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Abstract: Coal gasification fine slag (CGFS) is a significant source of solid waste requiring improved
treatment methods. This study primarily investigates the mechanism of ultrasonic treatment in
optimising flotation-based decarbonization of CGFS and its impact on CGFS modified with sur-
factants. The objective is to maximise the carbon ash separation effect to support the clean and
efficient utilisation of CGFS. Flotation experiments revealed optimal conditions at an ultrasonication
power of 180 W for 2 min and a slurry concentration of 60 g/L, resulting in a residual ash content
of 82.59%. Particle size analysis, scanning electron microscopy (SEM), and Brunner−Emmet−Teller
(BET) measurements demonstrate the efficacy of ultrasound in extracting inorganic minerals from
the surface and pores of residual carbon, consequently reducing both pore and particle sizes.
Fourier transform infrared spectroscopy (FTIR) and X-ray Photoelectron Spectroscopy (XPS) analyses
indicate alterations in the surface chemistry of CGFS induced by ultrasound treatment. The content
of hydrophilic groups decreased from 31.64% to 29.88%, whereas the COO- group content decreased
from 13.13% to 8.43%, consequently enhancing hydrophobicity. Adsorption experiments demonstrate
an increase in surfactant adsorption capacity following ultrasonic treatment. Furthermore, ultrasonic
treatment facilitates the desorption of surfactants previously adsorbed onto the surfaces of CGFS
residue. Therefore, optimal flotation is obtained by applying ultrasonic pretreatment to CGFS before
adding flotation chemicals. Upon the addition of Polysorbate (Tween-80), the residual ash content
increased 90.17%.

Keywords: coal gasification fine slag; ultrasonication; flotation; surfactant

1. Introduction

CGFS is a significant source of solid waste in China. Currently, the primary methods
of disposal are blending in boilers or use in building materials. Its high water content, low
calorific value, and residual carbon impede its ability to undergo reactions with cement or
lime [1]. Thus, there exists an urgent need to explore the resource properties of CGFS in
China and devise treatment methods with high added value, technological sophistication,
and efficient ash utilisation.

The initial stage of CGFS utilisation involves separating the residual carbon from
the ash [2]. Residual carbon and ash in CGFS are primarily embedded or entangled with
each other, resulting in high ash entrapment during the conventional flotation process
and a decline in concentrate quality. Effective separation of tightly embedded minerals
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requires a crucial dissociation step. Ultrasonication is a relatively gentle method of dis-
sociation via ultrasonic crushing and cleaning. It effectively removes fine ash particles
attached to the surfaces of valuable minerals [3]. The cleaning effect on coarse particles
is superior to that on fine particles [4]. Ultrasonic treatment can also potentially change
the size of the collector [5], thus making it stable in water with homogenous dispersion [6].
Currently, ultrasound-assisted flotation is widely used to enhance the separation efficiency
of high-ash coals [7]. Ultrasonic waves can cause particle fragmentation [8] and significantly
improve the particle size of coal [9] while leaving the coal’s pore type unaltered [10]. Addi-
tionally, the energy generated by ultrasonic cavitation enhances the efficiency of attachment
between fine particles and bubbles. Moreover, increasing the ultrasonic frequency can
promote the formation of carrier bubbles [11], and the highest number of bubble aggregates
and small bubbles was observed at 100 kHz. It has been concluded that ultrasonic treatment
may weaken the water film on the coal surface and enhance the adhesion gas bubbles [3].

