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ABSTRACT: Efficient flotation of low-rank coal is of great significance for the
development of green and low-carbon cycles. Temperature is a crucial parameter of
flotation, but the mechanism of its effect on flotation lacks understanding. In this
paper, the mechanism was studied by kinetic flotation, scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy, low-temperature liquid-nitrogen
adsorption (LP-N2A), X-ray photoelectron spectroscopy (XPS), and molecular
dynamics simulation. The flotation combustible recovery gradually decreases as
temperature rises. Compared with 60 °C, the combustible recovery at 5 °C increases
by 18.13%. The desorption energy for oil droplets decreases as the temperature rises.
As a result, the oil droplets are easier to desorb at high temperatures. The SEM and
LP-N2A results demonstrate that the pores and fractures of the coal sample are well
developed. Also, the oil−water interfacial tension and viscosity of oil droplets decrease
as the temperature rises, while the diffusion ability increases. These increase the
volume of oil droplets that penetrate into the pores, resulting in poor spreadability of oil droplets on the coal surface. The average
volume of bubbles gradually increases as temperature rises, which renders the flotation foam unstable and worsens the flotation.
Therefore, the flotation performance is better at low temperatures.

1. INTRODUCTION
As a low-grade resource, the processing of low-rank coal
(LRC) has been paid more and more attention.1−3 Efficient
and full utilization of LRC is of great significance to understand
green and low-carbon cycle development.4−6 Flotation plays an
important role in the recovery of fine-grained LRC.7−10

However, the flotation efficiency still needs to be improved,
and there is an urgent need to find more factors restricting
flotation and solve it.11−16

Some scholars focus on the new high-efficiency collectors,
mainly focusing on the research of polar collectors and
compound collectors. The results show that the polar collector
can cover the oxygen-containing sites on the surface of LRC
and improve the surface hydrophobicity of LRC, so the clean
coal yield of flotation is improved.17−26 In addition, the
synergistic effect of polar and nonpolar components in the
compound collector further strengthens the flotation.

Some scholars strengthen flotation by improving the fluid
environment.27−32 Wang et al.30 proposed a new technique for
improving coal flotation by employing impact flow condition-
ing pulp, and the impact velocity of the conditioning pulp was
tuned, resulting in improved flotation and cleaner coal output.
Han et al.31 proposed a jet-stirring coupling flotation device,
and it was shown to have a considerable effect on boosting gas
holdup and decreasing bubble size. Li et al.32 designed a new

type of flow mixer without an agitator and carried out
pretreatment experiments on pulverized coal with different
quenching and tempering times. The results show that fluid
strengthening has a positive effect on the improvement of
surface hydrophobicity.

However, few scholars have mentioned the effect of
temperature on coal flotation. In the past 5 years, there is
only one paper mentioned, but there are only flotation kinetics
tests and no mechanism study.33 Therefore, it can be inferred
that the mechanism of the effect of temperature on flotation
lacks understanding. In this paper, the effect mechanism of
temperature on the flotation of LRC was studied by kinetic
flotation, scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), low-temperature
liquid-nitrogen adsorption (LP-N2A), X-ray photoelectron
spectroscopy (XPS), and molecular dynamics (MD) simu-
lation, which provides theoretical guidance for industrial
production.
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2. MATERIALS AND METHODS
2.1. Materials. LRC samples were taken from Ordos

Zhuanlongwan Coal Co., Ltd., of China Co., Ltd., and the
proximate analysis of LRC samples is shown in Table 1. It can

be seen from Table 1 that the moisture, ash, volatile, and fixed
carbon contents of the coal sample are 6.05, 19.18, 26.47, and
48.30%, respectively. The moisture content of LRC samples is
as high as 6.05%, indicating that the pores are developed. The
fixed carbon content of this coal is low, and the volatile content
reaches 26.47%, so it is a typical LRC.

