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Abstract: The flotation effect of lean coal is crucial for its clean utilization. Therefore, the flotation
characteristics of difficult-to-float lean coal were studied. The analysis results of the feed properties
showed that the ash content of the feed was high and the particle size was very fine. The minerals
in the gangue mainly included sericite, kaolinite, quartz, white mica, and other substances. After
flotation, the functional groups of the coal particles in the tailings decreased, and the absorption peak
intensity weakened. Furthermore, the results of multi-factor flotation experiments showed that the
dosages of the collector and the frother were significant factors affecting the yield of clean coal. The
clean coal yield gradually increased with an increase in the two factors. The ash content of the clean
coal increased with an increase in the frother dosage. Within the range of feed concentrations used in
this work, the feed concentration was not a significant factor affecting the clean coal’s yield and ash
content. Prediction models for the clean coal yield and ash content were proposed. Under optimized
experimental conditions, the clean coal yield and the flotation perfection index were 72.15% and
46.63%, respectively, indicating a good flotation effect.

Keywords: lean coal; coal slime; gangue particle; surface functional group; flotation

1. Introduction

Coal accounts for approximately 55% of China’s primary energy consumption and
is the “ballast stone” of China’s energy security. In 2023, the raw coal output in China
was 4.71 billion tons, achieving a year-on-year growth of 3.4% [1]. Hence, promoting the
clean and efficient utilization of coal resources is crucial for achieving the goal of carbon
neutralization and a carbon peak. As the source technology in the field of clean coal,
coal separation is a basic way to achieve clean and efficient coal utilization. After coal
separation, the ash and sulfur content of coal can be greatly reduced, the coal quality can
be improved, the coal product structure can be optimized, and the utilization efficiency
can be improved. The content of fine particles in raw coal gradually increases with the
changes in the geological conditions of coal mining and the improved mechanization of
coal mining. In general, the content of particle sizes of less than 3 mm ranges from 20% to
45%. Normally, gravity beneficiation and flotation beneficiation are adopted for particle
sizes larger than 0.25 mm (or 0.5 mm) and particle sizes smaller than 0.25 mm (or 0.5 mm),
respectively [2].

Coal flotation is a complex process for separating different hydrophobic particles.
The efficiency of particle separation is typically affected by various factors, such as the
properties of feed particles [3–5], equipment performance [6–8], and process and operating
parameters [9–11]. Many researchers have performed theoretical and experimental research
on flotation, focusing on the influence of the particle size and density of the feed parti-
cles [12], the effect of the reagent [13,14], the characteristics and influence of bubbles [15],
the influence of high-ash fine slime [16], the adhesion behavior and process of coal particles
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and bubbles [17,18], etc. Cheng et al. [19] studied the adsorption of several collectors
on long-flame coal surfaces using density functional theory calculation and molecular
dynamics simulation. They found that an emulsifier can enhance the dispersion of the
biodiesel collector during flotation. The number of hydrogen bonds between the biodiesel
collector and the long-flame coal surface was increased. Therefore, the migration of water
molecules from the long-flame coal surface was accelerated. Xu et al. [20] used vegetable
oil 1030# to enhance the flotation performance of low-rank coal. The results showed that
1030# with many polar components was more easily spread on the surface of low-rank coal,
thus improving its hydrophobicity. Jia et al. [21] investigated the effect of high-intensity
conditioning on the surface hydrophobicity of coal and the possible formation of particle–
bubble clusters. Coarse particles required a higher turbulence intensity to increase the
collector dispersion. Fine particles required a lower turbulence intensity to reduce the
collector’s desorption. Furthermore, the adsorption capacity between the fine particles
and the collector was weaker than that for the coarse particles. Sun et al. [22] studied the
effect of Na+ on the adsorption behavior of polystyrene nanoparticles onto coal and quartz
surfaces. They found that the hydrophobic polystyrene nanoparticles were irreversibly
adsorbed onto both amorphous carbon and SiO2 sensors, and their adsorption capacity
gradually decreased with an increasing Na+ ion concentration. Zhou et al. [23] studied
the dispersion and mixing mechanism of coal slime particles in a jet-mixing flow field.
The results showed that the jet flow field can effectively remove the fine mud wrapped
on the surface of coal particles. The gas jet mode can promote the reagent acting on the
surface of the bubble liquid film to form oil bubbles, which is more suitable for hydrophobic
mineral flotation.

