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Abstract: Conventional hydrocarbon oil cannot adhere effectively to oxidized coal, resulting in a low
yield of clean coal. In this study, a high-speed homogenizer was used to emulsify LDD (laurylamine
dipropylene diamine) and kerosene, which enhanced the flotation efficiency of oxidized coal. The
flotation results showed an increase from 4.12% (only kerosene) to 23.33% (emulsified oil). An
increase in contact angle indicated that the mixture reagent can increase the hydrophobicity of coal
particles, which is attributed to the adsorption of LDD onto the coal particle surface and the decrease
of the oil droplet A lower surface tension of LDD allows it to produce a stable layer of froth than the
layer generated by kerosene alone.

Keywords: flotation of oxidized coal; laurylamine dipropylene diamine; emulsified kerosene; froth
stability; coal hydrophobicity

1. Introduction

Coal is important non-renewable fossil energy and plays an important role in world
energy. With the reduction of coal resources in the world, low-rank coal has become more
and more important in social development due to its low mining cost, easy access, and
high storage capacity in China, which is about 812.8 billion tons [1]. However, due to
the short coal formation time of low-rank coal, the aromatic rings in its macromolecular
structure are not closely arranged, and many oxygen-containing heterocyclic rings and
side-chain structures can be seen. High ash content, volatile matter, moisture, and low
calorific value, significantly affect the quality of clean coal [2]. Hence cleaning of low-rank
coal is required [3].

Froth flotation is an effective and economical method for recovering and upgrading
fine coal particles (<0.5 mm). One of the most important factors affecting coal flotation
performance is the amount of oxygen-containing functional groups [2]. It is well known
that there are a large number of oxygen-containing groups on the surface of low-rank
coals, such as carboxyl, hydroxyl, carbonyl, and methoxy [3], making it difficult to float
using only conventional oily collectors (kerosene and diesel) [2-7]. However, some studies
have shown that when surfactants are added together with oil, the flotation performance
of coal can be improved. When surfactants are added as emulsifiers, they help the oil
disperse into fine droplets thus increasing the number of fine oil droplets [8]. Due to the
increase in the number of oil droplets, the probability of collision between coal particles
and oil droplets is increased, thus improving flotation kinetics [5]. On the other hand,
surfactants also reduce the high energy input required for the diffusion of oil collectors on
the coal surface through adsorption at the coal/water interface and coal/oil interface [9].
At low concentrations, such surfactants make coal hydrophobic, and at high concentrations,
they make coal hydrophilic [10]. If the surfactant promotes the diffusion and adhesion
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of oil, the hydrophobicity of coal will increase, resulting in a high probability of bubbles
adhering to coal particles [9]. On the other hand, if high concentrations of surfactants
were used in flotation, coal surface hydrophobicity would decrease, resulting in lower
concentrate recovery.

