
Introduction 

Fly ash is the main by-product of coal
combustion. It is a solid, fine, and powdery
material that consists of mainly non-
combustible inorganic materials and unburned
carbons. In 2009 over 375 Mt of fly ash,
resulting from burning coal at power stations,
was produced in China1. Pollution issues
associated with fly ash are attracting more and
more attention. However, utilization remains
limited due to some technical limitations. The
key concern is the high unburned carbon
content in fly ash. For example, for use as a
raw material in cement and concrete, the
unburned carbon in fly ash should be less than
3 per cent. The unburned carbon would be
removed by ’dry’ or ’wet’ processes like
electrostatic separation, gravitational
separation, or froth flotation. Various studies
have been carried out on the recovery of
combustibles from ash materials2–5. Studies
showed that froth flotation is the most efficient
method for the removal of unburned carbon,
compared to electrostatic or other physical
cleaning techniques6,7.

Column flotation is an important method in
mineral processing technology. It is regarded
to have reached maturity and offers some
advantages over conventional flotation. The
advantages of column flotation include a
smaller physical footprint, lower power
requirement, and a greater ability to recover
valuable fines at a better grade of target
mineral due to the minimization or prevention
of hydraulic entrainment of undesirable
fines8–10. 

The introduction of the cyclonic circulation
method is one of the most important
developments in column flotation technology
in the past few years. Research by Yalcin11

indicated that centrifugal force field in the
flotation device is able to provide a high rate of
bubble-particle contact and enables the process
to take place in a very short column. FCSMC
technology, in which column flotation and
centrifugal force field are combined, is a novel
method developed in recent years at China
University of Mining and Technology, and
related studies indicate that it has some
advantages over conventional flotation
machines12–15. 

The FCSMC separator can be divided into
three main zones, as described in Figure 1, i.e.
the column separation zone, the cyclonic
separation zone, and pipe flow mineralized
zone. The column separation zone is where
hydrophobic particles (concentrate particles)
adhere to bubbles by the way of counter
current collision and bubbles disengage from
the pulp. This zone is in the upper part of the
column. The cyclonic separation zone is in the
form of an inverted cone, in which a
centrifugal force field is generated when
circulating pulp is injected tangentially into the
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column. In the cyclonic separation zone, the circulating
materials are split into three fractions due to the centrifugal
force. The particles with high density do not adhere to the
bubbles, and move towards the column wall and then
downward along the column wall; the mineralized bubbles,
which include a substantial amount of valuable minerals,
move towards the column center and then upward to the
column separation zone; the remainder are pumped by the
circulation pump as the middlings. In the pipe flow
mineralized zone, a self-aerating bubble generator in which
air is drawn in by the negative pressure induced by jet flow is
used to generate microbubbles. Due to a high mixing velocity
and a large interfacial area in the pipe flow mineralized zone,
there is rapid contact and collection of particles. Compared to
mechanical cells and other flotation columns, conceptually,
the FCSMC separator is characterized by the following three
unique advantages16–18:

➤ Microbubbles generated by the self-aerating bubble
generator are able to enhance the recovery of fine
particles

➤ Continuous circulation of the pulp containing the
middlings strengthens the recovering capacity of the
column

➤ The cyclonic flotation method employed in the column
reinforces mineralization efficiency and reduces the
lower limit for efficient flotation by increasing
circulation pressure.

Experimental

Materials

Fly ash from a power station located in Guangdong province
was used for this study. An 80 kg portion of a representative
sample was split and bagged in 4 kg sub-samples to keep
them as homogeneous as possible. The unburned carbon in
the fly ash and the flotation products was evaluated by loss
on ignition (LOI) analysis. LOI analyses were done with
moisture-free fly ash samples dried in a laboratory furnace.
After drying, 1 g of representative sample was put into a
ceramic crucible and placed in a laboratory furnace. The
sample was kept at 815°C for 3 hours. The residue was then
allowed to cool in a desiccator and weighed. LOI% was

calculated using the formula:

Mineralogical and chemical analysis of the sample

X-ray diffraction (XRD) analysis was carried out using a
D/Max-3B (Rigaku) unit. The results are shown in Figure 2.
Chemical analysis of the sample was carried out using an X-
ray fluorescence (XRF) unit (S8 TIGER), and the results
obtained are reported in Table I. 