The flotation of coking coal and low-rank coal has been extensively studied. However,
there are relatively few reports on the flotation of difficult-to-float lean coal in China. Lean
coal for blast furnace injection can replace some coke, provide iron smelting heat, and play
a reducing agent role, thereby reducing the coke ratio and the iron smelting cost. Most of
the lean coal preparation plants in China have built flotation systems. However, in many
cases, the flotation effect is unsatisfactory. Improving the flotation efficiency of coal slime
is crucial for the high-efficiency utilization of lean coal. This study aimed, therefore, to
improve coal quality using the slime particles of scarce lean coal as the research object. Both
the particle properties and flotation experiments were considered in this work.

2. Materials and Methods

The experimental sample of lean coal used in this study was taken from a coal prepa-
ration plant in Shanxi Province. The particle size distribution of the sample is shown
in Table 1. The coal slime had a high ash content of 24.07% and consisted primarily of
0.25–0 mm particles (weight fraction: 94.21%). The weight fraction of the particles larger
than 0.25 mm was 2.69%, indicating a relatively low classification efficiency before flotation
during industrial production. The content of 0.074–0 mm particles reached up to 60.51%,
with a relatively high ash content of 28.11%, which indicated that there were large amounts
of high-ash fine particles in the coal slime. In addition, 0.045–0 mm particles had a relatively
high content of 18.89% and a high ash content of 36.44%, indicating that large amounts of
high-ash slime were found in the lean coal sample.

Table 1. Size distribution of the feed coal for flotation.

Size Range
/mm

Weight
Fraction

/%

Ash
/%

Accumulation of Plus Size Accumulation of Minus Size

Weight Fraction/% Ash/% Weight Fraction/% Ash/%

>0.5 0.26 25.42 0.26 25.42 100.00 24.21
0.5–0.25 2.43 27.58 2.69 27.37 99.74 24.20

0.25–0.125 22.19 17.61 24.88 18.67 97.31 24.12
0.125–0.074 14.60 17.46 39.49 18.22 75.12 26.04
0.074–0.045 41.62 24.33 81.11 21.36 60.51 28.11

<0.045 18.89 36.44 100.00 24.21 18.89 36.44
Total 100.00 24.21
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An MFDF-2 flotation tester with a volume of 1.5 L and a spindle speed of
1000–3000 rpm watts was used in the flotation experiments. The impeller of this flotation
tester was an umbrella-shaped structure with four blades. Octanol was used as a frother
agent in this research. Flotilla 111 produced by Kopper Chemical Industry Corp., Ltd.,
Chongqing, China, was used as a collector agent. The gangue particle properties in the
feed coal were analyzed using BGRIMM Process Mineralogy Analyzer (BPMA) produced
by BGRIMM Technology Group, Beijing, China. BPMA consisted of a scanning electron
microscope (SEM), an X-ray energy-dispersive spectrometer (EDS), and a set of automated
testing software for process mineralogy. The functional group characteristics on the sur-
faces of particles were analyzed using Fourier-transform infrared spectroscopy (Nicolet
iS50, Themno Fisher Scientifc, Waltham, MA, USA). A three-factor three-level experimental
scheme was designed. The experimental factors included the collector dosage, the frother
dosage, and the feed concentration, with minimum values of 750 g/t, 60 g/t, and 60 g/L,
respectively. The maximum values of the three factors were 1250 g/t, 120 g/t, and 100 g/L,
respectively. The experimental indicators included the clean coal yield, the tailings yield,
the clean coal ash content, and the tailings ash content. A total of 27 flotation experiments
were performed according to the national standard of China (GB/T 4757-2001) [24] in
this study.

