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Abstract Kaolinite, as a mineral in fine coal, has an important influence on the flotation of coal particles. In this study, the
effects of ultrafine kaolinite particles on the flotation recovery of coal particles were investigated. Flotation tests were
carried out using a mixture of coal particles and different amounts of ultrafine kaolinite particles. Combined with the
Stefan—Reynold theory, the effect of liquid film drainage rate between coal bubbles in a kaolinite suspension was cal-
culated. The yield of flotation clean coal increases quickly with the increasing content of ultrafine kaolinite particles. The
ultrafine kaolinite particles can reduce the surface tension of the suspension, weaken the bubble coalescence, and stabilize
the structure of the froth layer. In addition, the ultrafine kaolinite particles increase the apparent viscosity of the flotation
pulp slightly. It is concluded that the role of ultrafine kaolinite particles on the positive effect of froth properties conceals
the negative effect on the liquid film drainage rate between coal particles and bubbles caused by the kaolinite particles,
which ultimately leads to an increasing yield of clean coal with an increasing content of kaolinite particles. This study is

important for understanding the influence of ultrafine kaolinite on coal particle flotation.

Keywords Coal flotation - Surface tension - Apparent viscosity - Liquid film drainage

1 Introduction

Flotation is the most effective method for separating fine
coal from gangue particles (Ni et al. 2018a, b; Yoon 2000).
There are many ultrafine gangue minerals in the flotation
pulp, which are produced by grinding or mudding of the
clay minerals. These minerals include kaolinite, illite and
montmorillonite. The presence of these ultrafine minerals
in coal flotation leads to a major problem: causing a low
recovery but a high ash content of clean coal by the
entrainment of fine gangues (Wang et al. 2015; Yu et al.
2017a, b; Zheng et al. 2006). Therefore, it is essential to
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reduce the mineral matter in clean coal to reach the
requirements for coal utilization.

In the past 100 years, the negative effects of fine slimes
on coal flotation have been extensively studied (Gulsoy
2005; Ni et al. 2015; Zhang et al. 2013). However, in recent
years, many scholars have found that in the flotation pro-
cess, the presence of a small amount of ultrafine particles
helps to increase the stability of the froth layer, thereby
increasing the recovery rate of the flotation concentrate
(Horozov 2008; Ni et al. 2018a, b; Zhang et al. 2008). The
essence of coal flotation is that the coal particles collide
with the bubbles, and the liquid film between the coal and
bubbles gradually thins and ruptures; then, the coal parti-
cles adhere to the bubbles (Nguyen and Schulze 2004).
Ultrafine kaolinite particles are hydrophilic and exert less
inertial force in the flow field environment, as they barely
adhere to the bubble surface selectively in a thermody-
namic environment. They hinder the coalescence between
the particles and stabilize the suspension. During the
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bubble generation process, these ultrafine kaolinite parti-
cles enter the boundary water layer of the bubble non-
selectively, with the bubble entering the froth layer.

In previous decades, researchers reviewed and consid-
ered the effects of high-ash fine slimes or gangue particles
on coal flotation behavior, and most of them focused on
water entrainment, mechanical entrainment and slime
coating (Warren 1985; Yu et al. 2017a, b; Zhang et al.
2013). However, few studies have revealed the effect of
fine slimes, such as kaolinite, on the drainage behavior of
liquid films during particle-bubble collision and adhesion.
In this paper, a suspension consisting of ultrafine kaolinite
powder was analyzed, and the flotation behavior of coal
particles under different kaolinite powder contents was
studied. Throughout this paper, new insights are provided
regarding the effect of ultrafine kaolinite on the coal
flotation process.

2 Experiment
2.1 Materials and reagents

The experimental coal sample was selected from low-ash
coking coal from the Shanghaimiao Coal Preparation Plant,
Inner Mongolia, China. The coal samples were crushed and
ground to — 0.5 mm. Then, a final coal sample with a size
fraction of 0.25-0.5 mm and a density less than 1500 kg/
m® was obtained via the screening test and float-and-sink
test. The proximate analysis of the final coal sample is
listed in Table 1.