Furthermore, surfactants can enhance the efficiency of carbon ash separation [12,13].
They achieve this by forming hydrogen bonds with oxygen-containing functional groups on
the carbon surface [14], or by adsorbing onto the coal surface through hydrophobicity [15]
and electrostatic attraction [16], which masks the hydrophilic groups and increases the
proportion of hydrophobic groups. When the agent is rich in oxygen-containing groups, it
can promote the adsorption of carbonaceous substances by the collector, thereby improving
the flotation effect [17]. Surfactants compress the thickness of the electronic double electric
layer, causing the thin liquid film between coal particles and bubbles to become thinner
and rupture faster than other solutions [18]. This results in higher hydrophobic force
constants, which enhances the interaction between bubbles and low-grade coal particles [19].
In addition, surfactants can promote the adsorption of oily traps on the surface of low-grade
coal [20,21]. However, an excessive number of surfactants can make the coal hydrophilic
and hinder the diffusion of traps on its surface [22].

Previous studies have primarily focused on the types and ratios of trapping agents
in modified CGFS [23–25]. While previous research has addressed various methods for
decarbonization, the specific application of ultrasonic treatment, especially in combination
with surfactant modification, remains relatively unexplored. The present study examines
the effects of (1) ultrasonic pretreatment on the flotation and decarbonisation of CGFS,
as well as its mechanism, and (2) ultrasonic synergistic pretreatment with surfactants on
the flotation of CGFS. The aim was to develop an efficient flotation and decarbonisation
process based on the synergistic pretreatment of CGFS with ultrasonication and surfactants,
resulting in ash with a low burnt loss that can be used directly.

2. Materials and Methods
2.1. Materials

The experiment used CGFS produced by a Texaco gasifier used by the Inner Mongolia
Donghua Energy Co., Ltd., Inner Mongolia, China. The slag was air-dried for five days,
crushed with a mortar, and sieved to select fine particles <0.125 mm for flotation exper-
iments. Table 1 shows the results of the industrial and elemental analyses. The original
sample of CGFS had a high moisture (M) content of 64.48%, with 22.50% ash (Aad) and
only 11.96% fixed carbon (FCad). Table 2 shows that the inorganic minerals in the CGFS
were mainly silica, calcium oxide, and alumina.

Table 1. Industrial analysis, elemental analysis, and calorific value of CGFS.

Proximate Analysis (wt%, ad) Elemental Analysis (wdaf/%) Calorific Value (KJ/kg)

M A V FC C H O N S Qnet,V,Mad

64.48 22.50 1.06 11.96 28.29 0.447 5.025 0.24 0.293 11,067.72
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Table 2. Chemical composition of CGFS.

Chemical
Composition SiO2 CaO Al2O3 Fe2O3 Na2O MgO Other

Percentage/% 47.0 14.4 15.6 12.8 2.16 1.79 6.25

To determine the mineral types in the CGFS, XRD was used for physical phase analysis.
As shown in Figure 1, the CGFS exhibits bulging peaks between 5◦ and 40◦, indicating
the presence of amorphous phases. Additionally, the bulging peaks at around 26◦ and
44◦ correspond to the crystal planes of graphite structures (002) and (100), respectively.
This indicates that the residual carbon in the gasification slag was partially graphitized
by high-temperature gasification. The peaks at 2θ = 20.16◦, 26.40◦, and 29.40◦ indicate the
presence of crystalline phases in the fine slag, mainly quartz SiO2, plagioclase, and calcite.
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Figure 1. XRD spectrum of CGFS.

Figure 2 displays the particle size and ash distribution of the CGFS. The dominant
particle size ranges are 0.074–0.045 mm and <0.045 mm, with a yield of approximately
20%. The ash contents of 79.69% and 80.12% are significantly higher than the original
ore sample’s content of 60.51%. Furthermore, there is a higher content of material in the
0.5–0.125 mm particle size class, albeit with a relatively high ash content. Conversely, the
>0.5 mm particle size class material has a lower yield of 6.73% and a higher ash content
of 42.98%. To achieve optimal decarburisation, the <0.125 mm material was selected for
further flotation decarburisation study.
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Figure 2. Particle size and ash distribution of CGFS.
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2.2. Methods