3. Results and Discussion
3.1. Characteristics of Gangue in Feed Coal and Tailings

A scanning electron microscope photo of the feed coal slime is shown in Figure 1.
According to Figure 1a, the feed coal contained many gangue particles with the main
ingredients including sericite, kaolinite, quartz, white mica, and other substances. These
particles resulted in a high ash content of raw materials. Consequently, the fine coal should
be beneficiated before being used for blast furnace injection. Moreover, many gangue
particles had a particle size of less than 0.05 mm. The particle size was relatively small.
This follows the results of the particle size composition analysis in Table 1. Fine gangue
particles, namely high-ash fine slime, significantly impact the flotation process. These
particles adsorb reagents and easily cover the surfaces of bubbles and coal particles due to
their large specific surface area, resulting in the loss of coarse clean coal into the tailings.
Furthermore, the rising bubble group is likely to cause the mechanical entrainment of
fine gangue particles, increasing the ash content in the clean coal. However, during the
industrial production process, using mechanically agitated flotation machines, the ash
contents in the clean coal and tailings were both relatively low, indicating that the clean
coal had a certain loss. This was likely due to the relatively high ash content of low-density
particles in the feed. These particles contain a certain number of coal particles and gangue-
associated bodies. When the gangue accounts for a large proportion of the associated
bodies, these particles are easily mismatched into the tailings. Figure 1b shows a scanning
electron microscope photo magnified 500 times. Two points were selected, and the energy
spectra of the two particles were analyzed. The results are shown in Figure 2. The main
components of gangue particle 1 were oxides of Si, Al, Fe, and Ca. Furthermore, this
particle contained small amounts of 0.4% K, 0.19% Mg, 3.81% Zn, and 5.4% Pb elements.
The main component of gangue particle 2 was pyrite.

The scanning electron microscope photo of the tailings particles is shown in Figure 3.
The tailings contained many gangue particles. This indicates that the gangue particles
were greatly enriched after flotation. The ash content of the tailings obtained under
optimized experimental conditions was also relatively high, reaching 53.13%. The elemental
composition of the gangue particles is shown in Table 2. The main component of gangue
particle 1 was iron oxide, with a high Fe content of 63.05%. The main component of gangue
particles 2 and 3 was limestone, with Ca contents of 41.39% and 38.35%, respectively. The
main components of gangue particle 4 were quartz and alumina, with Si and Al contents of
19.66% and 17.81%, respectively.
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Figure 3. SEM photo of the tailings after flotation.

Table 2. The elemental compositions of gangue particles.

Gangue Particle C O Mg Al Si Ca Ti Fe Zn Mo

1 7.12 26.71 / 1.78 0.29 / 0.33 63.05 0.54 0.18
2 8.71 48.99 0.2 / / 41.39 / 0.71 / /
3 9.41 51.02 0.18 0.1 / 38.35 / 0.95 / /
4 12.39 49.55 0.15 17.81 19.66 / / 0.44 / /
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3.2. Characteristics of Particle Surface Functional Groups of Feed and Tailings

The infrared spectra of the feed coal and the tailings are shown in Figure 4. Figure 4a
demonstrates that the feed particles feature many absorption peaks with a wave number
of less than 913.15 cm−1, especially the absorption peak at 537.88 cm−1. This indicates the
presence of benzene ring out-of-plane bending vibrations and ring bending vibrations. The
strong absorption peak observed at 1032.47 cm−1 should indicate the C-O vibrational peaks
of alcohol, phenol, ether, carboxylic acid, ester, etc. The absorption peaks from 1507.20
to 1716.38 cm−1 are double-bond stretching vibrations. The strong absorption peak at
1596.02 cm−1 is the skeleton vibration of the aromatic ring caused by stretching vibra-
tions between carbon atoms within the ring. The moderate-intensity absorption peak at
1653.00 cm−1 is the C=C vibration of olefin. The absorption peaks at 2915.04–3690.04 cm−1

are in the X-H stretching vibration region (X represents atoms such as C, O, N, S, etc.). Among
them, the absorption peak at 2915.04 cm−1 is the C-H stretching vibration of saturated alkanes,
and the three absorption peaks greater than 3276.06 cm−1 are the O-H stretching vibration.
The surfaces of the feed particles were mainly composed of non-polar benzene rings and
aliphatic hydrocarbons, as well as polar C-O functional groups and a small amount of O-H
functional groups. Therefore, the overall interaction effect between the particle interface and
the collector was relatively good.
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A large amount of clean coal was enriched after flotation. Figure 4b shows that the
absorption peaks of the coal particles in the tailings were significantly reduced compared
with those of the feed particles. The intensity of the absorption peaks was also weakened,
including benzene ring out-of-plane bending vibrations and ring bending vibrations, as
well as the aromatic hydrocarbons and O-H functional groups. Furthermore, no absorption
peak was observed at 2915.04 cm−1 and 3276.06 cm−1 for the tailings particles. This
indicates that C-H functional groups and a small amount of O-H functional groups were
enriched in the clean coal. Nevertheless, a certain number of aromatic hydrocarbons and
C-O and O-H functional groups were found in the tailings, leading to reduced tailings ash.