Ultrafine kaolinite was purchased from the Hongtu
Mining Company in Guangdong Province, China. The
mineral composition of the kaolinite was determined using
an X-ray diffractometer (D8 ADVANCE, Bruker, Ger-
many), and the result is presented in Fig. 1. The XRD
result indicates high purity kaolinite in the ultrafine
kaolinite powder.

Furthermore, ultrafine kaolinite was determined using
laser particle size analysis (Microtrac Inc. S3500, USA) to
determine particle size distribution properties, and the
result is presented in Fig. 2. The laser particle size result
indicates that the kaolinite powder content of less than
10 ym in the sample reached 85%. In mineral/coal

Table 1 Proximate analysis of coal sample

Mg (%) Aaa (%) Vaa (%) FCua (%)

1.71 4.39 40.34 53.56

M,, moisture content on air-dry basis, A,, ash content on air-dry
basis, FC,, fixed carbon content on air-dry basis, V,,; volatile matter
content on air-dry basis
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flotation, particles below 10 pum are usually referred to as
ultrafine particles (Wang et al. 2005).

The static contact angles of coal and kaolinite particles
were measured using the dropping method (Zhongchen
JC2000D, China). As illustrated in Fig. 3, the static contact
angles of coal and kaolinite particles were 96° and 11°,
respectively. This means that the coal surface was very
hydrophobic, while the kaolinite particles were very
hydrophilic. Therefore, the collector was not used in the
flotation tests to float coal particles based on its natural
hydrophobicity.

Experimental chemical reagents included 2-octanol
(analytical grade), NaCl (analytical grade), and Watsons
deionized water with a conductivity of 0.0006 s/m. 1 mM/
L NaCl solution was prepared using deionized water and
sodium chloride.

2.2 Surface tension and froth layer properties tests

According to a test method mentioned in previous studies
(Dadashev et al. 2015; Zhou and Dong 2016), the surface
tension tests were performed using the Wilhelmy Hoist
method. The surface tension of the ultrafine kaolinite sus-
pension was measured with a surface tensiometer (Kruss
K100, Germany).

The definition of different ultrafine kaolinite contents in
this paper was as follows: the ratio of the mass of kaolinite
to coal particles was 0%, 5%, 15%, and 25%, meaning that
a mass of 30 g coal particles was fixed in the flotation.
According to the mass ratio, the mass of the ultrafine
kaolinite was 0 g, 1.5 g, 4.5 g and 7.5 g, respectively. The
test procedure was as follows: first, weighing the specified
amount of kaolinite into 0.5 L of 1 mM/L NaCl solution,
stirring it until the bottom of the beaker has no precipita-
tion, and quickly placing the suspension into the K100
surface tensiometer. Each measurement was repeated 3
times. The experimental tests were performed at a tem-
perature of 298 K.

The three-phase froth was prepared by a modification of
the Ross—Mile method. The airflow method was used to
inflate the bottom of the acrylic tube to measure the
maximum height and half-life of the froth layer produced
by the kaolinite suspension and flotation pulp. The equip-
ment structure is shown in Fig. 4. First, suspensions of
different ultrafine kaolinite contents or flotation pulp were
prepared; the method of preparation was the same as in the
surface tension test. Then, they were transferred to the
acrylic tube to begin inflating, and the air flow was set at
0.2 m*/h. After 30 s, the froth layer height (which is the
maximum froth layer height) was recorded, and the time
required to reduce the froth layer height by half (which is
the half-life of the froth layer) was recorded.
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2.3 Apparent viscosity of suspension tests

The apparent viscosity measurements were measured by an
NDJ/SNB digital display viscometer (Shanghai Haoz-
huang, China). The measurement range was 1-2 kPa s, and
the rotation speeds were 6, 12, 30, and 60 r/min. The
apparent viscosity of the kaolinite suspension was mea-
sured using a No. O rotor at 60 r/min, and each measure-
ment was repeated 3 times. Finally, the average value is the
apparent viscosity of the kaolinite suspension. Due to the
excessive sedimentation rate of coal particles, the apparent
viscosity of the pulp cannot be measured. The experimental
tests were performed at a temperature of 298 K.