In the experiment, diesel and 2-octanol (C8H18O),
purchased from Aladdin Co., Ltd., were used as flotation
agents.
2.2. Kinetic Flotation Experiments. The flotation

experiments were carried out in a 1.0 L XFD laboratory
flotation cell. The amount of collector diesel oil was 4 kg/t.
The amount of foaming agent secondary octanol was 1 kg/t.
The pulp mass concentration was 80 g/L. The aeration volume
was 0.1 m3/h. The rotation speed of the flotation cell was 1800
r/min, and the kinetic flotation experiments were conducted at
the pulp temperatures of 5, 10, 20, 40, and 60 °C. The flotation
experiments were carried out when the room temperature was
less than 5 °C in winter, and the flotation temperature was
controlled to the required temperature before the start of each
flotation experiment. A temperature-controlled silicone rubber
heating plate affixed around the flotation cell was utilized to
maintain the flotation temperature stable within a range of ±1
°C of the required temperature, which was purchased from
Shanghai Songdao Heating Sensor Co., Ltd. The kinetic
flotation test process was as follows: first, the coal sample was
added for slurry mixing for 120 s, then the collector and the
foaming agent were added in turn, they were reacted for 120
and 30 s, respectively, and the foam was scraped five times,
with scraping times of 30, 30, 60, 60, and 120 s. Finally, each
product was collected for filtering, drying, sample preparation,
and ash burning, and the products obtained were J1, J2, J3, J4,
and J5, respectively. After starting to produce concentrate
foam, industrial cameras were used to capture foam images.
2.3. SEM Tests. SEM was used to scan the sample surface

by electron beam, secondary electronic signals generated by
excitation were collected, and the surface morphology
information of the sample was obtained. The pore, crack,
and other morphology of the coal surface can be observed
visually by SEM. A proper amount of the coal sample was
taken, ultrasonically dispersed in anhydrous ethanol for 1 min,
shaken evenly, absorbed with a rubber tip dropper, smeared on
a clean glass sheet, and dried at low temperature for testing.
2.4. FTIR Tests. FTIR spectroscopy can be used to study

the molecular structure and chemical bond type, measure the
molecular bond length, speculate the molecular stereo-
configuration, determine the organic functional group
composition in the sample, and so forth, and it lays the
foundation for the final determination of the sample chemical
structure. 0.074 mm particles were sieved; infrared spectrum

analysis of the coal sample was performed, and the chemical
functional group composition of the coal sample was detected.
According to the intensity and position of the characteristic
absorption peak, the type of functional group contained in the
coal sample can be judged by the infrared spectrum test of the
coal sample.
2.5. LP-N2A Measurements. The experiment was

conducted using a standard degassing station from Micro-
meritics and a 4-station fully automated surface area analyzer,
model APSP 2460, under vacuum conditions at 120 °C. The
sample was pretreated for 12 h and subjected to nitrogen
adsorption/desorption tests at 77 K under liquid nitrogen
using the aforementioned analyzer. The resulting isotherms
were analyzed using the Brunauer−Emmett−Teller (BET)
method to determine the total surface area of the material.
This experimental procedure has not been reported in previous
literature.
2.6. XPS Tests. The surface of coal was analyzed and tested

by XPS to understand its surface functional group
composition. The coal sample was added to mix the slurry at
5, 10, 20, 40, and 60 °C for 120 s, and then diesel oil was
added to react for 120 s to obtain five products. The obtained
product was filtered and dried, and the coal sample was
screened below 0.074 mm for XPS tests. As a comparison,
untreated raw coal was tested.
2.7. MD Simulation. The LRC model’s repeating unit of

the surface structure, as seen in Figure 1, was created by

Materials Studio 8.0 developed by Accelrys, Inc. The repeating
unit was then expanded into an entire LRC surface model by
using the supercell feature of Materials Studio. The LRC
surface model and the directly established three-layer graphite
structure were joined to form the full LRC model, which has
been used in many papers to make it easier to understand how
LRC and collectors interact.34−39

The OPC3 water model was used for simulation, which is
better than SPCE in many aspects.40 Diesel was replaced with
dodecane.8 Other molecules were described using the general
AMBER force field41 (GAFF), and MD simulations were all
completed by the GROMACS 2019.6 software package.42

The mean restrained electrostatic potential charges in the
liquid and gas phases of the LRC surface repeating unit and
dodecane were computed by ORCA,43 which is called

Table 1. Proximate Analyses of the LRC Samples (Ad: Air
Dry Basis)

proximate analysis (wt %)

Mad Aad Vad FCad

6.05 19.18 26.47 48.30

Figure 1. (a) LRC surface repeating unit, (b) LRC model, (c)
dodecane molecule, and (d) initial configuration of the oil droplet
spreading simulation system.
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RESP20.5,
44 calculated by Multiwfn (version 3.7).45 LRC

model atoms except the hydroxyl functional group atoms are
uncharged.46 The topology files for GROMACS were prepared
by Sobtop.47

A semicylindrical oil droplet with a diameter of 8 nm was
placed on the LRC model, surrounded by enough water
molecules, as shown in the figure. The curvature in the Y
direction can be considered as 0, which avoids the line tension
and makes the contact angle simulation more consistent with
the macroscopic contact angle. There was enough vacuum
layer above the system to avoid periodic influence. The final
size of the box was 20.15 × 3.15 × 40 nm3.

