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Abstract: To improve water injection effect, microemulsions (MEs) were used to wet coal seam
compared with water and sodium dodecyl sulfate solution (SDS). Wetting effects were
characterized by contact angle, X-ray diffraction, Fourier infrared spectroscopy. The results showed
that the microemulsion has better spreadability on coal surface and has stronger wettability for coals
of different ranks and different particle sizes than traditional wetting agents. The W/O type
microemulsion is more affinity to coal than the O/W type and the bicontinuous type.Oxygen and
hydrogen contents contributed to wetting. Different wetting agents have the greatest impact on the
oxygen-containing functional group absorption zone of coal, but have little impact on the change of
clay mineral composition.As the content of quartz increased, the content of montmorillonite was
decreased, and the hydrophilicity of coal was increased. This research proposes new ideas for
solving coal dust problems and reducing coal mine disasters.
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1. Introduction

Coal plays a crucial part in energy structure with growing demand for the rapid growth of
economy in China. Coal dust, is generated by the process of production and utilization with great
number, is involved in the explosion, reduces the roadway visibility, and long-term inhalation of cold
dust causes pneumoconiosis. It seriously endangers safe production of coal mine and healthy body
of coal workers [1,4]. Different particle sizes of coal dust cause distinct damages to human body [5].
Small particles of coal dust can directly enter the lungs and damage the immune system, causing
serious infections [6,9]. Therefore, controlling coal dust with different particle sizes has been the focus
of recent research [10]. The smaller the particle size, the more difficult the wetting was [11]. The coal
ranks had different polar functional groups, such as oxygen-containing functional groups, which had
large differences in wettability [12]. The wettability of coal directly affects the dust suppression effect.
It is of great significance to study wetting agent suitable for different coal grade and dust particle size
for coal mine dust removal and disaster control [13,14].

Previously, researchers attempted to eliminate primary coal dust by water injection [15]. Since
the surface tension of water was too large to spread on the surface of the hydrophobic coal seam, it
was difficult to achieve the ideal wetting effect by traditional water injection [16]. Researchers further
added surfactant to water, and magnetized the water, applied electric field, or used microwave
radiation for dust removal [17,18]. Wang et al. investigated the coal-dust-wetting ability of 15
surfactants and wettability of six coal samples through contact angle experiment. The results revealed
that the compound surfactant FMES and CDEA were optimal for wetting coal dust and the
wettability of coal samples showed a high-low-high trend with the increase of metamorphic degree,
lignite had the strongest wettability and coking coal had the weakest. Different ranks of coal required
different wetting agents [19]. Yao et al. studied the wettability of three kinds of coal samples through
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the contact angle experiment, and the results demonstrated that for hydrophilic coal and
hydrophobic coal with more or less oxygen-containing functional groups, appropriate dust
suppressant and polymeric surfactant were used respectively to obtain better dust removal
performance [20]. Chen et al. studied coal dust with different particle sizes, and the results indicated
that SDBS had better wetting effect than SDS, and the smaller the particle sizes were, the worse the
wettability was [21]. Ni et al. directly wetted coal dust with ionic liquid. The results demonstrated
that if the content of functional groups changed, the wettability would be increased, and the contact
angle would be decreased to the minimum 41.1° [22]. Although previous studies have made
significant progress, surfactants used in large quantities are expensive and the effect does not meet
the requirements of coal mines. In order to reduce the cost and increase the efficiency of wetting
different dust particles, microemulsion (MEs) was investigated for the wetting of coals with different
particle sizes.