2.4 Tests of bubble size

Since coarse particles have less influence on the size of the
bubbles, the size of the bubbles in the suspension can
represent the true size of the bubbles in the flotation sys-
tem. The bubble size experiment was observed in 0.5 L
RK/FD flotation cells under the same conditions as flota-
tion tests (no collector but with the addition of frother of
30 g/t sec-octyl alcohol). The suspension preparation pro-
cess was consistent with the surface tension test but with
the addition of the frother. A Bailey differential pressure
transmitter was located on the flotation cell to determine
the gas hold up (Quinn et al. 2007). The equipment
structure is shown in Fig. 5. For selected conditions, the
bubble size distribution was determined using high-speed
video microscopy (I-Speed713, UK). Typically, over 500
bubble images were processed. The BSD data were pre-
sented in Image-Pro Plus software. In addition, the Sauter
mean diameter (SMD) is a popular representation of the
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mean bubble size, defined as Eq. (1) (Hosseinzadeh et al.
2018; Pacek et al. 1998):

N N
dya = Y _ Nid; / > N} (1)
i=1 i=1

where N, is the number of bubbles and d; is the individual
mean bubble diameter.

2.5 Flotation tests

All flotation experiments were conducted in a 0.5 L flota-
tion cell (RK/FDII, China) with an impeller speed of 1800
t/min. An air flow of 0.2 m*/h was assigned. The flotation
water was 1 mM/L NaCl solution. The frother was sec-
octyl alcohol at a dosage of 30 g/t to maintain the stability
of the froth. No collector was added. The flotation sample
is a mixture of 30 g coal particles and different proportions
of ultrafine kaolinite consistent with the surface tension
tests.

First, the mixture sample was added to the flotation cell
with NaCl solution and pre-wetted for 3 min. Then, the
frother was added, and the pulp was conditioned for
0.5 min. Finally, the air flow was provided, and the flota-
tion concentrate was collected within 3 min. The clean coal
and tailings were collected. To effectively separate the coal
particles and kaolinite in the clean coal and tail coal, the
recovery rate of coal was checked to minimize the amount
of coal particles mixed into the kaolinite during the
experiment. This study selected clean coal and tail coal by
wetting screening (because the particle size of the coal
sample was 0.25-0.5 mm, the products below 0.074 mm
were considered to be all kaolinite powder). The product
on the screen was filtered and dried at 60 °C for 5 h. The
products were then weighed for yield analysis. In addition,
the ash content of clean coal was also analyzed using a
muffle furnace.

3 Results and discussion
3.1 Analysis of surface tension and froth properties

Figure 6 shows that the maximum froth layer height and
froth half-life of the kaolinite particle suspension increase
with increasing kaolinite particle content. Figure 7 shows
that the surface tension of the ultrafine kaolinite suspension
decreases and then increases with increasing content of
kaolinite particles. The low surface tension is favorable for
the formation of bubbles, prevents the coalescence and
breakage of the bubbles, and forms a relatively stabilized
froth layer.
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Fig. 5 Equipment for testing the size of flotation bubbles (1: High-Speed Video Microscopy, 2: Light Source, 3: Bailey Differential Pressure

Transmitter, 4: Flotation Machine, 5: Flowmeter)
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Fig. 6 Maximum froth layer height (MFLH) and froth layer half-life (FLHL) of kaolinite suspensions and flotation pulp with different contents

The flotation pulp of kaolinite and coal particles were
different from kaolinite particle suspensions. Its maximum
froth layer height and froth half-life increased rapidly to
6.5 cm from 3 cm, and the half-life of the froth also
increased to 8 s from 5 s when the kaolinite content was
increased from 0% to 5%. Then, it slowly increases with

increasing kaolinite content. According to a previous study,
Dadashev et al. (2015) found that the surface tension of a
bentonite suspension system showed a minimum between
3% and 5% of bentonite solids. Similarly, in this paper, a
similar phenomenon was found with the ultrafine kaolinite
particles that were used as the research object.
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Fig. 7 Surface tension and apparent viscosity of kaolinite suspension with different contents

3.2 Analysis of suspension apparent viscosity
and theoretical calculation of liquid film
drainage rate

Figure 7 illustrates that the content of ultrafine kaolinite
particles in the low-concentration NaCl solution has little
effect on the apparent viscosity of the suspension.