Contact angle measurements

Contact angle has been extensively used in mineral
processing theory and practice. For a bubble to actually
adhere to mineral particle so that the latter can be recovered,
a finite contact angle must exist at the three-phase line of
contact. Contact angle is not the sole criterion responsible for
mineral recovery, but is one of the important contributing
factors19. 

In this study, the unburned carbon was collected by
sieving the ash sample using a Tyler screen with sieve
diameter of 74 µm. Samples with the size fraction larger than
74 µm were used as the unburned carbon for contact angle
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Figure 1—Schematic view of FCSMC separator

Figure 2—Mineralogical analysis of the sample by XRD 



measurements. LOI of the unburned carbon obtained using
this method was about 75 per cent. Contact angles of the
samples were determined by the sessile drop method using a
digital goniometer (Drop Shape Analysis System, DSA100,
Krüss GmbH, Hamburg, Germany). For contact angle
measurements, a drop of the test liquid was dispensed at a
constant rate by a microsyringe steel needle. The drop shape
was monitored with a digital camera for 20 seconds, and
contact angle, drop diameter, and volume were recorded. The
contact angle was calculated by the Young–Laplace method.
In order to direct the problem description, the contact angles
of a hard-to-float fine coal from a coal preparation plant in
Hebei province were also measured. The measurements were
repeated three times for every sample. The results of the
contact angle measurements are shown in Table II. 

Size analysis of the sample

A 150 g portion of the ash sample was sieved using the
cyclonic particle analyser and various size fractions collected
for analysis. All the sieved samples were dried in an oven at
about 100°C and cooled to room temperature. Each size
fraction was analysed for the unburned carbon (UC) content,
i.e. LOI%. The results are given in Table III.

Experimental setup and tests

The column flotation unit

A laboratory-size column flotation unit was designed for the
experiments. The unit consists of an agitator, a peristaltic
pump for feeding, a circulation pump, a tailings peristaltic
pump, and the column body. The column was made of
Plexiglas of 100 mm in diameter and 2000 mm in height. The
self-adsorption microbubble generator was used to generate
microbubbles. A schematic of the column flotation unit is
shown in Figure 3.

Experimental procedure and conditions

For the flotation process, slurry with a certain pulp density
(solids content by weight) was formed and agitated in the
agitator for 5 minutes. Collector and frother were then added.
Conditioning between the additions of each reagent was
allowed. Conditioning times were 3 minutes for the collector
and 1 minute for the frother. The feed to the column was

introduced from the upper section of the collection zone by
pumping the slurry from the agitator. Wash water for
cleaning of the froth product was introduced through a
perforated plastic container situated just above the froth
zone. The circulation pressure of the flotation column was
metered by a pressure gauge and controlled by the circulation
pump. The superficial gas velocity was metered by a flow
meter. The test conditions and reagents used are presented in
Table IV. Flotation products were filtered, dried, and analysed
for unburned carbon contents (LOI, %).
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Table I

Chemical analysis of the sample by XRF

Equivalent compound Content (%)

Na2O 0.23 
MgO 0.95 
Al2O3 24.20 
SiO2 61.40 
K2O 3.00 
CaO 0.66 
Fe2O3 2.60 
TiO 1.10 
P2O5 0.29 
SO3 0.18 
Others 5.39 Table II

Contact angles of the unburned carbon and the
hard-to-float fine coal

Samples Size fraction Contact angle (°)

(µm) Group 1 Group 2 Group 3 Average

Fly ash +125 61.9 61.3 62.2 61.8
-125+74 47.1 46.9 46.7 46.9

-74 34.4 36.6 35.8 35.6
Total 36.3 36.5 36.7 36.5

Hard-to-float fine coal +125 60.9 61.8 61.4 61.4 
-125+74 66.2 65.9 67.3 66.5 

-74 56.4 56.6 56.5 56.5 

Total 58.5 57.5 58.8 58.3 

Table III

Size analysis of the fly ash sample

Size range Mass. Ash LOI Distribution of Cumulative distribution

(µm) (%) (%) (%) UC (%) Wt. (%) UC (%)