Surfactants used to improve low-rank coal/oxidized coal are divided into three cat-
egories, namely non-ionic, anionic, and cationic surfactants. For non-ionic surfactants,
Furstenau et al. [11] aimed at the problem of low dispersion of kerosene in the slurry,
using triethanolamine oleic acid soap as a non-ionic surfactant to disperse kerosene into
small droplets in the slurry, enhance the adsorption of kerosene on the surface of coal.
Zhu et al. used ethoxylated 2, 4, 7, 9-tetramethyl-5-decyne-4, 7-diol, Sulfonyl (R) 485 as
raw materials, aiming at the problems of instability and easy delamination of ordinary
emulsifiers, the Gemini nonionic surfactant produced by it has good stability, with a
dispersion index of less than 0.06, and a stable and effective surfactant is produced [12].
Lin Li et al. [6] prepared an emulsified collector with NP-10/n-pentanol/diesel/water,
reduce the particle size of diesel, reduce the required quality of diesel by 70%, reduce the
amount of foaming agent, however, the emulsified collector has a slightly poorer selectivity,
and the ash content of the clean coal has increased. For cationic and anionic surfactants,
Liu and Liu [13] studied the effect of surfactants with different structures on the surface
hydrophobicity of low-rank coals, as a result, the polar groups of the cationic surfactant are
adsorbed on the surface of the low-rank coal with negative electricity through the action of
strong electrostatic force. Make the hydrophobic alkyl chain facing outward, effectively
improving the hydrophobicity of low-rank coal, the polar groups of anionic surfactants
have an electrostatic repulsion effect on the surface of low-rank coals, making it impossible
to effectively improve the hydrophobicity. Li et al. [14] adopted cetyltrimethylammonium
bromide (CTAB) and sodium dodecyl sulfate (SDS) as cationic and anionic surfactants,
after comparing the flotation results, it is found that the anionic surfactant SDS can slightly
change the surface properties of low-rank coals and improve the selectivity and collection
of kerosene. Chen et al. [15] used CTAB as a cationic surfactant to deal with the prob-
lem that the surface of low-deteriorated coal is usually negatively charged and causes
electrostatic repulsion between bubbles and particles, the adsorption of CTAB changes
the zeta potential of coal, enhance the adsorption of low-rank coal and kerosene collector.
Vamvuka and Agridiotis [16] found that the addition of amine cationic surfactant dodecyl
amine (DDA) can improve the hydrophobicity of lignite, in low-rank coal flotation, the
electronegativity of the surface of low-rank coal is neutralized, the flotation performance of
low-rank coal can be improved under the condition of adding a small amount of chemicals.
Zhen et al. [17] showed that as the concentration of dodecyl trimethyl ammonium chloride
(DTAB) increases, the surface free energy of low-rank coal is reduced, indicating that
the hydrophilicity of low-rank coal is obviously suppressed, and the hydrophobicity of
low-rank coal is improved.

Various surfactants have been used for improving the flotation performance of low-
rank coals and oxidized coals in the literature. Flotation performance is determined by
the combined action of pulp zone and froth zone [18]. The collection of hydrophobic
particles occurs in the pulp zone, which is the determining step for efficient flotation
separation [19]. Meanwhile, froth structure and froth stability in the froth zone are known
to play a significant role in determining the recovery of valuable particles in a flotation
operation [18]. Most of the related studies are on the improvement of the hydrophobicity of
the coal surface for oxidized coal and low-rank coal. Ni et al. [20] applied polyoxymethylene
sorbitan monostearate (Tween 80) to improve the flotation performance of fine lignite
separation. They proposed that the enhancement of the froth properties by Tween 80 was
the main reason for the increase in the combustible matter recovery of lignite in flotation.
In addition to the emulsification of surfactants to an oily collector, Niu et al. [21] also found
that lower surface tension resulting from the presence of sodium cocoyl glycinate offset
the negative impact of oily collector, providing a more stable froth layer. LDD is used as
a disinfectant for instruments in medicine and dentistry and for germ reduction on solid
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surfaces in the food industry. Meanwhile, LDD is also used in closed water cycles, such as
in the paper industry and in cooling towers, and for the preservation of cooling lubricants,
such as drilling and cutting oils, where its dispersant, lubricant and corrosion protection
properties are also useful.

On this basis, this study explored the potential of LDD as a promoter for the flotation of
oxidized coal using kerosene. To the best of our knowledge, the use of LLD as an emulsifier
for the flotation of oxidized coal has not been reported. The improvement of flotation
yield of oxidized coal by LDD was investigated from the perspectives of the improvements
of the coal surface hydrophobicity and froth stability. Measurement results of the X-ray
photoelectron spectroscopy (XPS) test, Fourier transform infrared (FTIR) spectrum test,
contact angle test, and particle size distribution of oil droplets were used to evaluate the
role of the adsorption of LDD and the oil droplet size on the hydrophobicity of the coal
surface. Meanwhile, measurement results of the surface tension test and froth height were
employed to investigate the effect of the mixture reagent on the froth zone.