Owing to different compositions, structures, and charge
properties, clay minerals and nonclay minerals affect pulp
rheology quite differently (Chen and Peng 2018). In the
literature, the change in pulp rheology can also signifi-
cantly affect froth stability as reviewed by Farrokhpay
(2011). Zhang and Peng (2015) found that clay minerals
modified the pulp rheology depending on the type of clay
minerals present. High pulp apparent viscosity was related
to decreased gold flotation, and slightly increased pulp
apparent viscosity by clay minerals enhanced gold flotation
Chen et al. (2017). found that amorphous silica caused a
significant increase in the apparent viscosity of the pulp.
This resulted in a reduction in the recovery of copper and a
reduction in the grade of copper concentrate. Ndlovu et al.
(2014) found that kaolinite suspensions were characterized
by high yield stress and low apparent viscosity, and this
behavior was attributed to changes in charge anisotropy,
aspect ratio and surface morphology. In addition, Shi and
Zheng (2003) believed that high froth viscosity led to an
increase in froth residence time that decreased the water
holdup in the froth phase and provided a longer time for
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water and entrained kaolinite to drain back from the froth
to the pulp phase.

In this study, the content of ultrafine kaolinite particles
had little effect on the apparent viscosity of the suspension.
The collision of coal particles with bubbles was a hydro-
dynamic problem involving the size of the coal particles,
the size of the bubbles, and the relative motion between the
particles and the bubbles. In the gas-liquid two phase
foam, the thermodynamic drainage process in the liquid
film mainly comes from two aspects. One is capillary
pressure, and the other is the disjoining pressure between
gas-liquid interfaces formed by surface forces. Ejtemaei
and Nguyen (2017) observed a liquid film between the
bubble and particle drainage behavior by high-speed video
microscopy. During the liquid film spreading process, the
capillary pressure promotes the thinning of the liquid film,
and the liquid film will produce the opposite force during
the thinning process, which is the disjoining pressure. Ye
et al. (2017) demonstrated that with increasing apparent
viscosity, the liquid film drainage rate was significantly
reduced.

Based on previous studies, the liquid film drainage rate
of the colloidal force and disjoining pressure proposed by
Nguyen and Schulze in 2004 is shown in Eq. (2) (2004). It
is applied to the liquid film of the suspension of different
kaolinite particle contents involved in this paper (Ejtemaei
and Nguyen 2017).
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h is the thickness of the liquid film between the bubble and
the particle, taking 0.1 mm (Ejtemaei and Nguyen 2017). u
is the apparent viscosity of the suspension, ¢ is the surface
tension of the suspension, and Ry is the radius of the liquid
film between the bubble and the particle, which is
approximately 0.19 mm (R; is determined by the radius of
the coal particles. The coal particles used in this paper were
0.25-0.5 mm, so the average value was 0.375 mm. R, is
the radius of the bubble. The size of the bubbles in the
kaolinite suspension is shown in Fig. 8. /] is the disjoining
pressure between the bubble and the coal. In the equation,
%‘b’ is the capillary pressure. In our system, the disjoining
pressure is defined as the sum of electrical double-layer
interaction [[.y and van der Waals interaction [] ,,, in

Eq. (3) (Li and Somasundaran 1993; Zhang et al. 2017).

IT= Hvdw + Hedl

zeqy zePp;
— 64nkT x tanh (20 < tanh (S22 ) exp(—h
64nkT X tan T ) = tan AT exp(—xh)

o 3)

Here A is the Hamaker constant (Visser 1969), n is the
number of electrolyte ions per unit volume in the aqueous
film, k is the Boltzmann constant, ze is the charge on the
electrolyte ions, T is the absolute temperature, and x~' is
the Debye length. ¢ and ¢, are the surface potentials of

1.75

the solid-liquid and bubble-liquid interfaces, respectively.
The surface potentials of the bubble-liquid interface under
different conditions are taken from the literature as
— 40 mV (Li and Somasundaran 1993).

Figure 8 shows that the size of the bubbles gradually
decreases with increasing kaolinite content. The apparent
viscosity of the kaolinite suspension does not change much
with increasing kaolinite content, but the surface tension of
the kaolinite suspension clearly decreases, which mainly
leads to a decrease in the bubble size in the kaolinite sus-
pension with increasing kaolinite content.

