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Abstract: The floatability of fine low-rank coal particles can be greatly influenced by their
morphological characteristics, such as shape and surface roughness. In this study, the attachment
efficiency and detachment amplitude of fine low-rank coal particles produced by various comminution
methods onto/from the bubble surface were investigated using homemade bubble–particle wrap angle
and bubble–particle attachment/detachment testing systems. Results showed that the length–diameter
ratio of rod-milled products was smaller than that of crushed products. The wrap angle of particles
obtained by the crushed method was larger than that obtained by the rod-milled method, i.e., particles
with greater length–diameter ratio showed higher attachment efficiency onto the bubble surface.
Meanwhile, particles with greater length–diameter ratio exhibited a larger detachment amplitude,
which suggests that it is more difficult to be detached from the bubble surface. However, rod-milled
products showed lower attachment onto the bubble surface. The flotation test confirmed that the
floatability ratio of crushed products was higher than that of rod-milled products, consistent with
evidence from experimental analyses. This study provides a fundamental understanding of particle
shapes for low-rank coal flotation by a novel research method combining the attachment efficiency
and detachment amplitude of bubble–particle combinations.

Keywords: low-rank coal; floatability; particle shape; attachment efficiency; detachment amplitude

1. Introduction

Froth flotation, which utilizes the differences in floatability between valuable minerals and other
particles, is the most economical mineral processing method used to separate fine mineral particles
from gangue. With respect to the interaction between bubbles and particles in an aqueous solution, the
flotation process is composed of three main sub-processes: collision, attachment, and detachment. The
efficiencies of these sub-processes are responsible for the overall flotation efficiency [1–4]. The efficiency
of collision is mostly affected by the hydrodynamic conditions of the flotation process, while the
efficiency of bubble–particle attachment/detachment is very important for flotation. It should be noted
that the attachment efficiency is largely influenced by the surface properties of mineral particles [2].

Minerals 2019, 9, 452; doi:10.3390/min9070452 www.mdpi.com/journal/minerals

http://www.mdpi.com/journal/minerals
http://www.mdpi.com
https://orcid.org/0000-0001-9270-7756
http://www.mdpi.com/2075-163X/9/7/452?type=check_update&version=1
http://dx.doi.org/10.3390/min9070452
http://www.mdpi.com/journal/minerals


Minerals 2019, 9, 452 2 of 12

Meanwhile, the bubble–particle attachment is governed by surface morphological characteristics, such
as the shape, surface roughness, and pores of particles [5–9].

The surface morphology of particles plays a key role in the floatability of minerals, such as coal,
gold, chalcopyrite, pyrite, molybdenite, alumina, muscovite, talc, and quartz. The contact angle, pulp
rheology, film stability of the particle surface, induction time for bubble–particle attachment, and
mineral entrainment during flotation are significantly affected by the particle surface morphology.
The rheology of chrysotile suspension is largely influenced by the shape of non-fibrous minerals and
chrysotile fibers [10]. The ess-spherical bitumen molecules aggregate more easily [11]. The flattened
gold particles are more likely to float and experience a higher recovery than cubic, spherical, or regular
gold particles in gold flotation [12]. Angular chalcopyrite particles float faster than round ones in the
absence of a collector. Talc and quartz particles with greater elongation and less roundness have higher
floatability [13]. However, round pyrite particles have higher floatability than particles with a higher
elongation ratio [14]. Irregular alumina and galena particles were observed to attach to the bubbles
along their longest edges [15,16]. The disc-shaped ink and elongated quartz particles exhibit a larger
contact area during bubble–particle attachment. This larger contact area reduces the rates of both thin
film drainage and film rupturing [17–19]. Similarly, coal particles with less roundness float rapidly,
whereas coal particles with more roundness float slowly [20]. Also, it is considered that the sharp edges
of ground particles can easily trigger the film rupture process and shorten the attachment time [19,20].