2. Materials and Methods
2.1. Materials

The clean coal sample (<0.5 mm size having 3.6% ash content) used in this study was
obtained from the Taixi Anthracitex coal preparation plant. The result of the proximate
analysis is listed in Table 1. Figure 1 shows the particle size distribution of the feed. To
obtain the oxidized coal with different degrees of oxidation, the clean coal sample was
oxidized with 3% medical hydrogen peroxide at different times at room temperature.
Finally, oxidized coal samples were obtained with oxidation times of 12, 24, 36, and 48 h.
LDD (molecular formula:C;gH41N3) was selected as the surfactant. The FTIR spectrum
and molecular structure of LDD are shown in Figures 2 and 3 respectively. The kerosene,
sec-octanol, and LDD were purchased from Aladdin (AR, 98%).

Table 1. The proximate analysis of coal sample.

M,q (%) Aug (%) Vdat (%) FCgys (%)

241 3.50 35.62 58.47

M,q: the moisture content in the coal on an air-dried (ad) basis; A,q: the ash content in the coal on an air-dried
(ad) basis; V4a: the volatile content in the coal on dry ash-free (daf) basis; FCqy: the fixed carbon content in the
coal on dry ash-free (daf) basis.
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Figure 1. Size distribution and proportion of feed.
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Figure 2. FTIR spectrum of LDD.
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Figure 3. The adsorption between LDD and kerosene (a diagram of molecular structure).

The mixture reagent included 25 g LDD, 20 g kerosene and 30 g water. The mixture
was emulsified by a high-speed homogenizer (FA25, FLUKO Shanghai Equipment Co.,
Ltd., Shanghai, China). The impeller speed and the treatment time for the mixture reagent
were 19,000 rpm and 10 min, respectively. In the control experiments, the collector and
frother were kerosene and sec-Octyl alcohol, respectively.

2.2. Methods
2.2.1. Particle Size Distribution of Oil Droplets

The particle size distribution of oil droplets was measured by a GSL-1000 laser particle
distribution meter (Liaoning Instrument Research Institute Co., Ltd, Dandong, China).

2.2.2. Surface Tension Test

Surface tensions of LDD solutions were measured by the JK990D automatic tension
meter (Shanghai Zhongchen Digital Technology Equipment Co., Ltd., Shanghai, China).
The test is carried out using a platinum ring with a diameter of 19.69 mm. The trigger
tension of this method is 0.5 mN/m. The ring is inserted vertically into the solution and
then raised to determine the gas-liquid interfacial tension. The platinum ring was washed
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with ethanol and deionized water and then burned to remove residual organic matter
before testing. Three parallel tests were performed to ensure accuracy.

2.2.3. Contact Angle Measurement

The coal sample having a particle size less than 0.074 mm was put into the slurry
(solid concentration 60 g/L) of emulsified oil and kerosene only in a 100 mL pool. After
that, the sample was dried at 40 °C and was compressed with a tablet press at a pressure of
60 MPa. Contact angle measurement apparatus (JC2000D1, Shanghai Zhongchen Digital
Technic Apparatus Co., Ltd., Shanghai, China) was used for measuring the contact angle.
The measurement procedure has been described previously [22]. The contact angles were
measured at different positions on the surface of the plate (5 times). In the case of kerosene,
its amount was fixed at 500 g/t.

2.2.4. XPS Analysis

The XPS tests were carried out using ESCALAB 250xi (Thermo Fisher, Waltham,
MA, USA). The XPS data were analyzed by XPSPEAK version 4.1 Software. XPSPEAK
is a free, fully featured, software for the analysis of XPS spectra written by Raymund
Kwok. The binding energy was corrected based on the 284.8 eV carbon-carbon bond in
the carbon element. The samples used for XPS tests were the same as that of contact
angle measurement.

2.2.5. FTIR Test

Functional groups distribution of coal surface before and after treatment were de-
termined by Spectroscopy Vertex 80v, Bruker (Billerica, MA, USA), Germany transform
infrared spectrometer, using potassium bromide tablet method. The wavenumber is at
the range of 3600-800 cm ™. The resolution is better than 0.06 cm~! and the wavenumber

accuracy is better than 0.01 cm~1.