The energy of initial configurations was reduced by
employing the steepest descent approach.48 In the NVT
ensemble, an MD simulation with a time step of 2 fs was run at
298 K. With a relaxation time constant of 0.1 ps, the v-rescale
thermostat49 was utilized to regulate the temperature. The H-
bond lengths were constrained by the LINCS approach.50 The
X, Y, and Z directions used periodic boundary conditions. All
of the hydroxyl groups in the LRC model were frozen. van der
Waals interactions were calculated using the cutoff technique
with a cutoff distance of 1.0 nm, whereas electrostatic
interactions were calculated using the particle mesh Ewald51

(PME) method. VMD 1.9.3 was used to show the simulation
results.52

3. RESULTS
3.1. Characterization of Coal Properties. 3.1.1. SEM

Results. Figure 2 shows the SEM image of the coal sample. It

can be seen from the image that the surface of the coal sample
is rough, and there are many cracks and pores on the surface of
the coal sample. Developed fractures and pores will increase to
a certain extent, which will increase the specific surface area of
coal samples, thus increasing the consumption of the collector.
At the same time, pores and cracks will affect the spread of the
collector and even cause the collector to lose its effect.

3.1.2. FTIR Spectroscopy Results. The LRC has an obvious
absorption peak near 3619 cm−1, which can be attributed to
the stretching vibration of the free hydroxyl (−OH) group (see
Figure 3). The peak of LRC near 3191 cm−1 is attributed to
the hydrogen bond formed by ring closely associated hydroxyl

groups. The characteristic peak of LRC near 2919 cm−1 is that
of the methyl (−CH3) group stretching vibration peak. The
peak of LRC at 1590 cm−1 is attributed to C�C stretching
vibration in aromatic hydrocarbons. The peak of LRC at 1032
cm−1 is attributed to the Si−O stretching vibration. These
components are prone to forming hydrogen bonds with water
in the solution and have low hydrophobicity, making it difficult
for nonpolar hydrocarbon oils to accumulate on the surface of
these molecules, resulting in poor flotation performance.53−56

3.1.3. LP-N2A Results. N2 adsorption/desorption isotherms
and the Barret−Joyner−Halenda (BJH) pore volume curve are
shown in Figure 4. At the same time, the measurement results
indicate that the BJH adsorption cumulative volume of pores
between 1.7 and 300.0 nm diameter for the LRC sample under
investigation was 0.019935 cm3/g, and its BET specific surface
area was 7.0346 m2/g. Compared to LRC reported in the
literature, the coal sample exhibited a higher specific surface
area.57,58 In general, LRCs possess certain pore volumes due to
their low degree of metamorphism.59 Based on the
recommended IUPAC pore classification method, the pores
in coal can be divided into micropores (<2 nm), mesopores
(2−50 nm), and macropores (>50 nm). As shown in Figure
4b, this LRC sample contains an amount of macropores. In the
flotation process, pores have a certain reagent consumption
capacity.
3.2. Kinetic Flotation Results. The kinetic flotation data

are fitted by the first-order kinetic flotation equation, and the
fitting results are shown in Figure 5. It has a good fitting effect
at five temperatures, and R2 is greater than 0.99.

In the first 1 min, the flotation rate at 5 °C is close to that at
10 °C, and then the flotation rate slows down with the increase
in temperature. The final combustible recovery rate gradually
decreases with the increase of temperature. This shows that the
increase of temperature is not conducive to the flotation of
LRC; on the contrary, higher recovery of combustible recovery
can be obtained at a lower temperature. Compared with 60 °C,
the combustible recovery in flotation at 5 °C increases by
18.13%.

The cumulative ash content curve of clean coal is shown in
Figure 6, and the final ash content of clean coal increases with
temperature. In other words, the higher the flotation
combustible recovery is, the lower the content of clean coal

Figure 2. SEM image of the coal sample.