However, the effect of the shape of particles obtained from different comminution methods on
low-rank coal flotation has not been sufficiently studied. The length–diameter ratio can affect the
floatability of various particles. In this study, the length–diameter ratio, wrap angle, bubble–particle
attachment/detachment of rod-milled and crushed coal particles were investigated. The floatability
ratio was calculated by performing a flotation experiment to verify the influence of comminution
methods or shape on bubble–particle attachment/detachment.

2. Materials and Methods

2.1. Materials and Sample Preparation

The raw coal size was 0–13.00 mm, which was obtained from the Shendong Coal Mine, China.
To ensure that the test sample was the new fine particle produced by two kinds of comminution
equipment, the fine material of 0–0.50 mm in raw coal was screened out by pre-screening. The coal
sample of 0.50–13.00 mm was fed into two comminution devices, one of which involved crushing
using a hammer crusher while the other one consisted of wet grinding with a roll mill. The mass
concentration of coal in the roll mill was 40%, and the sample was ground for 15 min. The single-stage
open-circuit crushing process was adopted, and the discharged material was screened through two
0.50 mm and 0.25 mm sieves to sort out the 0.25–0.50 mm particles. The product of two comminution
methods was used as a sample for each experiment and characterization in this study. During sample
preparation, various factors were considered to ensure that the sample exhibited good consistency and
representativeness. The flowsheet of sample preparation is shown in Figure 1.

2.2. Dynamic Image Particle Analysis

To investigate the morphology of the particles, shape measurements were carried out using the
BT-2900 dynamic image particle analysis system (Figure 2), which performs 2D image analysis [21].
The BT-2900 image particle size analysis system consists of an electromagnetic vibration dynamic
feeding system, a high-brightness LED array light source, an imported high-speed coupled-charged
device (CCD), and a small phased-out lens. For grainy images shot randomly through a lens, computer
software quickly identifies and processes the particles in real time, and displays the image, size, and
shape data of each particle. The analysis result package includes the roundness and convexity of
the particle morphology, reflecting particle size, particle size distribution, typical value, maximum
particle size, specific range content, and less than or more than a certain particle size content. The
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measuring range of particle size in this system is 0.03–10 mm. In this study, 1.5 g of crushed and
rod-milled products (particle size of 0.5–0.25 mm) were used, with particle quantities of 13,562 and
13,667, respectively.Minerals 2019, 9, x FOR PEER REVIEW 3 of 12 
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2.3. Scanning Electron Microscopy (SEM)

The surface morphology of coal samples was determined by scanning electron microscopy (SEM;
SIGMA, Carl Zeiss Company, Oberkochen, Germany). The coal samples were dried for 24 h in a
vacuum drying chamber at 60 ◦C. After spraying gold on their surface, a 20 kV acceleration voltage
was selected for SEM analysis.
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2.4. X-ray Photoelectron Spectrometry (XPS)

An X-ray photoelectron spectrometer (ESCALAB 250Xi, Thermo Scientific, Waltham, MA, USA)
irradiated the samples with a beam of X-rays to analyze the elemental composition and chemical
morphology of the sample surfaces. In the XPS spectra, elements and chemical states on the surface of
the samples were determined from peak position and shape, and the content of the elements on the
surface of the samples was determined from peak area. In this study, the chemical composition and
chemical state of the synthesized samples were calibrated by the C1s peak value of 284.8 eV, using
Al–K X-ray as the excitation source.

2.5. Bubble–Particle Wrap Angle Experiment

The bubble–particle wrap angle (BPWA) was used to reveal coal floatability in low-rank coal
flotation. A schematic of the bubble–article wrap angle (θ) is shown in Figure 3. The BPWA experiment,
used to simulate the flotation process and indicate the situation of particles attached to bubble surfaces,
was first introduced by Chu et al. [22]. The BPWA defines the average coverage angle of the coal
particles on the bubble surface and is directly connected to the floatability of coal particles. A larger
BPWA means a better floatability [23].
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A homemade BPWA experiment system was used in this study, in which 2 g of coal (particle size
of 0.5–0.25 mm) was placed in a container with dimensions of 5 × 5 × 10 cm3, together with 200 mL of
ultrapure water. The diameter of the bubble was approximately 3.8 mm and the height between the
center of the bubble and the bottom of the container was 50 mm. The rotor speed was set to 250 rpm.
The stirring time was set to 40, 80, 120, 160, and 200 s, and bubble images were recorded accordingly.