Figure 9 shows that when the kaolinite content was
increased from 0% to 25%, the liquid film drainage rate
between coal particles and bubbles was decreased. The
decrease in the drainage rate was mainly caused by the
decrease in the surface tension of the kaolinite suspension.
The decrease in liquid film drainage rate between coal
particles and bubbles reduces the probability of adhesion
(P,), which ultimately affects the flotation yield of clean
coal particles.

3.3 Flotation experiment results and discussion

Figure 10 shows that the yield of clean coal increases with
increasing content of kaolinite particles, and the change of
clean coal ash content is in the range of 3.6%—4.0%. With
the increasing content of kaolinite powder in the flotation
pulp, the clean coal ash content is slightly changed, while
the clean coal yield is significantly changed.
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Fig. 8 Effect of ultrafine kaolinite content on SMD of the bubbles
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Fine particles contribute to the stability of the froth layer
(Horozov 2008). Ni et al. (2018a, b) discovered that the
flotation rate of coal particles in the 0.5-0.25 mm size
range initially increased and then decreased as the content
of slime particles increased. Zhang et al. (2008) believed
that by adding suitable nanoparticles to the froth system, a
three-dimensional network structure can be formed
between the bubble surface and the continuous phase to
prevent the aggregation of bubbles.

According to the theory of flotation dynamics, the
probability (P) of a particle being collected by an air
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Curve of coal particle-bubble liquid film drainage rate in suspension with different kaolinite contents

bubble in the froth phase of a flotation cell can be given by
Eq. (4) (Xie 2012):

P:PcPa<l_Pd)Ps (4)

where P, is the probability of bubble—particle collision, P,
is the probability of adhesion, Py is the probability of
detachment, and P; is the stable probability of froth layer
formation.

P. is determined by the hydrodynamics of the system,
which is strongly affected by the particle size, bubble size
and turbulence. In this paper, it can be considered basically
unchanged. P, is also affected by hydrodynamics but is
largely a function of the surface chemistry involved. This
paper argues that it is controlled by the coal particle—
bubble liquid film drainage rate (Nguyen et al. 1998). P4
can be negligibly small because of the low inertia. P; is
determined by the stability of the froth phase.

Figure 9 shows that as the kaolinite content increases,
the liquid particle-bubble liquid film drainage rate
decreases when the kaolinite content increases from 0% to
25%. In the kaolinite flotation system, P, decreases grad-
ually. Additionally, Fig. 6 shows that the maximum froth
layer height and half-life of the kaolinite suspension
increase with increasing kaolinite content. In addition,
when the kaolinite content in the flotation system increases
from 0% to 5%, the maximum froth layer height increases
by 3.5 cm, and the froth layer half-life increases by 3 s.
Hence, P is gradually increased relative to the kaolinite
content of 0% in the kaolinite system. With increasing
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kaolinite content, the yield of clean coal increases gradu-
ally. The stable froth has a significant positive effect on the
coarse coal flotation behavior in the kaolinite suspension.
The role of ultrafine kaolinite particles on the positive
effect of froth properties conceals the negative effect on the
liquid film drainage rate between coal particles and bubbles
caused by the kaolinite particles, which ultimately leads to
an increasing yield of clean coal with increasing content of
kaolinite particles.

4 Conclusions

A surface tension test of the suspension indicates that the
surface tension of the suspension can be significantly
affected by ultrafine kaolinite, which contributes to the
formation of bubbles in the pulp, weakens the coalescence
of the bubbles, and stabilizes the froth layer. A test of the
apparent viscosity of the suspension proves that the
apparent viscosity of the slurry has a slight influence with
the increase of the kaolinite particle content. Combined
with Stefan-Reynold theory, the effect of kaolinite on the
liquid film drainage rate between bubbles and coal particles
was negative. This leads to a change in the probability of
adhesion. The influence of ultrafine kaolinite particles on
the pulp froth layer leads to the enhancement in the
stable probability of froth layer formation, which ulti-
mately leads to an improvement in the flotation behavior of
coal particles under the addition of ultrafine kaolinite
particles.
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