2.2.6. Flotation Test

A standard laboratory RK/FD-II sub-aeration flotation cell with 0.5 L volume (Wuhan
Rock Crush & Grand Equipment Manufacture Co., Ltd, Wuhan, China) was used in the
conventional flotation experiments. The impeller speed, airflow rate, and flotation time
were 1900 r/min, 0.25 m3/h, and 3 min, respectively. A detailed description of the working
process of the mechanical flotation cell is reported in the literature [23,24].

3. Results and Discussion
3.1. Comparisons of Flotation Performance between Emulsified Oil and Kerosene

Figure 4 shows the contact angles of oxidized coals under different oxidization times.
The contact angle of the raw coal is 83°. With the increasing, degree of oxidation, the
contact angle of the coal surface decreased from 83° to 30°. The low contact angle indicates
that the hydrophilic surface of coal, mainly due to the presence of a larger amount of
hydrophilic functional groups, such as C=0, C-O, and COOH [25]. Figure 4 shows the
flotation results of coal treated with kerosene and the mixture reagent (emulsified kerosene).
The yield of clean coal decreases from 6.23% to 1.35% with the increase of oxidation degree,
which is in line with the experimental results of contact angles in Figure 4. Thus, it is
difficult to efficiently recover oxidized coal when a conventional flotation collector is
employed. However, there are few hydrophobic functional groups, such as C-H and C-C,
which can promote the adsorption of an oily collector on coal surface due to hydrophobic
bonding [26].
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Figure 4. Contact angles of oxidized coals under different oxidization times.

It can be observed from Figure 5, in comparison with kerosene only, emulsified
kerosene significantly increases the flotation yield of oxidized coal. As compared to
kerosene, the application of the mixture reagent increases the flotation yield from 4.12%
to 23.33% for oxidized coal with a 24-h oxidation time. As a result, compared to conven-
tional flotation reagents (sec-Octyl alcohol + kerosene), emulsified kerosene is superior at
promoting the flotation of oxidized coal. According to Figure 6, increasing the emulsified
kerosene dosage can further increase flotation yield from 26.43% to 39.65%. Emulsified
kerosene retains more flotation yield due to the improved hydrophobicity of the oxidized
coal surface (see Section 3.2) and the generation of a stable froth (see Section 3.3).

Kerosene
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Figure 5. Comparison of flotation yields of different oxidized coals between emulsified kerosene
and kerosene. For conventional flotation (kerosene+ sec-Octyl alcohol), the collector and frother
dosages were 500 g/t kerosene and 167 g/t sec-Octyl alcohol, respectively. For the mixture reagent
(emulsified kerosene), the equivalent kerosene dosage was also kept as 500 g/t as a control test.
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Figure 6. Comparisons of flotation yields of oxidized coal (12 h oxidation time) between kerosene
and emulsified kerosene under various flotation reagent dosages. For conventional conditions, the
weight ratio of kerosene and sec-Octyl alcohol was 3:1. For the mixture reagent (emulsified kerosene),
the equivalent kerosene dosage was also kept as 500 g/t as a control test.

Based on the yield of clean coal in Figure 6, when 500 g/t of emulsified kerosene was
used as the collector, the concentrate yield was 26.43%. However, the concentrate yield
is merely 18% when 3000 g/t of kerosene is exclusively employed as a collector, which
means 2500 g/t of kerosene was saved when the flotation was assisted with LDD. Taking
these considerations to calculate the economic benefits: The market price of kerosene and
secondary octanol is 8000 and 7800 yuan per ton respectively, and the counterpart of LDD is
8000 yuan/t. After calculation, the cost is about 31 yuan per ton using kerosene exclusively
and when emulsified kerosene (kerosene assisted with LDD) is used as the collector, the
cost is about 9 yuan per ton. Thus, based on the above calculation, the application of LDD
is feasible in an economic aspect.