2.6. Bubble–Particle Attachment/Detachment Test

The bubble–particle attachment/detachment testing system, shown in Figure 4, was designed
and assembled by our research team. The quantitative evaluation of bubble–particle attachment and
detachment, e.g., the characterization of bubble induction time and detachment force, can be realized
with a compact equipment structure and accurate test results [24].

The system includes a signal output unit, a motion drive unit, a bubble generation unit, a triaxial
sample table and sample tank, a video monitoring unit, and a displacement acquisition unit. After the
production of bubbles with consistent properties by the bubble generation unit, the triaxial sample
table was used to adjust the relative position between the samples and bubbles. The signal output unit
and motion drive unit completed the measurements of the properties of the particles, and the video
monitoring unit and displacement acquisition unit performed the collection and storage of data.
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Bubble–particle detachment was investigated for various particle groups under different
attachment modes. Low-rank coal samples with a particle size of 0.5–0.25 mm were selected,
and a sinusoidal wave with a constant vibration frequency of 20 Hz and a constant bubble diameter of
3.8 mm were adopted. First, coal samples were placed in a glass tank, and the granular bed was kept
flat and open. The light source and high-speed camera were adjusted to an appropriate position. An
injection pump was used at the end of the stainless capillary to squeeze the bubble. A three-dimensional
displacement platform was employed to form the coal particle bed. The rotor speed was set to 250 rpm.
The bubble–particle group was obtained when the wrap angle was ~110◦ after stirring, which is when
the vibration began, and the amplitude was increased from 0 mm to the maximum. All the particles
were detached from the bubble at the maximum critical detachment amplitude. During this period,
images were recorded accordingly. The stability of the floc was evaluated using the maximum critical
detachment amplitude. The maximum critical detachment amplitude is defined as the maximum
driving amplitude with 50% detachment.

2.7. Flotation Procedure

Flotation tests were conducted in a 0.5 L flotation cell (XFD type flotation machine, Nanchang
Jianfeng Mining Equipment Co., Ltd., Nanchang, China) using 40 g of coal sample with diesel oil
as the collector and 2-octanol as the frother, both of which were analytical grade, purity >99%, and
were purchased from the Sinopharm Chemical Reagent Co., Ltd., Nanjing, China. The dosages of
the collector and frother were 1000 g/t coal and 500 g/t coal, respectively. The impeller speed of the
flotation cell was 1800 rpm and the aeration rate was 0.25 m3/h. During the flotation process, 40 g
of sample was first agitated with deionized water in a flotation cell for 2 min; the collector was then
added and agitated for another 2 min. Next, the frother was added, and an additional 0.5 min of
conditioning was maintained. Subsequently, air was introduced into the flotation cell, and the pulp
was floated for 5 min.

3. Results and Discussion

3.1. Particle Shapes Analysis

With the dynamic particle image analysis system, the result of the length–diameter ratios of the
crushed and rod-milled products is shown in Figure 4. The length–diameter (LD) ratio is defined as:

LD ratio =
length o f particle

diameter o f particle
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Figure 5 shows that the length–diameter ratios for the particles obtained from two types of
comminution methods are different. The length–diameter ratio of rod-milled products is 2.101, whereas
that of crushed products is 2.224, which means that rod-milled low-rank coal particles are closer to
spherical particles, and crushed low-rank coal particles are closer to long strips.
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3.2. SEM Results

SEM images of the coal samples of rod-milled and crushed products at different resolutions is
shown in Figure 6. Figure 6a,b are the images of a rod-milled product at 300× and 4000× resolutions,
while Figure 6c,d are the images of a crushed product at 300× and 4000× resolutions.