Conventional flotation experiments were conducted using an XFDII inverter single-
tank flotation machine (1.5 L, Nanchang Liyuan Mining and Metallurgical Equipment
Co., Ltd., Nanchang, China). The flotation cell contained 60 g of CGFS fines and 1500 mL
of water at a slurry concentration of 40 g/L. The impeller was rotated at 1800 rpm for
2 min with an airflow rate of 0.25 m3/min. Diesel and sec-octanol were added for contact
times of 1 min and 30 s, respectively. The froth product was subsequently collected within
4.8 min after 30 s of aeration. In the surfactant pretreatment flotation test, a surfactant was
added to the slurry during preparation at a concentration of 6 kg/t. All other procedures
were identical to those used in conventional flotation. For ultrasound-assisted flotation,
the slurry underwent pretreatment with ultrasound, and the remaining procedures were
identical to those of conventional flotation. Finally, the flotation concentrates and tailings
were washed, filtered, and dried at 75 ◦C for 12 h. The yield and ash content were measured
by scorching in a muffle furnace at 950 ◦C for 2 h to evaluate the flotation efficiency based
on the concentrate yield and ash content of each product.

The samples underwent cauterisation, pressing, and chemical composition analysis
using an X-ray fluorescence spectrum analyser (Panalytical Axios FAST, Malvern pana-
lytical, Almelo, The Netherland). The mineral composition of the synthetic samples was
analysed using X-ray diffraction (D8 Advance, Bruker, Billerica, MA, USA) with a scanning
range of 5–80◦, step size of 0.02◦, operating voltage of 40 kV, and current of 150 mA. A field
emission scanning electron microscope (SU8220, Hitachi, Tokyo, Japan) was used to exam-
ine the microscopic morphology. The samples underwent vacuum degassing at 120 ◦C for
3 h. N2 adsorption and desorption were measured using a specific surface area and pore
size analyser (V-Sord 2800MP Jinaipu Technology Co., Ltd., Beijing China). The specific
surface area of the specimens in the range of P/P0 = 0.05–0.3 was calculated using the
BET method. The desorption branch was analysed to determine the pore size distribution,
which was combined with the analysis of the sample’s microstructure. The particle size of
the samples was analysed using a laser particle sizer (Malvern ZS90, Malvern panalytical,
Almelo, The Netherland) with distilled water as the dispersant and ultrasonication for 60 s.
Structural analysis was conducted using a Fourier infrared spectral analyser (IRTracer-100,
SHIMADZU, Kyoto, Japan) with a scanning range of 400 cm−1 to 4000 cm−1.

Surfactant adsorption was measured using an ultraviolet spectrophotometer (UV-3600,
SHIMADZU, Kyoto, Japan). The three surfactants were prepared as a solution with a
mass concentration of 0.01 g/mL for spare parts. A standard solution was also prepared,
and a standard curve was measured. An appropriate amount of the solution was added
to the slurry, which was left to be adsorbed for 12 h. The slurry was then centrifuged at
low speed, and the concentration of surfactants in the centrifuged solution was measured
using an ultraviolet spectrophotometer. The concentration of surfactant in the solution was
determined by measuring its absorbance using a UV spectrophotometer. To calculate the
amount of agent adsorbed on the surface of the sample, it is necessary to use the differential
subtraction method, which can be calculated using the following formula:

W = (C0 − C1) × V/m (1)

The amount of surfactant adsorbed on the surface of the sample (W) is measured in
grams per gram. The concentration of surfactant in the solution before (C0) and after (C1)
adsorption is measured in grams per litre. The volume of the adsorption solution (V) is
measured in litres, and the mass of the sample (m) is measured in grams.