Figure 3. FTIR spectrum of the coal sample.
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ash is, which is a characteristic of LRC flotation. However, this
characteristic is not obvious in the initial stage of flotation.

3.3. Flotation Foam Morphology. During the flotation
process, the bubble image is recorded at the beginning of
bubble generation, as shown in Figure 7. It can be clearly
observed that the number of large bubbles increases as the
temperature rises. At 5 °C, the bubbles are small, uniform, and
dense. However, at 60 °C, the bubbles become uneven, and
large bubbles dominate. This indicates that the increase of
temperature leads to an increase in bubble volume, which will
further cause bubbles to burst easily; that is, bubbles become
unstable and worsen flotation.
3.4. XPS Results. The semiquantitative examination of the

wide sweep element content reveals that the oxygen content is
33.41%, indicating that the coal sample has a high surface
oxygen content (see Figure 8). The binding energies of the
groups C−C/C−H, C−O, C�O, and O−C�O are 284.60,
285.60, 286.60, and 289.10 eV, respectively.60,61 The ratios of
C−C/C−H, C−O, C�O, and O−C�O are 45.92, 27.67,
20.61, and 5.80%, respectively. C−O is the main oxygen-
containing group on the LRC surface. These oxygen-
containing sites have strong polarity and can form hydrogen
bonds with water, resulting in poor hydrophobicity.62,63

In order to conform to the flotation environment, XPS tests
were carried out on coal samples after diesel pulping. Cai et
al.’s study64 shows that in the pulp environment (the oxygen
content in the pulp is much lower than that in the air), the coal
will hardly be oxidized in a short time. Therefore, it can be
considered that the oxygen content of raw coal does not
change with temperature during 120 s of pulping time.64 At
different temperatures, the oxygen content on the surface of
coal after the action of diesel oil is shown in Figure 9. The
surface oxygen contents of coals treated with diesel all are
lower than that of raw coal. With the increase of temperature,
the oxygen content on the coal surface increases gradually.
This demonstrates that diesel has a certain covering effect on
the oxygen sites on the surface of LRC, and this covering effect
gradually weakens with the increase of temperature.
3.5. MD Simulation Results. 3.5.1. Contact Angle. MD

simulation was carried out at three temperatures of 5, 20, and
60 °C. After 10 ns, the simulation at three temperatures
reached equilibrium. The ImageJ contact angle measurement
tool was used to measure the contact angle. It can be seen from
the results that the contact angle increases gradually as the
temperature rises from 62.95 to 75.60° (see Figure 10). It can

Figure 4. (a) N2 adsorption/desorption isotherms and (b) distribution curves of the BJH adsorption pore volume.

Figure 5. Kinetic flotation results and the first-order kinetic flotation
equation fitting results.

Figure 6. Cumulative ash content curve of clean coal.
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also be observed that at 60 °C, the oil droplets become more
loosely expanded. Nevertheless, under the joint action of oil−
water-LRC in the three-phase contact line, the contact angle at

Figure 7. Bubble image at the beginning of bubble generation at different temperatures: (a) 5, (b) 10, (c) 20, (d) 40, and (e) 60 °C.

Figure 8. (a) XPS wide sweep spectra and (b) C 1s peak of the LRC sample.

Figure 9. Effect of temperature on the oxygen content of the LRC
surface after the action of diesel oil.

Figure 10. (a) Initial configuration and contact angle results of MD
simulations at (b) 5, (c) 20, and (d) 60 °C (the white lines in the
picture are traces of the contact angle calculated by ImageJ).
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the highest temperature is still the largest. The same
conclusion has been reached in Zhang’s65 and Gayle’s66

studies.
3.5.2. Mean Square Displacement. The diffusion coef-

ficient D is a measurement of the behavior of molecules in
diffusion, and it is inversely proportional to how stable the
adsorption of collector molecules on the coal surface is. The
mean square displacement (MSD) is a function of time and
quantifies the average of the squared particle displacements
after t time. The diffusion coefficient D is 1/6 of the slope of
the MSD curve.

5−10 ns of simulated trajectories were selected for MSD
analysis. The MSD curves at three temperatures are shown in
Figure 11 11, and the diffusion coefficient D was calculated at

the same time. It can be clearly found from the calculation
results that D gradually increases as temperature rises. This
shows that at higher temperatures, the oil droplets have
stronger diffusion ability but worse adsorption stability.