+125 4.84 27.64 72.36 22.56 4.84 22.56 
-125+74 4.35 23.53 76.47 21.43 9.19 43.99 
-74+41 5.53 96.39 3.61 1.29 10.16 45.28 
-41+30 13.50 95.82 4.18 3.64 28.23 48.91 
-30+20 17.10 90.58 9.42 10.38 45.32 59.29 
-20+10 16.94 86.37 13.63 14.87 62.26 74.16 
-10+8 2.26 75.77 24.23 3.53 64.52 77.69 
-8 35.48 90.24 9.76 22.31 100.00 100.00 

Total 100.00 84.48 15.52 100.00 — —

Figure 3—Schematic diagram of column flotation unit
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Results and discussion

Characteristics of the sample

The XRD results reported in Figure 2 indicate that most of the
materials in the ash sample are amorphous. The crystalline
minerals in the ash sample contain mainly quartz (Q), mullite
(M), illite (I), kaolinite (K), and feldspar (F). Mullite is an
alumininosilicate material (3Al2O3·2SiO2) that forms at high
temperatures by an interaction of silica and alumina-bearing
minerals in the combustion environment. Table I shows the
chemical components of the sample. As can be seen, SiO2 and
Al2O3 were the major components in the fly ash. According to
characterization by ASTM C 618, a fly ash sample having a
SiO2 + Al2O3 + Fe2O3 content greater than 70 per cent and
CaO less than 10 per cent belongs to the F class20.The ash
used in this study can therefore be classified as F class fly
ash. 

Results of contact angle measurements of the unburned
carbon and the hard-to-float fine coal are listed in Table II. It
can be seen that, in the +125 µm fraction, the contact angle
of the unburned carbon is nearly equal to that of the hard-to-
float fine coal. Contact angles of the two samples all decrease
with decreasing particle size. However, the contact angles of
the unburned carbon in the -125 µm +74 µm and -74 µm
fractions are obviously lower than that of the hard-to-float
coal. The contact angle for the entire sample of the unburned
carbon sample is 36.5° which is 21.8° less than that of the
hard-to-float fine coal. Previous study of flotation of the
hard-to-float fine coal showed that the cleaning of this kind
of coal presents some challenges to be overcome21. This
phenomenon indicated that the removal of the unburned
carbon from fly ash using flotation is more difficult, due to
the lower contact angle. In addition, the authors also cited the
contact angles of some typical coals (listed in Table V) as a
comparison22. As shown, the contact angles of nearly all the
coal types are well above that of unburned carbon (Table II).
This indicates that the unburned carbon contained in fly ash
has a lower hydrophobicity, and these results correlate well
with the study by Demir20.

In China, fly ash used in concrete and cement applications
is required to have a LOI content generally less than 5 per
cent by weight in order to obtain the required pozzolanic
properties. This requirement results from the fact that
properties of concrete incorporating high-carbon ash are
inferior to those of concrete incorporating low-carbon ash.
For the fly ash used in this study, the size analysis results
given in Table III show that more than 54 per cent of the fly
ash was in slime form (-20 µm), where about 40 per cent 
of the unburned carbon was located. In the coarse fraction 
(+74 µm), the LOI was 74.31 per cent. Although this fraction
had the lower weight distribution (9.19 per cent), it contained
more than 43 per cent of the unburned carbon. From the
above analysis, it is obvious that the removal of the
unburned carbon distributed in +74 µm and -20 µm fractions
is the key to reducing the LOI of the ash sample.

Column flotation tests

The experimental conditions and range of variables used in
the column flotation tests are summarized in Table IV. The
effect of operating parameters on flotation results was
evaluated by the removal rate of unburned carbon and LOI of
the cleaning ash.