3. Results and Discussion
3.1. Effect of Ultrasonic Modification of CGFS on Flotation Decarbonisation
3.1.1. Discussion of Flotation Results

Figure 3 displays the flotation results of ultrasonically pretreated CGFS samples under
varying conditions; with the increase in ultrasonic power, the concentrate yield initially
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increased and then decreased. The best flotation effect was observed at an ultrasonic power
of 180 W, where the ash content of the concentrate is at its lowest, with a concentrate yield
of 24.26% and tailing ash yield of 82.59%. Increasing the ultrasound time resulted in a
decrease in concentrate yield, a decrease in tailings ash, and an increase in concentrate ash.
This may be due to excessive ultrasound causing the breakdown of CGFS and worsening
the flotation effect. The overall trend in concentrate yield decreased with increase in slurry
concentration. When the slurry concentration was 60 g/L, the concentrate ash proportion
was 58.92%, which was the lowest proportion, and the highest tailings ash content was
82.59%. In summary, ultrasonic pretreatment can significantly enhance the separation
efficiency of residual carbon and inorganic minerals. The optimal settings are as follows:
ultrasonic power = 180 W, time = 2 min, and slurry concentration = 60 g/L.
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Figure 3. Results of flotation experiments with different ultrasonic treatments of CGFS: (a) for
different ultrasonic power treatments; (b) for different ultrasonic time treatments; (c) for different
slurry concentrations.

3.1.2. Particle Wettability Analysis

Ultrasonic pretreatment significantly affects the surface wettability of CGFS.
High contact angle means stronger hydrophobicity and stronger floatability. The con-
tact angles of different coal gasification fine slag samples are shown in Figure 4. The CGFS
original sample exhibited a low contact angle of only 22.37◦, indicating higher hydrophilic-
ity. The hydrophobicity of the CGFS residue surface was significantly enhanced after
ultrasonic pretreatment. Specifically, at an ultrasonic power of 420 W, the contact angle
increased by 30.5◦, and after 6 min of ultrasonication, the contact angle increased by 22.37◦.
With increase in ultrasonication power and time, the ultrasonication effect improved contin-
uously. The cleaning effect of ultrasonic waves made the inorganic minerals on the surface
of residual carbon flake off, sometimes destroying the oxidised layer on the surface and
exposing a fresh hydrophobic surface. Increases in slurry concentration during ultrasoni-
cation will decrease the contact angle because of the limited concentration of slurry that
can be processed by ultrasonic waves. The cavitation bubbles generated under the same
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ultrasonic conditions are limited and when the slurry concentration increases, some of the
CGFS is not cleaned and is broken.
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3.1.3. Micro-Morphological Analysis

Figure 5 displays the N2 adsorption–desorption isotherms and pore size distribution
curves of ultrasonically pretreated CGFS residue. The results indicate that ultrasonic
treatment did not alter the adsorption curves, suggesting that the pore structure of the
CGFS residue remained unchanged. When the ultrasonic power is increased to 180 W,
the number of slightly larger pores increases. This suggests that ultrasonic waves have a
cleaning effect on the residual carbon, causing the glass beads in the pores of the residual
carbon to vibrate out. As a result, a large number of large pores are exposed and their
number increases. When the ultrasonic power is too high, the large pores are destroyed, the
stripping effect of ultrasonic waves is obvious, and the small pores increase. An overlong
ultrasonication time creates ultrasonic excess. When the slurry concentration is too high,
the ultrasonic effect is poor. The large pores in the residual carbon are embedded with ash
particles, which causes the pore sizes to be small, so the content of small pores increases.