3.3. Variation in Flotation Effect
3.3.1. Variation in Clean Coal Yield

The relationships between the clean coal yield and various factors are presented in
Figure 5. The dosages of the collector and frother were significant factors affecting the yield
of clean coal. The clean coal yield in the direction of the feed concentration axis slightly rises
but does not significantly change. Therefore, for the coal sample, the feed concentration
was not a significant factor affecting the clean coal yield within a feed concentration
range of 60–100 g/L. Moreover, the clean coal yield gradually increased, reaching above
71%, with an increase in the usage of the collector or frother. This is because more agent
molecules were adsorbed by the coal particles or the gangue particles with an increase
in the collector dosage. As such, particles were more likely to adhere to and float with
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the bubbles. Furthermore, a small amount of non-hydrocarbon polar components were
contained in the collector. The polar groups of these components could be adsorbed with
the hydrophilic oxygen-containing functional groups on the surfaces of the coal particles.
The non-polar groups of these components were confronted with water, which further
enhanced the hydrophobicity of the coal particles. These components also have foaming
and emulsifying effects, which are beneficial for the flotation process. Nevertheless, if
the content of these components is too high, reverse adsorption occurs. Subsequently, the
hydrophobicity of the coal particles is weakened, and the yield of clean coal is reduced.
The rate of increase in the clean coal yield with the frother agent was greater than that with
the collector agent. However, if the frother agent is excessively used, it easily carries more
high-ash fine slime, resulting in a high ash content in the clean coal, and is unfavorable for
the subsequent transportation and dehydration of the clean coal.
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3.3.2. Variation in Clean Coal Ash

The effects of the experimental factors on the clean coal ash are shown in Figure 6.
The ash content in the clean coal could be controlled below 12% under the comprehensive
effect of the experimental factors. As the feed concentration increased, the ash content in
clean coal gradually increased, but this increase was relatively small. Therefore, within the
range of 60–100 g/L used in this study, the feed concentration was not a significant factor
affecting the ash content in clean coal. This requires that the amount of water sprayed into
the demineralizer and the desliming screen should be well regulated and the classification
efficiency of the classification cyclone kept high during the industrial production process to
reasonably adjust the amount of water entering the flotation system. If too much water is
sprayed, the demineralizer and desliming effects are better, but the feed concentration for
flotation is lower. In addition, the effect of the collector on the ash content in clean coal was
relatively weak within the range of the collector dosage in this study. However, the ash
content in clean coal gradually increased with the increase in the frother dosage. This was
mainly because the larger amount of frother produced more bubbles, and the entrainment
of the liquid film between the bubbles was enhanced. The feed contained a large amount of
high-ash fine slime. A certain amount of high-ash fine slime was carried by the liquid film,
thus entering the foam layer.
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Figure 6. Variation in the clean coal ash with experimental factors: (a) at a feed concentration of
75 g/L; (b) at a collector dosage of 870 g/t.

3.4. Prediction and Optimization of Flotation Effect

Coefficient estimates were made for various experimental factors affecting the yield of
clean coal based on the experimental results, and a mathematical model for predicting the
yield of clean coal could be proposed:

Clean coal yield = 45.37 + 8.56 × 10−3A + 0.11B + 0.04C (1)

where A is the dosage of the collector, B is the dosage of the collector, and C is the
feed concentration.

A mathematical model for predicting the ash of clean coal could also be proposed:

Clean coal ash = 8.15 − 1.87 × 10−4A + 0.02B + 0.018C (2)

ANOVA was conducted on these two models, as shown in Tables 3 and 4, respectively.
The F-values of the two models were 7.46 and 5.68, respectively. The p-values were both
less than 0.005, indicating that the predicted models had a probability of less than 0.5% to
reach the F-values. Therefore, these two models are significant and have high credibility
for predicting the clean coal yield and clean coal ash content. In addition, the p-values
of the collector and frother dosages were both less than 0.03 in the variance analysis of
the prediction model for clean coal yield, indicating a significant effect on the clean coal
yield. The p-value of the frother dosage was less than 0.002 in the variance analysis of the
prediction model for clean coal ash, which significantly impacted the ash content in the
clean coal. The effects of the feed concentration on the yield and the ash content in the
clean coal were insignificant within the feed concentration range in this study.