Influence of collector dosage

The collector dosage is a critical parameter in the flotation
experiments. Adjusting the collector dosage can change the
surface character of the particles and influence the recovery
efficiency. Generally, unburned coal samples from power
stations are severely oxidized to the extent of losing about 55
per cent of their aliphatic hydrocarbon groups, and this
results in the hydrophobicity of unburned carbon being lower
than that of the coal before combustion. Thus, the dosage of
collector is generally at high levels. Diesel oil was chosen as
collector in the trials. Five different collector dosages (800,
1000, 1200, 1400, and 1600 g/t) were used in this study.
The effect of collector dosage on the removal rate of
unburned carbon (RUC) and LOI of the cleaning ash is shown
in Figure 4, where it is seen that 1200 g/t collector dosage
resulted in a RUC of 79.38 per cent and a LOI of 5.49 per
cent. When the dosage of collector is over 1200 g/t, no
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Table IV

Experimental conditions used in column flotation
tests

Test condition 

Diesel, Qc (g t-1) 800, 1000, 1200, 1400, 1600
Abies oil, QF (g t-1) 300, 400, 500, 600, 700
Pulp density (PD) (%) 10, 15, 20, 25, 30
Superficial gas velocity (Jg) (cm s-1) 1, 1.4, 1.8, 2.2, 2.6
Circulating pressure (CP ) (MPa) 0.16, 0.18, 0.20, 0.22, 0.24
pH (natural range, not adjusted) 8.0~8.5
Froth thickness (mm) 350~400

Table V

Contact angles of some typical coals

Type Static contact Type of coal Static contact
angle (°) angle (°)

Candle coal 60〜63 Lean coal 79〜82
Gas coal 65〜72 Meagre coal 71〜75
Rich coal 83〜85 Anthracite coal ≈73
Coking coal 86〜90 Shale 0〜10

Figure 4—The effect of collector dosage on the removal rate of UC and
LOI of the cleaning ash (PD = 20%, QF = 400 g/t, Jg = 1.8 cm/s, CP =
0.18 MPa)



further increase in RUC and no further decrease in LOI were
observed. Therefore, 1200 g/t was determined as the
optimum collector dosage. 

Influence of frother dosage

The stability of the bubble–particle aggregate is one of the
prerequisites for a successful flotation operation. The frother
concentration directly affects the bubble size (by controlling
bubble coalescence), selectivity, and recovery. In order to
determine the effect of the frother concentration on the
column flotation performance, abies oil was used as frother.
Figure 5 shows the results obtained with abies oil dosages
ranging from 300 g/t to 700 g/t. The removal rate of UC
increased from about 72 per cent to 90 per cent as the dosage
of frother was increased from 300 g/t to 600 g/t. LOI of the
cleaning ash showed a decrease with increased frother
dosage. However, the removal rate of both UC and LOI varied
very slightly variation when the frother dosage was over 
600 g/t. Therefore, 600 g/t was determined as the optimum
collector dosage. 

Influence of pulp density

It is well known that pulp density is an important parameter
in flotation. The selection of flotation pulp density is
determined by the recovering capacity, selectivity, and froth
load capacity for valuable particles. Generally, the higher the
yield of froth phase, the lower the required pulp density. For
example, the pulp density of coal flotation is arranged at a
lower level about 100 g/L (10 wt.%) or so due to the higher
yield of froth phase (60 per cent to approximately 80 per
cent). In this study, the froth phase yield is about 30 per cent
to 40 per cent, which is much lower than that of coal
flotation. Therefore, pulp densities used in fly ash flotation
are generally higher than those used in fine coal flotation.
The column flotation tests in this study were carried out at
different pulp densities (10–30 per cent) in the FCSMC
separator in order to determine the effect on flotation
performance of the fly ash. The results of these tests are
plotted in Figure 6. As can be seen, when the pulp density
increased from 10 per cent to 20 per cent, the RUC
(percentage) showed a slight change. Increasing the pulp
density, however, brought about a significant decrease in the
RUC  of up to 30 per cent. From Figure 6, it is also obvious
that the LOI of the cleaning ash increased from 2.15 per cent
to 3.71 per cent as the pulp density was increased from 10
per cent to 30 per cent. A pulp density of 20 per cent gave a
LOI value of 2.53 per cent, which met the requirements that
LOI value should be lower than 3.0 per cent. Taking into
account the flotation column capacity, 20 per cent was
determined as the optimum pulp density.

