dosages in comparison with high rank
coals which are floatable even in the absence of collectors (Fiedler
and Bendler, 1992).

When coals containing pyrite is weathered, oxidation of pyrite
leads to the formation of elemental sulphur on pyrite surface
which makes pyrite naturally hydrophobic (Fuerstenau et al.,
1990). The formation of elemental sulphur can proceed in one of
the following two reactions (Kawatra and Eisele, 1997):

2Fe3+(aq) + FeS2(s) → 3Fe2+(aq) + 2S(s) (1)

FeS2 + 3H2O → Fe(OH)3 + 2S◦
+ 3H+

+ 3e− (2)

The above reactions (Eqs. (1) and (2)) suggest that the presence
of fine pyrite in coal can complicate the beneficiation of low
rank or weathered coal by flotation. Additionally, when slimes
are present in coal, slime coating on the coal surface by van der
Waals attraction could lead to poor coal cleaning performances in
saline water (Wang et al., 2013) and presence of clay (Oats et al.,
2010; Ni et al., 2018). Although the flotation behaviour of pyrite
is well established, there is limited information on the separation
of pyrite from coals of various ranks, especially in the presence
of slimes. Thus, the present article investigates the separation of
pyrite from the sub-bituminous coal (i.e. low rank coal) and that
from the meta-bituminous coals (i.e. high rank coal) before and
after de-sliming process.

2. Materials and methods

2.1. Materials

Sub-bituminous coal and meta-bituminous coal samples were
collected from Shanxi province in China. The coal samples were
crushed and screened to four different size fractions (−500 +

250 µm, −250 + 125 µm, −125 + 74 µm and −74 + 45 µm).
The proximate analyses of sub-bituminous coal and meta-
bituminous coal samples were moisture content of 6.1% and 1.5%,
volatile matter content of 26.5% and 18.3%, ash content of 22.9%
and 26.9%, fixed carbon content of 44.4% and 53.3% and total
sulphur content of 0.63% and 0.39%, respectively. The contact
angles of sub-bituminous coal and meta-bituminous coal samples
used in this study are 41◦ and 79◦, respectively (Zhou et al.,
2019a). A more detailed characterization of the two coal samples
using XRD, FTIR, XPS and SEM was published by the authors else-
where (Zhou et al., 2019b,a). High purity pyrite sample (over 95%
purity) used in this study was obtained from Navajun, La Rioja in
Spain. The pyrite sample was dry ground with a ceramic mortar
and pestle to obtain four size fractions (−300 + 212 µm,−212
+ 150 µm, −150 + 75 µm and −75 + 38 µm). Potassium
amyl xanthate (PAX) and copper sulphate from Chem-supply
were used as a collector and activator for pyrite, respectively.
Methyl isobutyl carbinol (MIBC) from Orica Australia was used as

a frother. Starch (Chem-supply) was used as coal depressant for
selective flotation of pyrite. All reagents were of analytical grade.
Double distilled water with a resistivity of 18.2 M� was used for
the preparation of all solutions.

2.2. Methods

The size distribution of pyrite and coal samples was charac-
terized by Malvern Mastersizer 3000. The adsorption of PAX on
pyrite and the two coals was characterized with the UV–visible
spectrophotometer (PerkinElmer, Inc., USA). Desliming was con-
ducted by adding a known amount of coal or pyrite into a beaker
containing double distilled water. The mixture was then kept in
an ultrasonic bath for 2 mins, and the supernatant solution was
decanted. This sonication was repeated by adding more water
until a clear supernatant solution was achieved. For each adsorp-
tion test, 0.5 g de-slimed samples were conditioned with 50 ml
PAX solutions for 5 min and centrifuged at 3100 r/min. Then, the
solutions were filtered to minimize the effect of fine particles, and
adsorption measurements were conducted on the filtrates. All
measurements were repeated at least three times. The adsorption
densities of PAX on coal and pyrite were determined by the
solution depletion method (Mukerjee and Mukerjee, 1962). In
this method, the UV-spectra was firstly obtained based on the
known concentrations of PAX solutions, which indicated that the
maximum absorbance for different PAX solutions occurred at a
wavelength of about 301 nm which is in agreement with the
literature data (Agorhom et al., 2014). The absorbance values of
the residual PAX solutions after adsorption experiments were
determined, and the PAX concentrations were calculated using a
calibration curve.

