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ABSTRACT — This paper investigates the effect of particle size on the flotation kinetics parameters of raw and
waste fine coal from anthracite mine "Vréka Cuka, Serbia. Based on batch flotation test data of coal, non-linear
fitting was conducted by using MatLab for modeling first order flotation kinetics. The cumulative combustible
recovery against flotation time were correlated using the Classical model. The coefficient of determination (r?)
values of the proposed model were from 0.9904 to 0.9998 for raw coal and from 0.9555 to 0.9980 for waste
coal. The maximum values of the flotation rate constant (k) for both coals were obtained for the particle size
fractions (-0.1+0.053) mm. The relation between flotation kinetics constant (k) with particle size (ds) was
estimated through equations presented in the paper (Eq. 3 and 4).

Keywords: Coal, Particle size, Flotation, Kinetics, Classical model.

INTRODUCTION

Coal flotation is a very complex physico-chemical process and difficult to control. Coal
flotation plays an important role in coal processing and is a widely used method in coal
processing technologies for the separation of fine coal below 0.5 mm and in some cases
even below 1 mm [2].

The coal flotation theory and parameters affecting the coal flotation performance are
explained in detail by Polat [1] and Laskowski [3]. Generally, coal flotation is affected by
a number of parameters [1, 3]. The most critical parameter affecting the stability of
bubble-particle aggregates is the particles size [4]. Particle size has an important role in
coal flotation as well as flotation kinetics. The effect of particle size on coal flotation
kinetics is complex, and it has been described by Sokolovic and Miskovic (2018) [5].

Many studies have been conducted to determine the effect of particle size on coal
flotation kinetics [2, 6-18]. A number of kinetic models have been developed and tested
for the coal flotation process. In general, the best-fit kinetic model varies for different
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coal types and flotation conditions. Based on available literature, it is found that the coal
flotation follows the first-order kinetics model [2, 5-18].

The flotation rate constant is strongly dependent on coal particle size. In recent years,
studies showed that the highest flotation rate can be obtained over an intermediate
particle size range while it decreases sharply for fine and coarse particle sizes.

The relation between flotation rate constant and cumulative recovery with particle
size was found to be nonlinear [12]. Studies showed that the first-order kinetic model
with a rectangular distribution of floatability gave the best fit to the flotation
experimental data for coal with particle size between 37 and 375 um [5]. Furthermore,
the nonintegral-order equation fit the test data of fine coal with average particle sizes
between 188 and 100 pm.

Additionally, the physical and chemical properties of coal are usually altered by the
oxidation processes. The oxidation processes result in the formation of oxygen functional
groups, such as carboxyl, phenol and carbonyl functionalities on coal surface [19], which
reduces the hydrophobicity of coal as well as coal flotation kinetics [20]. This paper
investigates the effect of particle size on the flotation kinetics parameters of raw and
waste coal from anthracite mine "Vr$ka Cuka", Serbia.

EXPERIMENTAL
Materials

Coal samples of about 250 kg were collected from the anthracite coal mine "Vrska
Cuka" in Serbia. The first representative samples were collected from raw coal and the
second from the coal waste ponds. Raw coal (RC) was sampled as feed from the “BSRI-
1200” dense-medium separator, with a particle size range of 0-25 mm. Waste coal (WC)
was sampled from the coal waste ponds, with a particle size range of 0-1 mm. The raw
coal sample was screened at 1 mm for particle size analysis and flotation kinetics tests.

Methods
Particle size analysis

The raw and waste coal samples were sieved to determine the particle size
distribution. Wet sieving on sieves: 0.5; 0.2; 0.1; 0.053 mm was applied for determining
the particle size distribution of both coal samples.

Laboratory sieve shaker Retsch AS200 was used with amplitude 2 mm for 25 min.
After drying, the ash content was determined according to the SRPS ISO 1171 standard
from 2014 at 815 °C. The particle size distribution wise ash content is shown in Table 1.