Influence of superficial gas velocity

The superficial gas velocity is the ratio between volumetric
gas flow rate rate and the cross-sectional area of the column
cell. It is a parameter related to the bubble size, and has a
direct influence on the flotation recovery. The effect of
superficial gas velocity was investigated in the range from
1.0 to 2.6 cm/s. The results are presented in Figure 7. When
the superficial gas velocity was at a low level of 1.0 cm/s, a
large proportion of unburned carbon was not floated. The
RUC and LOI of the cleaning ash were 3.13 per cent and

89.07 per  cent, respectively. Increasing the superficial gas
velocity from 1.4 to 2.6 cm/s resulted in the LOI of the
cleaning ash increasing almost linearly, while the RUC
showed a slight change. The increasing of LOI with
increasing superficial gas velocity may be due to the deterio-
ration in the separation environmental resulting from the
increase in turbulent flow. Further experiments were carried
out at 1.4 cm/s in view of the above analysis.
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Figure 5—The effect of frother dosage on the removal rate of UC and
LOI of the cleaning ash (QC = 1200 g/t, PD = 20%, Jg = 1.8 cm/s, CP =
0.18 MPa)

Figure 6—The effect of pulp density on the removal rate of UC and LOI
of the cleaning ash (QC = 1200 g/t, QF = 600 g/t, Jg = 1.8 cm/s, P = 
0.18 MPa)

Figure 7—The effect of superficial gas velocity on the removal rate of
UC and LOI of the cleaning ash (QC = 1200 g/t, QF = 600 g/t, PD = 20%,
CP = 0.18 MPa)
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Influence of circulating pressure

The pulp circulation is the typical characteristic of FCSMC
separator. In the circulation process, the jet of the circulation
pulp entrains air. Due to a high mixing velocity and a large
interfacial area, there is rapid contact and collection of air
bubbles/particles. Previous studies demonstrated that an
increase in circulating pressure was able to reduce the lower
limit for efficient flotation and enhance collection16,17. The
circulating pressure was varied from 0.16 to 0.24 MPa. The
results, which are shown in Figure 8, show that the removal
rate of UC increased from about 87.89 per cent to 94.21 per
cent as the circulating pressure was increased from 0.16 MPa
to 0.20 MPa. The LOI of the cleaning ash showed a decrease
with increasing circulating pressure. This phenomenon can
be explained by the fact that the mineralization efficiency and
recovery capacity of the column were enhanced by increasing
the circulating pressure. However, both the removal rate of
UC and LOI showed a very slight variation when the
circulating pressure was over 0.20 MPa. Therefore, 0.20 MPa
was determined as the optimum circulating pressure. 

Conclusions

The following major conclusions can be drawn from this
study:

1. By optimizing the flotation operating parameters at
collector dosage (diesel oil) of 1200 g/t, frother dosage
(abies oil) of 600 g/t, pulp density of 20 per cent,
superficial gas velocity of 1.4 cm/s, and circulating
pressure of 0.20 MPa, UC has been successfully
removed from the fly ash. The LOI (%) of the cleaning
ash was decreased to 2.13 per cent,, while the removal
rate of UC was 94.21 per cent. 

2. The main advantages of the FCSMC separator are the
generation of microbubbles and the continuous
cyclonic circulation method. As a novel flotation
column, the unique advantages make the FCSMC
separator more efficient in reinforcing the mineral-
ization efficiency and recovery of fine particles. In
conclusion, the FCSMC separator seems to constitute a
viable and effective separation process for removing
unburned carbon from coal fly ash.
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Figure 8—The effect of superficial gas velocity on the removal rate of
UC and LOI of the cleaning ash (QC = 1200 g/t, QF = 600 g/t, PD = 20%,
Jg = 1.4 cm/s)
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