Figure 6 shows the effect of ultrasonication on the particle size distribution of CGFS
residue. The particle size decreases after ultrasonic pretreatment. With increasing ultra-
sonication power, the change in particle size is subtle. However, it is still noticeable that
larger particles decrease in size, while smaller particles increase in size. Additionally, with
an increasing ultrasonication time, the sample’s main particle size range widens. When the
slurry concentration decreases during ultrasonication, the size of the sample particles be-
comes small. This may be because the ultrasonic waves clean out the fine inorganic mineral
particles in the pores of the CGFS. Additionally, the crushing effect of ultrasonic waves is
also an important factor promoting a reduction in the particle size of the gasification fine
residue. However, it is important to note that a high concentration of slurry can negatively
affect the effectiveness of ultrasonic cleaning and crushing. The difference in particle size
between ash and residual carbon is increased by ultrasonic pretreatment of CGFS, resulting
in the effective release of ash during the flotation process.
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Figure 5. N2 adsorption–desorption isotherms and pore size distribution profiles of ultrasonically
pretreated CGFS. (a) Original sample. Different ultrasonic powers: (b) 180 W, (c) 420 W. Different
ultrasound times: (d) 2 min, (e) 4 min, (f) 6 min. Different slurry concentrations: (g) 60 g/L,
(h) 100 g/L, (i) 120 g/L.
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Figure 6. The particle size distribution curve of ultrasonically pretreated CGFS.

The morphology of CGFS was analysed using SEM (Figure 7). The surface energy
spectrum analysis of the gasification fine slag reveals that the surface elements of the CGFS
are mainly composed of C, O, Fe, Al, and Si, which is consistent with the XRD analysis.
Upon spot scanning of the rough, flocculent, and spherical particles in the samples, it was
revealed that the flocculants contained a high elemental C content of 74%. This indicated
that the substance was flocculated residual carbon. The gasification residue contained
residual carbon with a rough surface, was loose and porous, and was mostly in the form of
lumps or flakes. The spherical particles contained only 19% carbon, which was residual
carbon attached to the surface of inorganic minerals in the melt. The CGFS contained
spherical glass beads with smooth surfaces. The microscopic morphology of the slag
revealed that numerous inorganic minerals were enveloped and embedded in the voids of
the residual carbon, which made flotation more challenging.
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The microscopic morphology of CGFS after ultrasonic pretreatment is displayed in
Figure 8. The use of ultrasound to treat the CGFS resulted in a significant reduction in ash
particles in the pores. Additionally, a large number of fresh, smooth, and flat pores were
exposed as new micropores appeared and the surface of residual carbon was fractured.
Excessive ultrasonic power can destroy the macropores on the surface of residual carbon,
resulting in smoother planes with fewer macropores. Similarly, the surface of residual
carbon can be broken by prolonged ultrasonic exposure, leading to the formation of new
micropores. It is important to carefully control the ultrasonic power and time to avoid
these effects. As the slurry concentration increases, the effectiveness of ultrasonic cleaning
decreases. Additionally, the number of ash particles in the macropores of the residual
carbon surface layer noticeably increases. This is consistent with the BET and particle size
analyses. In summary, ultrasound can have a good dissociation effect on CGFS residue,
strip the inorganic minerals wrapped in the surface of the residual carbon particles and
pores, make the carbon and ash separate to a greater extent, promote flotation, and improve
the ash content of tailings.
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ultrasonic powers: (b) 180 W, (c) 420 W. Different ultrasound times: (d) 2 min, (e) 4 min, (f) 6 min.
Different slurry concentrations: (g) 60 g/L, (h) 100 g/L, (i) 120 g/L.

3.1.4. Surface Structure Analysi

The FTIR spectrum of CGFS subjected to ultrasonic pretreatment is depicted in Figure 9.
The peaks at approximately 750 cm−1 correspond to -CH2 methylene plane vibrations.
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Around 1029 cm−1, there are asymmetric vibrations in the silica-aluminate minerals (Si-O-
Si, Si-O-Al), backbone vibrations of the benzene ring, C-O telescoping vibrations, and C-H
deformation vibrations. At 1490 cm−1, there are backbone vibrations of the benzene ring,
while at 1680 cm−1 and 1610 cm−1, there is a C=C stretching vibration of the aromatic ring
and a carbon–oxygen double bond stretching vibration of the carboxyl group, respectively.
The carboxyl group COOH exhibits an OH bond stretching vibration at 3200–2400 cm−1,
while the hydroxyl group -OH shows absorption peaks at 3400–3700 cm−1, representing
an H bond stretching vibration. The effective removal of the hydrophilic oxide layer on the
surface of CGFS can be achieved through ultrasonic pretreatment, resulting in an enhanced
concentrate yield. Figure 9 displays the infrared spectra of CGFS that underwent ultrasonic
treatment. There are no discernible differences in the types of functional groups present under
different conditions. Upon comparison with the original samples, it is evident that the peaks at
C=O are significantly lower, the peaks at -CH2 are noticeably higher, and the peak intensities
at Si-O-Si are reduced. Additionally, there is a peak variation between 800 and 1200 cm−1,
which may be attributed to the synergistic effect of multiple functional groups.
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Figure 9. FTIR of ultrasonically pretreated CGFS: (a) for different ultrasonic power treatments;
(b) for different ultrasonic time treatments; (c) for different slurry concentrations.