Microemulsion, a transparent or semi-transparent thermodynamically stable isotropic
homogeneous liquid with ultra-low surface tension, was composed of water, oil (or other two-phase
insoluble), surfactant and cosurfactant [23]. Microemulsions can dissolve hydrophobic and
hydrophilic components [24], and exhibit high temperature stability in structure and phase [25],
stable type for long-term storage [26], and coexistence of hydrophilic and lipophilic substances [27].
It has good water solubility and oil solubility [28,29], which allows coal seam wetting. The effect of
microemulsion on the hydrophilicity of glass surface was characterized by mass spectrometry (MS)
and contact angle measurement. The results show that the microemulsion can change the hydrophilic
and hydrophobic properties of glass surface [30]. The interaction of diluted microemulsion with shale
and sand was studied by Andrei S. Zelenev. The results showed that compared with o/w and w/o
microemulsion, the diluted equilibrium microemulsion had the largest contact angle and the worst
wettability [31]. Microemulsions can change the wettability of solids [32] and dense sandstone [33].
Microemulsion can change the wettability of solid surface and the wettability of microemulsion is
stronger than that of surfactant [34,35]. Moreover, it can generate ultra-low surface tension through
the enhancement of 0il [36], and increase the mobility of non-polar molecules [37]. The wettability of
bicontinuous microemulsions was studied by Vaijayanti A. Tamhane [38], and the results showed
that the microemulsions have good solubility, low interfacial tension, and controllable water content.
It can form a smaller contact angle on hydrophobic leaves [38], has better spreading capability and
good wetting effect [39]. As microemulsions have these excellent properties, it is of great significance
to study the wettability of microemulsions to coal to solve coal dust problems and prevent natural
disasters in coal mines.

In this report, the wetting performance of microemulsion on coal was studied and compared
with traditional wetting agents. The contact angle experiments were used to directly characterize the
comparative wetting results. We also quantitatively characterized the functional groups, clay
minerals of Yuquan lean coal treated with different wetting agents using Fourier transform infrared
spectroscopy, X-ray diffraction experiments, and fitting parameters to the contact angle to obtain the
relationship between parameter changes and wettability. This study will provide a theoretical basis
for the selection of efficient wetting agents in coal mines.

2. Theory and experiment

Contact angle, based on Young equation, is the most direct index of wettability of reactive
materials with the wetting process, which is related to the interfacial free energy of the solid-gas,
solid-liquid, and liquid-gas. When a droplet is placed on a solid surface, the droplet can spread out
on the solid surface automatically, and the droplet exists at a certain contact angle with the solid
surface [19].

Ys¢ — Vs = Vi * €os 6 1)
Where, ySG, YLG and ySL are the solid-gas, liquid-gas, solid-liquid interfacial tensions (N/m),
respectively, and 0 (0-180°) is the contact angle at the solution interface [40]. 0° indicates that the
solution is completely wet, when the spread on coal surface is complete. 180° indicates that the
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solution shows no spreading or wetting. Therefore, the spreading of the solution was used to describe
the wetting of coal dust.

3. Experimental materials and equipment

3.1 Coal samples and wetting agents

Sodium dodecyl sulfate (SDS), an anionic surfactant, with distilled water as the contrast agent
was purchased from Tianjin Dingshengxin chemical co, LTD. Kerosene, 98% ethanol were purchased
from the Chengdu aikeda chemical reagent co. LTD.

The distilled water and ethanol, 1 wt % SDS solution, kerosene mixed with certain proportion,
and materials spontaneously formed homogeneous microemulsion. According to the water-oil ratio
of 2:1, 1:2 and 1:1, the microemulsion was synthesized in batches to produce O/W, W/O, and
bicontinuous (B) type. The four - phase composition of microemulsion was spontaneously combined
at room temperature (19 C) in autumn in Qingdao, Shandong province, China.

The typical coal samples used in the experiment were Sihe anthracite, Cuijiagou soft coal,
Yuquan lean coal, Wanglou 1/3 coking coal, Tangkou gas coal. From anthracite coal with the highest
metamorphic degree to gas coal with medium or low metamorphic degree, the five kinds of coal
samples are the representatives for the entire difficult wetting coal system. The proximate analyses
and ultimate analysis of coal samples are shown in Table. 1.

The hydrophilic and hydrophobic properties of the four-phase substance were simplified into
molecular monomers according to the wetting substance, and amphiphilic molecules were simplified
into molecular monomers with a hydrophilic head and a hydrophobic or lipophilic tail. The
synthesized microemulsion existed in the form of tiny droplets were simplified into three-
dimensional small molecular groups (Fig.1).