From Figure 6a,c, in the SEM images, the shape difference across comminution products is obvious.
In the corresponding magnified images, Figure 6b,d, there is a certain degree of roughness. However,
if enlarged 4000 times, there is not a great difference in the roughness between comminution products.
The comminution method itself will not cause an obvious difference in the micro-morphology, but has
a great influence on the whole particle shape, which is also the focus of this study.
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3.3. XPS Results

To reveal the effects of different comminution methods on oxygen functional groups and chemical
composition on the surface of low-rank coal, X-ray photoelectron spectroscopy (XPS) analysis was
carried out for rod-milled and crushed products. Figure 7 shows the XPS spectra of coal samples
obtained by two different comminution methods. Eight characteristic peaks, such as those of C1s, O1s,
Si2p, and Al2p, are observed in both spectra. The dominant structure of the C–C peaks in the two coal
samples is evident, and the C–C bond in elemental C is 284.8 eV for correction.Minerals 2019, 9, x FOR PEER REVIEW 8 of 12 
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Figure 7. X-ray photoelectron spectroscopy (XPS) spectrum of different comminution products;
(a) rod-milled products, (b) crushed products.

As shown in Figure 7 and Table 1, the difference in the main characteristic peaks of the products
obtained by the two different grinding methods is less than 1.3%, which is very small. The contents
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of surface carbon and oxygen were the main factors affecting surface wettability (hydrophobicity
and hydrophilicity). Both the SEM and XPS tests indicated that the surface properties of the two
comminution products, including roughness and wettability, were almost the same, which therefore
would not have a significant effect on flotation. Thus, we investigated the effect of particle shape
characteristics, such as the length–diameter ratio, on flotation.

Table 1. Atomic ratios of different comminution products.

Name Atomic Ratio of
Rod-Milled Products %

Atomic Ratio of
Crushed Products % Difference%

C1s 67.09 65.79 1.30
O1s 23.73 24.52 −0.79
Si2p 3.60 3.62 −0.02
Al2p 3.03 2.90 0.13
Na1s 0.59 0.00 0.59
N1s 1.23 2.13 −0.90
Cl2p 0.52 0.00 0.52

Zn2p3 0.21 1.04 −0.83

The difference of XPS spectra (Figure 7a,b) is caused by the difference of signal in instrument
testing, so the content of the two samples cannot be directly judged from the spectrum, but the results
of relative content testing can be used as a basis for direct judgment. The results show that the relative
content of C1s and O1s from the rod-milled products is similar to that from the crushed products, with
a difference of 1.30% and −0.79%, respectively.

3.4. Bubble–Particle Wrap Angle Analysis

The wrap angle experiment simulated the attachment process between the particles and bubbles
in the process of real flotation. As shown in Figure 8, the wrap angle of particles adhered to the surface
of bubbles increases with increasing stirring time. Under the same stirring time, the wrap angle of
crushed products is larger than that of the rod-milled products, which indicates that the crushed
particles can be more easily attached to a bubble surface than rod-milled particles. In other words, the
larger the length–diameter ratio of particles is, the higher the bubble–particle attachment efficiency
is [25].
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Figure 8. Wrap angles of low-rank coal particles (different comminution methods) adhered to the
bubble surface for different stirring times.

3.5. Bubble–Particle Attachment/Detachment Analysis

According to the study of Holtham and Cheng [26], the bubble–particle air floc under external
force vibration can be regarded as a spring system. When the bubble–particle air floc vibrates, the
motion of the air floc can be described as a simple sinusoidal motion. The velocity expression is as
follows [27]:

V = −ωA sin(ωt + δ).
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In the formula, ω is the angular frequency, A is the amplitude, t is the time, and δ is the vibration
phase that determines the starting position of the sinusoidal wave. The acceleration of the vibration is
shown as the formula below:

av = −ω2Acos(ωt + δ).