Full-spectrum and narrow-range scanning of C elements using XPS were employed
to test the CGFS. The results of XPS broad scanning on the surface of the coal samples are
presented in Figure 10. Quantitative analysis revealed that the surface of the coal samples
contained 63.78% carbon, 23.95% oxygen, 6.35% silicon, 3.58% aluminium, 1.61% iron,
and 0.73% calcium. Split-peak fitting of the C peak showed that the content of oxygen-
containing functional groups on the surface of the slag samples was the highest, with
68.64% of C-C or C-H groups, 13.05% of C-O-C/C-OH groups, 13.13% of COO- groups,
and 5.19% of C=O groups on the surface of the slag.

After subjecting the samples to optimal ultrasound pretreatment and analysing them
using XPS, as shown Figure 11, it was observed that the C1s peak on the sample surface
was significantly elevated compared to that of the original samples. However, the carbon
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content decreased by 2.43%, while the oxygen content increased by 3.32%. This change
was attributed to the removal of oxides that were originally embedded in the pore struc-
ture of residual carbon due to the ultrasonic treatment. It is important to note that XPS
mainly conducts elemental analysis on the surfaces of samples. A significant quantity of
inorganic minerals was detected, such as elemental Si, the content of which increased by
0.68%. The split-peak fitting results of the C1s peak showed that the surface of the slag
samples contained 70.12% C-C or C-H groups, an increase of 1.48% compared to the original
samples. The C-O-C/C-OH groups decreased by 2.02%, and the COO- groups decreased by
4.7%. This indicates that ultrasound can reduce the content of oxygen-containing functional
groups on the surface of residual carbon, significantly affecting the destruction of COO-
groups and reducing the hydrophilicity of the CGFS surface.
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3.2. Effect of Ultrasonic Pretreatment on Surfactant-Modified CGFS
3.2.1. Discussion of Flotation Results

At a slurry concentration is 60 g/L, ultrasonication time of 2 min, and ultrasonication
intensity of 180 W, various surfactants were added to investigate the combined effect of
the ultrasonic field and surfactants. These include hexadecyl trimethyl ammonium Bro-
mide (CTAB), sodium dodecyl benzene sulfonate (SDBS), and Tween-80. The flotation
effect is presented in Figure 12. The combination of ultrasonication and surfactant has
a synergistic effect, resulting in significant improvements in both yield and tailing ash.
Specifically, the addition of Tween-80 had a particularly significant effect on yield, which
increased to 47.9%, while the ash content of the tailings increased to 90.17%. Furthermore,
variations in ultrasonication and surfactant treatments may impact the flotation of CGFS.
This study compared two treatment methods: Method 1 involved simultaneous ultrasonica-
tion and surfactant pretreatment of slag samples (denoted Y + C), while Method 2 involved
ultrasonic treatment of slag samples followed by surfactant treatment (denoted C + Y).
The flotation effect of Y + C was generally better than that of C + Y. Additionally, the
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yield, flotation perfection index, and tailing ash were significantly improved. This may
be attributed to the ultrasonic treatment cleaning the inorganic minerals on the surface of
the residual carbon. The residual carbon was also crushed to reveal a fresh hydrophobic
surface and reduce porosity. This allowed the surfactant to better attach to the residual
carbon surface, making it easier to select.
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Figure 12. Flotation results of the synergistic action of ultrasound and different surfactants.
(a) Yield of concentrates. (b) Aad of concentrates. (c) Aad of tailings.