4. DISCUSSION
According to the test results, it can be determined that the
direct reason for the poor flotation effect caused by the rise of
temperature is that the function of the collector becomes
invalid gradually.

Zhang et al.65 studied the interactions of oil droplets with
water-wetted shale kerogen and proposed linear relationships
between temperature, free energy, and contact angle. This is
very similar to the interactions between diesel and coal.
Therefore, with reference to their study, we have deduced the
desorption energy relationship between diesel and coal.

The desorption energy (F) per surface area (a) is equal to
the interface tension ( ).67

(1)

In the equation below, “c” denotes the coal surface; “o”, diesel
oil; “w”, water; and “v”, vacuum. Also, “u” and “′”stand for the
unabsorbed oil droplet system and the adsorbed oil droplet
system, respectively.

Equation 1 can be expanded as

(2)

(3)

Free energy of desorption

(4)

(5)

So

(6)

Young’s equation describes the diesel oil contact angle ( ).68

(7)

Figure 11. MSD and diffusion coefficient D results.

Figure 12. Interfacial tension values as a function of temperature for several n-alkanes: from the bottom to the top are hexane, heptane, octane,
nonane, decane, undecane, and dodecane. Reprinted with permission from ref 70. Copyright 2001 American Chemical Society.
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Finally, the desorption energy (ΔF) can be expressed as

(8)

The calculation of eq 8 shows that fluctuates
within the range of 17−22 nm2. Considering the statistical
error, can be regarded as a constant. According to
Zisman’s theory,69 can be a linear function of . This
empirical correlation shows that the desorption energy (ΔF)
can be approximated by a linear correlation of , as shown
below

(9)

The MD simulation results in Section 2.5 show that the
contact angle of diesel oil increases with temperature.
Therefore, the desorption energy decreases with the increase
of temperature. This indicates that the energy required for oil
droplet desorption decreases with the increase of temperature.
As a result, the oil droplets are difficult to adhere to and easier
to desorb at high temperatures. The adsorption of the collector
is stronger at low temperatures. Therefore, the flotation effect
is better at low temperatures and worsened by high
temperatures.

It is equally feasible to use the interface tension to directly
explain this point without using Zisman theory. According to
Zeppieri’s data,70 as shown in Figure 12, the interfacial tension
of oil and water decreases with increasing temperature, and the
pattern is very obvious and consistent for various oils. This can
support the above conclusion.

According to the SEM and LP-N2A results, the pores and
fractures of the coal sample are well developed. The interfacial
tension between oil and water decreases with the increase of
temperature, the oil droplet dispersity becomes better and the
droplet size becomes smaller. According to the MSD results,
the diffusion ability of oil droplets increases with the increase
of temperature. At the same time, the viscosity of oil droplets
decreases, and the fluidity increases.33 These increase the
volume of oil droplets that penetrate into the pores, resulting
in the reduction of oil droplet spreading volume. This leads to
the poor spreadability of oil droplets on the coal surface, which
reduces the ability of oil droplets to cover oxygen-containing
sites. The hydrophobicity of the coal surface is further reduced,
thus worsening flotation.

Moreover, during the flotation process, we observed that the
average volume of bubbles gradually increases as temperature
rises, which renders the flotation foam unstable and worsens
the flotation. The schematic diagram of the temperature effect
mechanism is shown in Figure 13.

5. CONCLUSIONS

• The flotation rate slows down with the increase of
temperature. The final combustible recovery gradually
decreases as temperature rises. Low temperature is
conducive to the flotation of LRC. Compared with 60
°C, the combustible recovery in flotation at 5 °C
increases by 18.13%.

• The desorption energy for oil droplets decreases as the
temperature rises. As a result, the oil droplets are difficult
to adhere to and easier to desorb at high temperatures.
The adsorption of the collector is stronger at low
temperatures. Therefore, the flotation effect is better at
low temperatures and worsened by high temperatures.

• The SEM and LP-N2A results show that the pores and
fractures of the coal sample are well developed. The
interfacial tension between oil and water decreases with
the increase of temperature, and the oil droplet
dispersity becomes better. At the same time, the
viscosity of oil droplets decreases, while the diffusion
ability increases. These make the volume of oil droplets
penetrating into the pores larger, resulting in poor
spreading of oil droplets on the surface of coal.

• The average volume of bubbles gradually increases as the
temperature rises, which would cause the flotation foam
to become unstable and worsen the flotation.
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