Therefore, the forces generated by vibration are shown as:

Fv = ma = −mω2A cos(ωt + δ).

Thus, the expression of the maximum vibration force is:

Fv,max = m(2π f )2A.

In the vibration system, the detachment force of the particles is composed of the apparent gravity
and vibration force. The maximum detachment force is expressed as:

Fdet,max =
(
Fv,max + F′g

)
.

Because the apparent gravity of particles (F′g) is far less than the vibration force, F′g is neglected.
Therefore, the vibration force is considered to be the detachment force on the particles, which is
expressed as:

Fdet,max = m(2π f )2A.

In this formula, m is the particle mass, f is the vibration frequency, and A is the amplitude. Thus,
the detachment force is determined by the amplitude when both the particle mass and the vibration
frequency are fixed.

The bubble–particle detachment behavior of different comminution products was tested, and the
analysis results are shown in Figure 9. It is shown that the maximum critical detachment amplitude of
the rod-milled product is 1.344 mm, while that of the crushed product is 1.630 mm.
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The results show that rod-milled products are more likely to detach from bubbles than crushed
ones, which results from the small length–diameter ratio and the short three-phase contact periphery;
hence, the bubble–particle flocs are unstable. Crushed particles with irregular shape and large
length–diameter ratio usually form a long three-phase contact periphery, which results in stronger
adhesion and stronger stability of the bubble–particle floc. Hence, the large length–diameter particles
obtained from the crushed method have a greater affinity for bubbles and are difficult to detach from
the bubble surface. This phenomenon implies that the crushed method for low-rank coal is beneficial
for coal flotation [25].
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3.6. Flotation Results

As shown in Figure 5, the mean length–diameter ratio of rod-milled products was 2.101, whereas
that of crushed products was 2.224. To verify the parameter of the length–diameter ratio on particle
flotation, we defined the floatability ratio as:

Floatability Ratio =
Mf

Ms
× 100%

where Mf and Ms are the weights of the floats and sinks, respectively. As shown in Figure 10, the
floatability ratio of crushed low-rank coal is 72%, which is higher than that of rod-milled low-rank coal
with a floatability ratio of 58%. The floatability ratio is the comprehensive result of the bubble–particle
attachment and detachment behavior. Combined with the results illustrated in Figures 7 and 8, we
conclude that the coal particles from the crushed method with a larger length–diameter ratio show a
higher floatability ratio than those obtained by the rod-milled method.
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4. Conclusions

The influence of the shape of fine low-rank coal particles produced by different comminution
methods on bubble–particle attachment/detachment was investigated. It was found that the
length–diameter ratio of rod-milled products was smaller than that of crushed products. The
wrap angle of particles obtained by the crushed method was larger than that obtained by the rod-milled
method; i.e., particles with greater length–diameter ratio showed higher attachment efficiency on
the bubble surface. The maximum detachment amplitude of coal particle groups to the bubble was
1.630 mm, which corresponds to a large amplitude for crushed products, resulting in a more difficult
detachment of particles from the bubble surface. However, the maximum detachment amplitude was
1.344 mm for coal particles of rod-milled products, exhibiting a lesser attachment onto the bubble
surface. The flotation test showed that the floatability ratio of crushed products was higher than that
of rod-milled products. The results also illustrated that coal particles from the crushed method with a
larger length–diameter ratio show a higher floatability ratio than those obtained by the rod-milled
method. This investigation provides a fundamental understanding of particle shapes for low-rank coal
flotation by a novel research method combining attachment efficiency and detachment amplitude of
bubble–particle combinations.

Author Contributions: Y.X. (Yangchao Xia) and G.R. conceived and designed the experiments; Y.Z., F.G., R.Z., and
D.W. performed the experiments; X.G. and G.R. analyzed the data; Y.X. (Yaowen Xing) and G.R. wrote the paper.
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