3.2.2. Particle Wettability Analysis

The effect of ultrasound-assisted surfactant pretreatment on contact angle is shown
in the Figure 13a. When ultrasonication was used with surfactant treatment, the CGFS
contact angle was further increased. The contact angle increased by around 5–9◦ in Method
Y + C, where the addition of CTAB had the best effect, causing an increase of 9.32◦. Method
C + Y, on the other hand, provided the maximum increase in contact angle of 58.72◦ when
the samples were treated with SDBS agent. Ultrasonic synergistic surfactant treatment
enhances the flotation of CGFS. The contact angle is significantly greater when surfactant
is added after ultrasonication compared to ultrasonication, which is consistent with the
flotation results. The effect of ultrasound-assisted surfactant pretreatment on Zeta potential
is shown in the Figure 13b. The Zeta value of the slag sample was –30.38 mV, and the CGFS
surface had a negative charge. After ultrasonic pretreatment, the absolute value of the
Zeta potential decreased, indicating a reduction in electro-negativity. This suggests that
ultrasonic pretreatment is effective in reducing the content of oxygen-containing functional
groups on the surface of slag and in destroying large pores on the surface of residual
carbon. Upon the addition of surfactant, a significant decrease in measured Zeta potential
was observed, indicating the adsorption of surfactant onto the surface hydrophilic groups.
This resulted in the outward orientation of the hydrophobic end, which enhanced the
hydrophobicity of the residual carbon surface.
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Figure 13. Effect of ultrasonic co-surfactant pretreatment on contact angle (a) and Zeta potential
(b) of CGFS in different ways.

3.2.3. Adsorption Characterisation

To confirm the reason for the improved flotation effect of Method C + Y and verify our
previous conjecture, we measured the amounts of CGFS adsorption on different surfactants
under different modes. Figure 14 shows that, in general, the non-ionic surfactant provides
the highest adsorption amount. This is because of the lower adsorption selectivity of
non-ionic surfactant, which allows it to be adsorbed on the surface of residual carbon
as well as on the surface of inorganic minerals. Additionally, ultrasonic treatment may
enhance the adsorption of surfactants by CGFS, resulting in an increase of up to 14.45 g/g.
Comparing the adsorption amounts of Methods Y + C and C + Y, it is evident that the effect
of the three agents is the same. When surfactants are pretreated with ultrasound together
with the slurry, the amount of surfactant adsorption decreases, with a maximum reduction
of 2.44g/g. This proves that sonication can desorb the agent that has been adsorbed onto
the surface of CGFS. On the other hand, first sonicating the slurry and then adding an
agent can increase the amount of surfactant adsorption. The adsorption between surfactant
and CGFS is mainly dominated by electrostatic and intermolecular van der Waals forces.
When the surfactant is added to adsorb with CGFS and then subjected to ultrasound,
the ultrasound may cause desorption, stripping the surfactant from the residual carbon,
resulting in a poorer flotation effect.
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Figure 14. Effect of ultrasonic co-surfactant pretreatment on adsorption of CGFS residue in different ways.