Zeta potential measurements were conducted using a Zeta-
sizer (Malvern Nano Z, UK) to confirm the differences in sur-
face chemistry between pyrite, and sub-bituminous and meta-
bituminous coals in the presence of PAX collector. A 0.05 g
samples of pyrite and coal were conditioned in 100 ml of deion-
ized water for 5 min. The coarse particles were then allowed to
settle down, and the supernatant solution containing fine parti-
cles was used for the zeta potential measurements. The solution
was poured into a special capillary cell and the zeta potential
was recorded using a Malvern Panalytical software. Each test was
repeated at least four times.

Micro-flotation tests were carried out to investigate the flota-
tion separation efficiency of pyrite from sub-bituminous and
meta-bituminous coal samples before and after de-sliming. The
desliming process was conducted by the ultrasonic bath. In each
flotation test, 1 g pure pyrite particles were fully mixed with 1
g coal particles. Before each flotation tests, the samples before or
after de-sliming process were conditioned for 5 min in the pres-
ence of PAX collector (1×10−4 mol/L or 5×10−4 mol/L), starch
depressant (3 kg/t), CuSO4 activator (20 g/t) and MIBC frother. The
conditioned pulp was transferred into a 300 mL microflotation
column, which was used to conduct the flotation experiments.
The air flow rate was set to 0.5 L/min. The flotation experiments
were repeated three times with a maximum error of less than
5%. The flotation performance was characterized by recovery and
grade of pyrite determined by sulphur analysis using LECO SC632
Sulphur Analyser.

3. Results and discussion

3.1. Particle size distribution analysis

The particle size distribution (PSD) of the two coals and pyrite
samples were determined to establish the slime deportment with
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Fig. 1. Particles size distribution of (a) sub-bituminous coal and (b) meta-
bituminous coal, and (c) their corresponding slime content at various particle
size fractions.

Fig. 2. Particle size distribution of pyrite (a) before and after the de-sliming
process. and (b) corresponding slime content at various particle size fractions.

particle size, and to investigate the effect of particle size on desul-
phurization of coal. The PSD was determined by using a Mas-
tersizer 3000 laser particle sizer (Malvern, UK). Fig. 1(a) shows
the particle size distribution of the sub-bituminous coal, while
Fig. 1(b) shows that of the meta-bituminous coal sample. The
slime content of both coal samples is shown in Fig. 1(c), which
implies that the slime content of the coal samples increased with
decreasing particle size. The highest slime content was observed
in the fine particle size fraction (−74 + 45 µm) for both the sub-
bituminous coal and meta-bituminous coal and was recorded as
23.68% and 27.16%, respectively.

Fig. 2(a) and (b) show the particle size distribution of pyrite
before and after de-sliming and the corresponding slime contents,
respectively. It can be seen that the slime content increases with
decreasing particle size, with the highest slime content of 44.28%
obtained in the −74 + 45 µm size fraction.

3.2. UV–visible analysis

Collector adsorption plays a key role in flotation, and is of-
ten directly proportional to flotation recovery. The amount of
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Fig. 3. The UV-visible absorbance of (a) sub-bituminous coal and (b) meta-
bituminous coal and (c) their corresponding adsorption amount in 10−4 mol/L
PAX solution.

Fig. 4. UV-visible absorbance of (a) pyrite samples before and after the de-
sliming process and (b) their corresponding adsorption amount in 10−4 mol/L
PAX solution.

PAX adsorbed on the sub-bituminous and meta-bituminous coal
samples at various particle sizes in 10−4 mol/L PAX solution was
determined from the absorbance curves shown in Fig. 3(a) and
(b). As shown in Fig. 3(c), the degree of PAX adsorption is low
for both coals and does not vary significantly with particle size.
Compared with the two coals, as shown in Fig. 4, the adsorption
amount of PAX on pyrite for various particle size fractions was
much higher. This is because of the expected high chemisorption
of PAX on the surface of pyrite particles (Fornasiero and Ralston,
1992a). PAX adsorption increased with decreasing pyrite particle
size, which may be attributed to the increase in specific surface
area with decreasing particle size (Mathur, 2002). Furthermore,
the adsorption amount of PAX on pyrite before and after the
de-sliming process showed significant differences. Precisely, PAX
adsorption decreased after the de-sliming process for each parti-
cle size fraction probably due to the tendency for slimes to adsorb
more collector (Mathur, 2002).

In order to further investigate the effect of slimes on the ad-
sorption behaviour of PAX on pyrite, the UV-visible experiments
of the sub-bituminous and meta-bituminous coals mixed with
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Fig. 5. UV-visible absorbance of (a) sub-bituminous coal (−75 + 45 µm) and
(b) meta-bituminous coal (−75 + 45 µm) mixed with pyrite (−74 + 38 µm)
before and after de-sliming process, and (c) their corresponding PAX adsorption
amount in 10−4 mol/L solution.