Table 1. The proximate analyses andultimate analysis of coal samples

Sample Proximate analysis (wt %) Ultimate analysis (wt %)
Maa Aaq Vad Fead Caat Hoat Odat Nat Sta
anthracite 0.93 14.98 9.58 74.51 93.01 2.98 2.23 1.1 0.32
soft coal 3.52 1558  36.54  44.36 81.99 4.45 11.29 0.71 1.19
lean coal 1.05 1547 1893 64.55 90.24 413 3.1 1.03 1.29
1/3 coking coal 1.1 1527 3422 4941 86.58 5.03 5.3 117 171
gas coal 3.43 16.3 39.27 41 82.04 4.78 10.87 1.19 0.86
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Fig.1. Self-assembly of microemulsion
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3.2. Experimental facilities

The raw coal was crushed and sieved into powders with 20 mesh, 120 mesh, and 325 mesh.
Powders of 0.6 g was compacted with compressing pressure at 20 MPa for 2 min for contact angles
test using the YP-24 type tablet press machine manufactured by Josvok Technology Co. Ltd (Fig.2).
During the process of coal pulverization, the surface structure became more complex and the
wettability was changed [41]
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Fig.2. Coal cake making and wetting angle measurement

3.3 Indirect characterization of wettability

To study the changes of physical and chemical properties of coal samples after wetting agent
treatment, lean coal was to be selected for experiments. The mixed sample (the mass ratio of coal
sample to KBr is 1:1000) is ground evenly and put into the mold. Then place the mold on the tablet
press and press for 2 min with a pressure of 15 MPa. Finally the test is carried out with a Nicolet iS50
FT-IR Fourier infrared spectrometer made in the United States. The pulverized coal soaked in wetting
agent for 5 days was put into the drying oven for 24 hours (20°C). After taking out, the sample was
placed on the slide and scanned with a Rigaku Utima IV X-ray diffractometer made in Japan by
Rigaku corporation. A large chunk of coal is crushed, and small coal pieces at the same position in
the same coal are selected to ensure that the properties of the coal pieces are similar. Then four small
coal blocks with similar surface morphology are selected by coal surface scanning to ensure that the
coal surface treated with the reagents can form a more scientific control group. Then they are dried
by a drying oven at 20 °C for 24 h to obtain the coal sample to be tested. Finally, the coal sample is
scanned with an APREO scanning electron microscope made in the United States (Fig.2).

4. Results and discussion

4.1 Contact angle of different coal samples

The contact angle directly reflected the wettability of the wetting agent.
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Fig. 3 Contact angle of traditional wetting agent and microemulsion to coal

Fig.3 is a comparison diagram of the contact angle of traditional wetting agent and the average contact
angle of three-phase microemulsion, where (a), (b), (c) the coal cake particle size is 20 mesh, 120 mesh, and
325 mesh. It can be seen from the figure that different contact angles of wetting agents vary greatly, with water-
coal contact angle being the largest, followed by SDS-coal, and microemulsion-coal contact angle being the
smallest, indicating that water has the worst wettability, followed by SDS. Microemulsion has the best
wettability. The microemulsion droplets reach the nanometer scale, and the water and oil phases are connected
by surfactants and co-surfactants, which have better spreadability, so they can spread smoothly on the surface
of the hydrophobic coal seam to form a coal surface coating layer and change the wetting of coal Sex. Reduce
the dust production of primary coal dust, and finally achieve the goal of pre-injecting microemulsion to prevent
various natural disasters.

It can be seen from the figure that the contact angles of different coal ranks are obviously different, from
largest to smallest, they are anthracite, lean coal, 1/3 coking coal, bituminous coal and gas coal, indicating that
anthracite has the strongest surface hydrophobicity. It is difficult for the wetting agent to spread on the coal
surface, and the dustproof task is the most difficult. Compared with traditional wetting agents, the
microemulsion has the smallest contact angle, the best wettability, and the strongest spreadability on the
anthracite surface, indicating that the microemulsion can more easily wrap the anthracite. Lean coal and 1/3
coking coal have similar laws. Bituminous coal and gas coal have similar contact angles, indicating that
bituminous coal and gas coal have similar wettability. Among the tested coal ranks, wetting agents have the
strongest wettability on bituminous coal and gas coal and have the best effect.