Figures 7 and 8 show the particle size distribution of clean coal using emulsified
kerosene and only kerosene as collectors, respectively. The particle size distribution of
the clean coal in using emulsified kerosene is larger (D5y = 18.39 um) as compared to the
size distribution of clean coal using only kerosene (D5p = 11.69 um). It shows that using
emulsified kerosene as a collector can float large particles of coal that cannot be floated by
using only kerosene as a collector. The ash test experiment revealed that with emulsified
kerosene and kerosene as collectors, clean coal with a 2.5% ash content was obtained, which
indicates that the distribution of ash material in this coal sample is homogeneous. Thus,
emulsified kerosene can be used as a collector to increase the yield of clean coal without
increasing ash content.
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Figure 7. Particle size distribution of clean coal using emulsified kerosene as a collector.
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3.2. Improvement of the Oxidized Coal Surface Hydrophobicity
3.2.1. Contact Angle

As shown in Figure 9, the contact angle of oxidized coal is increased when coal
particles were treated with kerosene and emulsified kerosene. The use of emulsified
kerosene produced a greater contact angle for oxidized coal than that of kerosene only. It is

revealed that both kerosene and emulsified kerosene can improve the hydrophobicity of
the oxidized coal surface.

80

[ ] Without treated
70 F ] Treated by kerosene
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Figure 9. Contact angles of oxidized coals treated with kerosene and emulsified kerosene. For
conventional conditions (only kerosene), the collector and dosage were 500 g/t kerosene. For the

mixture reagent (emulsified kerosene), the equivalent kerosene dosage was also kept as 500 g/t as a
control test.

3.2.2. Oil Droplet Size

The finer the oil droplet size, the more stable the emulsification is. A comparison of oil
droplet size between kerosene and emulsified kerosene is given in Figure 10. It can be seen
from Figure 10 that 50% of the kerosene droplets without LDD are found to have a droplet
diameter of 1.2-2.3 um, and 97% of the droplets have a diameter of 1.2-3.1 um. On the
other hand, when LDD is added, nearly 50% of the droplets are smaller than 1 um, there
are no droplets larger than 2 um in diameter, and 97% of the droplets are from 0.1-1.6 um
in diameter. The smaller oil droplet size is attributed to the low surface tension in the
presence of LDD (Figure 11). The presence of LDD can produce a better dispersion state of
kerosene in water and smaller oil droplets, which leads to the enhanced collision probability
between graphite particles and oil droplets [27]. Under the same dosage of emulsified
kerosene, the smaller droplets have a greater specific surface area, which is conducive to
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colliding with, adhering to, and spreading onto the sample particles, rendering them more
hydrophobic [28]. Hence, the emulsification of kerosene contributes to improved flotation
yields for oxidized coal.

 [Kerosene 00 1,
151 [ |Emulsificd Kerosene
~ 75
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Figure 10. Size distribution of oil droplet (kerosene vs emulsified kerosene) (a) the size probability
distribution; (b) the size cumulative distribution.
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Figure 11. Surface tension under different LDD concentrations.

3.2.3. XPS Analysis

Figure 12 shows the fitted XPS C1s spectra of the coal surface. The binding energies
at 284.6, 285.3, 286.3, and 288.4 eV, which characterize C—-C/C-H, C-O, C=0, and COOH
groups, respectively. The relative contents of the four groups were calculated based on the
fitted peak areas [29]. Comparing the results of kerosene only and emulsified kerosene
for the 12 h oxidized coal, the relative content of C—C/CH is 59.87% and 66.53%, and the
increase is 6.66%. It can be seen that the content of hydrophobic functional groups is greatly
increased. The relative content of oxygen-containing functional groups, such as CO is
significantly reduced, which reduces the hydrophilicity. In addition, comparing the 24 h
oxidized coal treated with kerosene and the 24 h oxidized coal treated with emulsified
kerosene, it is found that the content of C—-C/C-H hydrophobic functional groups increased
from 57.28% to 64.24%, an increase of 6.96% [30]. It can be seen that the relative content of
hydrophobic functional groups has been greatly increased. Because LDD has a profound
adsorption effect on oxidized coal surface. The reason is that -NH; contained in LDD often
forms hydrogen bonds with nearby strong electronegative atoms, such as oxygen and
nitrogen, it easily reacts with the polar oxygen-containing and nitrogen-containing sites
of low-rank coal, resulting in the exposure of non-polar hydrophobic hydrocarbon chain
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ends. Aside from emulsifying kerosene, LDD can also adsorb on the coal surface, resulting
in an increase in hydrophobicity on the oxidized coal surface.