Fig. 6. Zeta potential as a function of pH for sub-bituminous coal,
meta-bituminous coal and pyrite in the presence of 10−4 mol/L PAX solution.

pyrite were conducted. For this purpose, 0.5 g coal samples (−75
+ 45 µm, not de-slimed) with the highest slime content were
mixed with pyrite (−74 + 38 µm, either de-slimed or not de-
slimed). Fig. 5(a) shows the UV absorbance of sub-bituminous
coal and absorbance in the presence of pyrite and deslimed
pyrite after PAX addition. Fig. 5(b) shows the PAX absorbance
data for meta-bituminous coal. As shown in Fig. 5(c), desliming
reduces the adsorption amount of PAX on pyrite by more than
50% because of the removal of fine particles that would otherwise
be available for adsorption. The presence of the sub-bituminous
or meta-bituminous coal increases the PAX adsorption amount
on deslimed pyrite slightly. However, when compared with each
other, the PAX adsorption amount on the sub-bituminous and
meta-bituminous coal show little difference.

3.3. Zeta potential analysis

The bubble-particle attachment processes during flotation can
be significantly impacted by the zeta potential of particles be-
cause the charge on particles and bubbles affect the electrostatic
interactions with each other. The zeta potential as a function of
pH for the sub-bituminous coal, the meta-bituminous coal and
pyrite in the presence of 10−4 mol/L PAX was shown in Fig. 6. It
can be seen that the differences in zeta potential between pyrite,
and the sub-bituminous and meta-bituminous coal samples are
significant. This indicates that the surface chemistry of pyrite is
different from that of the sub-bituminous and meta-bituminous
coals, while the two coal samples have a comparable surface
charge in the presence of PAX. Pyrite surface is hydrophobic in the
presence of PAX due to the chemisorption of xanthate ions and
dixanthogen on pyrite surface (Fornasiero and Ralston, 1992b;
Valdivieso et al., 2003). It was found in a related study that PAX
addition affects the zeta potentials of pyrite more strongly than
the two coals (Zhou et al., 2019a). These results suggest that
pyrite can be effectively separated from coals in the presence
of PAX collector. The zeta potentials of the sub-bituminous and
meta-bituminous coals are similar in the presence of PAX most
likely due to a similar amount of PAX adsorption on both coals.
The literature shows that in similar pH ranges, the zeta potential
of air bubbles (measured using micro-electrophoresis method)
and the two coals are comparable (Zhou et al., 2019b; Yang et al.,
2001). This implies that there is potentially more electrostatic re-
pulsion between bubbles and coal particles than between bubbles
and pyrite particles. These observations are in agreement with the
UV-visible results.



Y. Zhou, B. Albijanic, B. Tadesse et al. / Energy Reports 5 (2019) 1316–1323 1321

Fig. 7. Pyrite flotation recovery and grade as a function of mean coal particle
sizes for (a) sub-bituminous coal and (b) meta-bituminous coal before the de-
sliming process. Pyrite particles size −212 + 150 µm, and in the presence of
1×10−4 mol/L and 5×10−4 mol/L PAX concentration.

3.4. Flotation results

The efficiency in separating pyrite from the sub-bituminous
and meta-bituminous coal particles before the de-sliming process
were investigated at different coal particle size fractions. Fig. 7(a)
and (b) show the flotation recovery and grade of pyrite from
the sub-bituminous and of meta-bituminous coals, respectively.
In both cases, the recovery of pyrite increases with decreasing
particle size while the opposite is true for pyrite grade in the con-
centrates. The high recovery for pyrite observed for the finer size
range in both coals is in good agreement with previous studies
which indicate that the maximum pyrite flotation recovery was
observed at 50 – 150 µm size range (Trahar and Warren, 1976).
Increased detachment of coarse pyrite particles from bubble sur-
faces is responsible for the low recovery at coarse size (Trahar and
Warren, 1976). Fig. 7(a) shows that the recovery of pyrite from
sub-bituminous coal increased by 55% when the concentration of
PAX increased from 1×10−4 mol/L to 5×10−4 mol/L. Similarly,
pyrite recovery from meta-bituminous coal increased by up to

Fig. 8. Coal recovered into the concentrate during flotation of pyrite (−212 +

150 µm) from (a) sub-bituminous coal and (b) meta-bituminous coal before
de-sliming process as various coal particle size and PAX concentrations.