Table 3. ANOVA of the prediction model for the clean coal yield.

Source Sum of Squares df Mean Square F-Value p-Value

Model 296.31 3 98.77 7.46 0.0012
A—Collector dosage 82.6 1 82.6 6.24 0.0201
B—Frother dosage 201.54 1 201.54 15.22 0.0007

C—Feed concentration 12.17 1 12.17 0.92 0.3477
Residual 304.51 23 13.24
Cor total 600.82 26
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Table 4. ANOVA of the prediction model for the clean coal ash.

Source Sum of Squares df Mean Square F-Value p-Value

Model 10.38 3 3.46 5.68 0.0046
A—Collector dosage 0.039 1 0.039 0.064 0.8019
B—Frother dosage 8 1 8 13.14 0.0014

C—Feed concentration 2.34 1 2.34 3.84 0.0621
Residual 14 23 0.61
Cor total 24.38 26

A comparison between the predicted values and experimental values is shown in
Figure 7. The experimental values for the clean coal yield and the ash content in tail
coal agree with the predicted values of the mathematical model, indicating that these
two mathematical models have high prediction accuracy for the flotation process of lean
coal particles.
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(b) clean coal ash.

An optimized scheme for the flotation experiment was obtained based on the predic-
tion model, as shown in Table 5. For the average values of each indicator, the clean coal
yield was 70.83%, the clean coal ash content was 11.78%, the tailings yield was 29.17%, the
tailings ash content was 53.03%, and the flotation perfection index was 46.95%. The experi-
mental scheme with the highest yield of clean coal was taken as the optimal experimental
condition to keep the ash content in the clean coal at less than 12%. When the amount of
collector was 1206 g/t, the amount of foaming agent was 119 g/t; the feed concentration
was 76 g/L; the clean coal yield was the highest, reaching 72.15%; and the flotation per-
fection index reached 46.63%. The clean coal yield was increased by 1.8 percentage points
compared with the industrial production. The flotation perfection index was increased by
0.9 percentage points, achieving good flotation efficiency.

Table 5. Optimization schemes of flotation experiments.

No.
Dosage of
Collector
/(g·t−1)

Dosage of
Frother
/(g·t−1)

Feed Concentration
/(g·l−1)

Clean Coal
Yield

/%

Tailings Yield
/%

Ash Content in Clean
Coal
/%

Ash Content in
Tailings

/%

1 1206 119 76 72.15 27.85 12.00 53.95
2 1220 119 73 72.13 27.87 11.90 53.96
3 1250 120 60 71.94 28.06 11.70 53.88
4 1207 112 77 71.40 28.60 11.80 53.49
5 1157 111 80 70.95 29.05 11.80 53.10
6 1056 113 77 70.24 29.76 11.90 52.43
7 1108 107 79 70.02 29.98 11.70 52.41
8 1174 100 81 69.87 30.13 11.60 52.48
9 1207 91 97 69.85 30.15 11.70 52.58

10 1000 120 60 69.80 30.20 11.70 51.99
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4. Conclusions

(1) The ash content in the lean coal used was relatively high, and the particle size
was fine. Many gangue particles had a particle size of less than 0.05 mm and were mainly
composed of sericite, kaolinite, quartz, white mica, and other minerals. The surface
functional groups of the flotation feed particles were mainly non-polar benzene rings and
aliphatic hydrocarbon functional groups, as well as polar C-O functional groups and a
small amount of O-H functional groups. The functional groups of the coal particles in the
tailings decreased, and the absorption peak intensity also weakened.

(2) The dosages of the collector and frother were significant factors affecting the clean
coal yield. The clean coal yield gradually increased with the increase in these two factors.
The ash content in the tailings increased with an increase in the frother dosage. The feed
concentration was not a significant factor affecting the yield and the ash content in the
clean coal within the range of feed concentrations used in this work.

(3) Prediction models for the clean coal yield and ash content were proposed. Under
the optimized experimental conditions, when the amount of collector was 1206 g/t, the
amount of foaming agent was 119 g/t, the feed concentration was 76 g/L, the ash content
of the clean coal could be controlled below 12%, the clean coal yield could reach 72.15%,
and the flotation perfection index was 46.63%. These two indicators were increased by 1.8
and 0.9 percentage points compared with industrial production indicators, respectively,
indicating a good flotation effect.
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