The particle size analysis results of raw and waste coal show a similar mass
distribution by size fractions. The lowest ash content in both tested coal samples was
recorded in the size fraction (-0.5+0.2) mm and was 14.54% and 29.60%, respectively.

From Table 1, it can be seen that fine size fractions below 0.053 mm are 26.19% for
raw coal and 22.77% for waste coal. Higher ash content (about 53%) in waste coal
designates the presence of slime and clay in this fraction.
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Table 1 Particle size distribution and ash contents of raw coal (RC) and waste coal (WC)
samples

Particle Raw coal (RC) Waste coal (WC)
size
fraction Internal values Cumulative Internal values Cumulative
d (mm) passing value passing value
Weight (%) | Ash (%) | Weight (%) | Ash (%) | Weight (%) | Ash (%) | Weight (%) JAsh (%)

+0.5 23.52 20.98 23.52 20.98 23.96 31.84 23.96 31.84
+0.5+0.2 21.04 14.54 44.56 17.94 28.31 29.60 52.27 30.63
10.2+0.1 13.94 16.88 58.50 17.69 14.91 35.73 67.18 31.76
0.1+0.053 15.31 17.22 73.81 17.59 10.05 42.20 77.23 33.12
0.053+0 26.19 22.31 100.00 18.83 22.77 53.23 100.00 37.70

Flotation tests

A laboratory flotation machine Denver D-12 was used for flotation kinetics tests with
the impeller speed of 1250 rpm. All coal flotation tests were conducted with feed slurries
at 10% solids (by weight). The pH was adjusted to 7.5. Kerosene (1000 g/t), tannic acid
(200 g/t), sodium silicate (200 g/t), and pine oil (45 g/t) were used as reagents in this
study. In each flotation kinetics test, the pulp was first agitated in the flotation cell for 3
minutes. After 2 min of agitation kerosene was added, and the slurry was mixed for 0.5
min, when tannic acid, sodium silicate, and pine oil were added and the slurry was stirred
for additional 0.5 min. Air was introduced after the conditioning stage, and flotation
concentrates were collected at 30, 90, 150, and 360 s. After the final froth sample was
collected, the machine was stopped. The froth flotation concentrates and the tailings
were filtered, dried, weighed, and analyzed. Ash content analyses were conducted for all
samples. Following flotation kinetics tests, all concentrates were dry sieved. Size-wise
ash analysis for the five particle size fractions, 0.5; 0.2; 0.1, and 0.053 mm were
conducted for froth concentrates and the tailings. Based on the obtained results, the
combustible recovery (R) of non-ash materials for each fraction were calculated by:

R = Y (100 - Ac) / (100 - Af) D
where Y is the percentage yield of the concentrate and Ac and As are the percentage ash
contents in concentrates and feed materials, respectively [12].

Flotation kinetics

The vyields for the individual particle size fractions were plotted as a function of
flotation time. In this study, a classical first-order kinetics model, introduced by Zuniga
(1935) [21], a given in Eq. 2, is used to obtain the parameters of k and R~ through fitting
the flotation test data.

R = Ro[l-e(-k - t)] 2)

where R is the ultimate (maximum) recovery of non-ash materials (%) at time, t is
the cumulative flotation time (min), and k is the flotation rate constant (min™?).

MATLAB tool was used to fit the first-order kinetics model to the flotation test results
to obtain Re and k values [22]. If the coefficient of determination (R?) was higher than
0.8, Eqg. 2 can be applied.
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RESULTS AND DISCUSSION

The curves of flotation kinetics of different particle size fractions of raw coal (RC) and
waste coal (WC) are shown in Figure 1.
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Figure 1 Cumulative recovery of different particle size fractions of
a) raw coal (RC) and b) waste coal (WC) against flotation time

Using MatLab tools, the values of the flotation rate constant and other flotation
parameters were determined for the first-order classical flotation kinetics model. The
obtained values are shown in Table 2.