60% for the coarse size fraction upon increasing PAX concentra-
tion from 1×10−4 mol/L to 5×10−4 mol/L (Fig. 7(b)). The change
in pyrite grade with the increase in PAX dosage was insignificant.

As shown in Fig. 8, the recovery and grade of coal in the
concentrate during flotation of pyrite from the two coals in-
creased with the decrease of coal particle size for both sub-
bituminous and meta-bituminous coals, probably due to the in-
creased entrainment of fine coal particles. By comparison, the
recovery of the meta-bituminous coal particles was higher than
that of the sub-bituminous coal particles. This is attributed to the
higher natural hydrophobicity of the meta-bituminous coal (Xia
et al., 2015b). Additionally, the recovery of coal increased with
an increase in PAX concentration. The reason is probably higher
entrainment of coal particles at higher PAX concentration.

A comparison of flotation recovery and pyrite grade before and
after the de-sliming process were conducted in order to further
investigate the influence of slimes on separation efficiency of
pyrite from the sub-bituminous and meta-bituminous coal. As
shown in Fig. 9(a), the recovery of pyrite after the de-sliming
process was higher than before the de-sliming process for both
coals. The effect of de-sliming is particularly significant at lower
PAX concentration (1×10−4 mol/L) where the pyrite recovery in-
creased by about three-fold. The pyrite recovery increases slightly
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Fig. 9. (a) Pyrite flotation recovery and (b) pyrite grade obtained for pyrite
flotation from sub-bituminous and meta-bituminous coal particles before and
after de-sliming at different PAX concentrations.

after the de-sliming process in 5×10−4 mol/L PAX solution for
both the sub-bituminous and meta-bituminous coals. Interest-
ingly, the de-sliming process appears to have a higher impact on
pyrite grade (increased by > 20%) in the meta-bituminous coal
in comparison with that in the sub-bituminous coal as shown in
Fig. 9(b). This occurs probably due to higher nature hydrophobic-
ity of the meta-bituminous coal than the sub-bituminous coal.

The effect of pyrite particle size on its separation efficiency
from the sub-bituminous and meta-bituminous coal (−500 +

250 µm) after the de-sliming process was studied in 1×10−4

mol/L PAX solution. As can be seen in Fig. 10(a), the flotation
recoveries for all pyrite particle size fractions except −300 +

212 µm were high after the de-sliming process. The reason for
poor recovery at the coarsest size fraction could be attributed to
the relatively high density of pyrite particles (around 5.0 g/cm3)
becoming a limiting factor. In contrast, due to the lower density
of coal particles (around 1.5 g/cm3), the upper size limit for coal
flotation can be as large as 500 µm (Xia et al., 2014; Wang et al.,

Fig. 10. (a) Pyrite flotation recovery and (b) pyrite grade during flotation in
sub-bituminous and meta-bituminous coal particles after the de-sliming process
with different pyrite particle size fractions in 1×10−4 mol/L PAX solution.

2016). Interestingly, pyrite grade was found to be independent of
particle size and coal rank as shown in Fig. 10(b). The above flota-
tion results indicate that the presence of slimes affects flotation
through high collector consumption and entrainment.

4. Conclusions

The effects of slimes and particle sizes of coal and pyrite
on the separation of pyrite from the sub-bituminous and meta-
bituminous coals were studied. The flotation of pyrite using PAX
collector was conducted to establish the limitations of the de-
sliming process on pyrite recovery and grade. For the coal particle
size, considered in this study, the recovery of pyrite from the
sub-bituminous coal and meta-bituminous coal before de-sliming
increased by 55% and 60%, respectively, when the concentration
of PAX increased from 1×10−4 mol/L to 5×10−4 mol/L. The UV–
Vis analysis revealed a 50% higher amount of PAX adsorption
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on particles in the presence of slimes as compared with that
after the de-sliming process, possibly due to higher surface area
of slimes. However, for the PAX concentration range, used in
this study, the recovery of pyrite from the meta-bituminous coal
increased by 20%, and that from the sub-bituminous increased
by 10% after the de-sliming process. The flotation recovery of
pyrite increased with decreasing both pyrite and coal particle
sizes when the feed was de-slimed. The sub-bituminous coal
recovery of 72% and the meta-bituminous coal recovery of 95%
were observed during pyrite flotation from −74 + 45 µm coal
size fraction at PAX concentration of 5×10−4 mol/L. This suggests
that desulphurization of fine coals is more challenging probably
due to the increased entrainment of fine coal particles during
pyrite flotation.
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