a) 12h oxidized coal treated by kerosene b) 12h oxidized coal treated by Emulsified kerosene

C-C/C-H
66.53%

C-C/C-H
59.87%

C=0
13.50%

- C-O =0

23.26% COOH  11.47%

2.82%
4

~ C-0
19.19%

COOH
3.38%
b

L L L - L L 1 ——
292 290 288 286 284 282 280 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)
€) 24h oxidized coal treated by kerosene d) 24h oxidized coal treated by Emulsified kerosene

292 290 288 286 284 282 280 292 290 288 286 284 282 280

Binding Energy (eV) Binding Energy (eV)

Figure 12. Fitted XPS Cl1s spectra of coal with different oxidation degrees treated by kerosene and
emulsified kerosene. For conventional conditions (only kerosene), the collector and dosage were
500 g/t kerosene. For the mixture reagent (emulsified kerosene), the equivalent kerosene dosage was
also kept as 500 g/t as a control test. Black line: the original data of XPS test. Red line: the data fittied
by XPSPEAK 4.1 software.

3.2.4. FTIR Results

The floatability of coal is related to its surface wettability, and its wettability is deter-
mined by the content of hydrophilic functional groups and hydrophobic functional groups
on the surface. The higher the hydrophobic organic carbon content on the coal surface, the
stronger the hydrophobicity and the better the floatability.

Figure 13 shows the FTIR analysis of coal under 24 h oxidation conditions after
different treatments, and its absorption peaks are shown in the figure. The infrared
spectrum of the coal sample shows that the peaks near 3430 cm ! and 1600 cm ™! belong to
the stretching vibration of —OH and —C=0, after being treated with kerosene, the peak
area is reduced. After being treated with emulsified kerosene, the peak area is significantly
reduced, but due to the moisture in the air in the experiment, the —OH peak area is
unstable. The peaks near 2920 cm~1, 2850 cm— 1 and 1450 cm—1, 1380 cm ™! belong to the
stretching vibration of —CH; and —CHjs, respectively, the increase in the area of these
peaks indicates that the content of hydrophobic functional groups in the coal sample is
increased. In the oxidized coal, treated with kerosene and emulsified kerosene, the coal
treated with emulsified kerosene has a larger area of these peaks, indicating that kerosene
is effectively dispersed and adsorbed on the surface of the coal. The peaks near 3320 cm ™!
and 3180 cm ™! belong to the stretching vibration of —NHj. The oxidized coal treated with
emulsified kerosene has this adsorption peak, it shows that LDD has a certain amount of
adsorption on its surface, which has a positive effect on the process of coal particles being
collected. After LDD is adsorbed on the surface of oxidized coal, its hydrophilic end and
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the hydrophilic end of oxidized coal are adsorbed to each other through the hydrophobic
bridge provided by van der Waals force, so that the hydrophilic sites on the surface of
oxidized coal are covered by the hydrophobic end of LDD.

Treated by Emulsified Kerosene

——— Treated by Kerosene

——— 24h oxidation
—CH; —— Row coal

1 1 1 1 1

1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™!)

Figure 13. Functional groups on oxidized coal treated by kerosene and emulsified kerosene. For
conventional conditions (only kerosene), the collector and dosage were 500 g/t kerosene. For the
mixture reagent (emulsified kerosene), the equivalent kerosene dosage was also kept as 500 g/t as a
control test.