Table 2 Kinetics parameters generated by the first-order classical model for various size
fractions of raw coal (RC) and waste coal (WC) samples

Raw coal (RC) Waste coal (WC)
Particle size
fraction k (min‘t) Rx (%) r? k (min‘t) Rw (%) r?
d (mm)
+0.5 1.6848 93.37 0.9996 1.0584 23.55 0.9555
-0.5+0.2 1.8084 93.74 0.9942 1.2056 51.76 0.9746
-0.2+0.1 1.5017 90.68 0.9904 1.2877 76.26 0.9980
-0.1+0.053 4.2624 82.28 0.9998 1.4557 71.70 0.9960
-0.053+0 2.9839 81.29 0.9980 0.7786 44.06 0.9789

(r? — the coefficient of determination)

Based on the results presented in Table 1, it can be concluded that the ultimate
(maximum) recovery of non-ash materials from raw coal decreases as the particle size
decreases. Furthermore, the highest ultimate (maximum) recovery for raw coal is
observed in the +0.5 mm size fraction, while the lowest recovery for waste coal occurs in
the same size fraction.

Figure 2 shows the dependence of the flotation rate constant (k) on particle size, i.e.
the mean diameter of a narrow size fraction (dsr).

Figure 2 shows the flotation rate constant variation with particle size. As it can be
seen from Figure 2, flotation rate constant (k), for raw coal, first increases sharply and
then decreases, indicating an optimum particle size (about 0.1 mm), while for waste
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coal, flotation rate constant values are lower and increases slightly with increasing dsr.
The maximum flotation rate constant (k) values for raw and waste coal are 4.2624 min™’
and 1.4557 min™", respectively, for the particle size fraction of (-0.1 + 0.053) mm.

45 #— Raw coal (RC)
7 4 a—  Waste coal (WC)
L}
% 35 4
§ 3
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2 \ . — .
g 15 m_
2 o S
£ 1 - 'Y
= i
= 05
0 . . . . v . -
0 01 02 03 04 05 06 07 08
Mean particle diameter d,, (mm)

Figure 2 Dependence of the flotation rate constant on particle size
of raw (RC) and waste (WC) coal

Using the Matlab tool, the values of the coefficients of determination were
determined from 0.9904 to 0.9998 for raw coal and from 0.9555 to 0.9980 for waste coal.
It can be concluded that the classical model well describes the first-order flotation
kinetics. This model showed good applicability to experimental flotation data for both
raw and waste coal. According to the results from Table 2 and Figure 2, the relation
between flotation kinetics constant (k) with particle size (dsr) was estimated through
equations:

Kre = (a + b dsv+c - dsrz)/(l +d-ds+e - der) (3)
where: a =2.728965; b = - 41.135466; c = 192.135603; d = - 18.675380; e = 102.500493
kwe= a - ds+ b/dsr + C/(dsrz) +d (4)

where: a =-0.1258396; b = 0.0451993; ¢ = - 0.0014227; d = 1.1031061

The coefficient of determination (r?) values for flotation kinetics constant for raw and
waste coal were 0.9797 and 0.9911, respectively. Based on the observed trend, a
proposed mathematical functions are a good fit for both coals.

CONCLUSION

The first-order classical model was applied as an effective tool for modeling the
complex relation between the input and output variables in a coal flotation process. The
r? values were obtained from 0.9904 to 0.9998 for raw coal and from 0.9555 to 0.9980,
for waste coal, indicating a good relation.

The correlation between the flotation rate constant (k) and the mean particle
diameter (dsr) depends on the type of coal. The maximum values of the flotation rate
constant (k) for raw and waste coal were obtained for the particle size fractions
(-0.1+0.053) mm. The proposed mathematical models, given in Equations 3 and 4,
provide a relationship between the flotation kinetics constant (k) and particle size (dsr).
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