3.3. Mechanism Analysis and Flotation Process Optimisation

In CGFS, ultrasonication action is primarily related to mechanical and cavitation ef-
fects [26]. The implosion of cavitation bubbles generates high temperatures and pressures,
resulting in micro-jets and strong shear forces that affect the microscopic morphology of
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CGFS. This mechanism illustrated in Figure 15a shows that this can remove inorganic min-
erals from pores, reduce the carryover of fine ash in the flotation process, and increase
the number of fractures in the carbon particles, which improve connectivity [27]. Further-
more, ultrasound has the ability to decrease the amount of oxygen-containing functional
groups presented on the surface of residual carbon. This is shown in Figure 15b, where the
reaction equation for the elimination of carboxyl and carbonyl groups [28] is provided:

R-COOH + R′ → R-COO-R′ + H2O (2)

R-C(CH3)2-COOH → R-CH(CH3)2 + CO2 (3)

R-C′=O → R′ + CO (4)
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In summary, the combination of ultrasound and surfactant can enhance the CGFS
flotation effect. The mechanism is illustrated in Figure 16. The surfactant is adsorbed
onto the surface of slag and interacts with oxygen-containing functional groups through
van der Waals forces, electrostatic potential energy, and hydrogen bonding to expose the
hydrophobic ends, which improve the flotation effect. Ultrasonic cleaning and crushing
can enhance the residual hydrophobicity of carbon and reduce the size of gasification
slag particles. This is accomplished by the transmission of high-speed shock waves or
micro-jets, which remove the residual carbon surface and inorganic minerals in the pore
space, revealing fresh hydrophobic surfaces. The smaller particle size of the gasification
slag facilitates its combination with ore slurry surfaces, resulting in a concentrate through
flotation froth. The order in which ultrasonic and surfactant pretreatments are applied can
significantly affect the flotation effect. If the surfactant is adsorbed on the CGFS surface
before ultrasonication, the shock waves generated by ultrasonic cavitation can destroy the
hydrogen bonds between the agent and residual carbon [29], causing a desorption effect
and greatly reducing flotation. However, ultrasonic pretreatment can expose more active
sites on the CGFS for the surfactant to attach to, thereby improving flotation.

Based on the flotation results, the optimal flotation process is presented in Figure 1.
Firstly, ultrasonic pretreatment is conducted on the CGFS, followed by the addition of
surfactants for chemical modification. This changes the structure and surface properties of
the CGFS. Finally, the conventional flotation process is carried out to enhance the flotation
of CGFS.
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4. Discussion

To enhance the comprehensive utilisation efficiency of CGFS, this study examined
the impact of ultrasonic treatment power and time, as well as slurry concentration, on
the flotation performance of CGFS during the ultrasonic pretreatment process. Based on
these findings, CGFS was pretreated with surfactant, and the effects of ultrasonic and
surfactant pretreatment were compared in different orders. The results provide a reference
for enhancing the CGFS flotation process. The main conclusions are as follows:

(1) Ultrasonic pretreatment can significantly improve the separation efficiency of
residual carbon and inorganic minerals. The optimal settings are as follows: ultrasonic
power = 180 W, time = 2 min, and slurry concentration = 60 kg/L. This provided the
maximum fine coal yield and ash content, a concentrate yield of 24.26%, concentrate ash
content of 58.92%, and tailings ash content of 82.59%.

(2) Ultrasonic pretreatment can clean the ash particles in the pores of CGFS, destroy
the large pores, create new micropores, expose a large number of fresh smooth plane pores,
reduce the particle size of CGFS, and even remove the surface oxidation film, exposing
fresh hydrophobic surfaces. Ultrasonic pretreatment decreased the content of hydrophilic
groups from 31.64% to 29.88%, of which the COO- groups decreased from 13.13% to 8.43%,
which is a significant effect.

(3) Among the various treatment methods investigated, ultrasonic treatment was
found to be effective in desorbing the adsorbed agent on the surface of CGFS due to the
predominance of electrostatic force, intermolecular van der Waals force, and hydrogen
bonding in the adsorption process. Ultrasonic treatment should be employed to enhance
the hydrophobicity of the surface of CGFS and increase the number of surface-active
sites. Subsequently, adding a surfactant can further increase the adsorption amount of the
surface-active agent, leading to a more effective treatment of CGFS. Which result in tailings
with an ash content of up to 90.17%.
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