For oxidized coal, the addition of surfactants effectively increases the content of
hydrophobic functional groups, such as (—CH3)/(—CH,), effectively reducing the con-
tent of hydrophilic functional groups, such as (—OH)/(—C=0)/(—COOH). This result is
consistent with the XPS, contact angle, and flotation results.

3.3. Generation of a Stable Froth

As a surfactant, LDD not only interacts with the oxidized coal surface but also adsorbs
at the gas-liquid interface, which will greatly change the froth properties. As shown in
Figure 8, a very small amount of LDD can cause a large drop in surface tension, from
71.083 mN/m to 56.375 mIN/m. When its concentration exceeded a certain value, the
surface tension of the solution remained at about 41 mN/m. This is because if the con-
centration of surfactant exceeds a certain value, micelles are produced [23]. As seen in
Figure 14, the emulsified kerosene can produce a large number of bubbles in the froth zone
compared to that of the kerosene and sec-Octyl alcohol combination. The comparison of
the side-view photos of froth in the presence of (a) kerosene and (b) emulsified kerosene
is given in Figure 15. The froth height in the absence and presence of LDD are 6 mm and
30 mm, respectively. This phenomenon indicates LDD can produce a more stable froth,
which is due to the significant reduction of the surface tension (see Figure 8). It is concluded
that the stability of the froth plays an important role in the recovery of oxidized coal parti-
cles in this study. This finding is similar to the study of Ni et al [30]. They demonstrated
that the enhancement of the froth properties (increasing the maximum froth height and
half-life time) by Tween 80 was the main reason for the increase in the combustible matter
recovery of lignite in flotation [31].



Minerals 2021, 11, 1271 12 of 14

Figure 14. Top-view photos of froth produced in the presence of (a) kerosene and (b) emulsified
kerosene. For conventional flotation (kerosene+ sec-Octyl alcohol), the collector and frother dosages
were 500 g/t kerosene and 167 g/t sec-Octyl alcohol, respectively. For the mixture reagent (emulsified
kerosene), the equivalent kerosene dosage was also kept as 500 g/t as control test.

Figure 15. Side-view photos of froth produced in the presence of (a) kerosene and (b) emulsified
kerosene. For conventional flotation (kerosene+ sec-Octyl alcohol), the collector and frother dosages
were 500 g/t kerosene and 167 g/t sec-Octyl alcohol, respectively. For the mixture reagent (emulsified
kerosene), the equivalent kerosene dosage was also kept as 500 g/t as a control test.

4. Conclusions

This paper investigates the feasibility of LDD to improve the flotation performance of
low-rank coal from the perspectives of the hydrophobicity of the coal surface and the froth
stability. The main conclusions are as follows:

(1) LDD, an amine derivative, has excellent antistatic, emulsifying, lubricating, solubiliz-
ing, antibacterial, sterilizing, and anticorrosive properties. It is an environmentally
friendly agent.

(2) The hydrophilic functional groups of LDD adsorb the hydrophilic sites on the coal
surface through hydrogen bonds, exposing the hydrophobic end to the bubbles, which
makes the content of hydrophobic functional groups on the coal surface vary greatly,
and the hydrophobic end may cover part of the hydrophilic sites on the coal surface.
It provides a “hydrophobic bridge” that adheres to kerosene through van der Waals
forces, enhancing the hydrophobicity of the coal surface.
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(3) The addition of LDD reduces the surface tension of the solution from 72 mN/m
to 41 mN/m. For emulsified kerosene, smaller oil droplets can be formed, which
improves the efficiency of kerosene.

(4) LDD offsets the adverse effects of collectors (kerosene) on the froth layer, greatly
increasing the height of the froth layer. In addition, due to the foaming performance
of the emulsifier, no additional foaming agent is needed, which greatly reduces the
production cost.

(5) For oxidized coal with 12 h of oxidation time, the flotation yield increased from
around 20% (using kerosene only) to around 40% (using emulsified kerosene).
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