The different contact angles of different particle sizes indicate that the wettability of different particle sizes
is different, and the wettability of the same coal rank shows differences. It can be seen from Figure 1 that the
contact angle of the briquettes with a particle size of 20 mesh and 120 mesh is relatively small, but when the
briquettes have a particle size of 325 mesh, the contact angle increases greatly and the wettability becomes
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worse. Smaller, the physical and chemical properties of the surface of the coal powder become more complex,
and the lower the affinity for the wetting agent, the more difficult for the wetting agent to spread on the surface
of the coal cake to wrap the coal seam. It can be seen from (c) that when the particle size is 325 mesh, the
difference in contact angle formed by the wetting agent on the surface of coal cakes of different coal ranks
decreases, indicating that the surface wettability of coals of different coal ranks is more similar as the particle
size decreases. The microemulsion-coal contact angle increases as the particle size decreases, but the overall
wettability is good.

In short, although the increase in coal rank and the decrease in coal particle size will enhance the
hydrophobicity of the coal surface, the microemulsion has stronger wettability than traditional wetting agents
and is easier to spread and wrap the coal seam on the coal surface.

4.2 Wettability of three phase microemulsion

At the average ceramic temperature of 968.3 °C and the vacuum of approximately 30 kPa, the air
was quickly pumped in, and the pressure of gas oxidation was measured in real-time. The picture
shows the real-time pressure detection chart.
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Fig.4 Contact angle of three-phase microemulsion with coal

Fig.4 is the contact angle formed by the three-phase microemulsion on the surface of the coal
cake, where (a), (b), (c) the particle size of the coal cake is 20 mesh, 120 mesh, and 325 mesh. It can be
seen from the figure that the contact angle of the three-phase microemulsion to the same coal rank
and the same particle size is not much different, indicating that the wettability of the three-phase
microemulsion to coal is at the same level. Among the three-phase microemulsions, the contact angle
of W/O-coal is the smallest, the contact angles of the double continuous type and the O/W type are
similar, and the double continuous type is slightly better, indicating that the W/O type microemulsion
has better wettability than the double continuous type and O /W type. The W/O type is composed of
the oil phase wrapping the water phase core to form nano-droplets, and the oil and water are
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connected by the active agent to form a microemulsion wetting agent with wetting properties. The
hydrophobicity of the coal surface makes it difficult for the droplets to spread, but it is compatible
with oil. W/O type microemulsions have an oil-phase shell, so it is easier to affinity with the
hydrophobic coal surface. The microemulsion with stronger affinity with the coal surface is easier to
spread on the coal surface, forming a smaller contact angle and achieving better wetting effect. The
bicontinuous microemulsion has the same water-oil ratio, and when the coal seam is spread, the
lipophilic side preferentially forms a smaller contact angle with coal. O/W type microemulsion oil
phase core is wrapped by water phase, which is more difficult than W/O type when the coal seam is
wetted. However, because the three-phase microemulsion has a smaller water-oil ratio, the contact
angle does not change much.

In a word, the wettability of three-phase microemulsion to coal is different, but the difference is
not big. W/O type microemulsion has stronger affinity to hydrophobic coal surface than O/W type
and bicontinuous type.

4.3 Fitting relationship between contact angle and proximate composition and ultimate composition

Proximate composition and ultimate composition are the most recent parameters of coal. The
change trend of contact angle must affect the changes of coal parameters and must be affected by it.
Therefore, exploring the relationship between contact angle and industrial analysis and elemental
analysis is helpful for in-depth discussion of coal The nature of wet changes.
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Fig.5 illustrates the proximate composition and ultimate composition straight lines of water-coal
contact angle, SDS-coal contact angle, three-phase MEs-coal average contact angle, and five grades
of coal. Proximate composition and ultimate composition in coal samples were greatly affected by
the coal rank. Coal samples treated with different wetting agents had the same correlation with the
fit curves of proximate composition and ultimate composition. The contact angle was positively
correlated with the fixed carbon and carbon elements in the coal, indicating that the larger the fixed
carbon and carbon element contents, the worse the wettability. The higher the content of fixed carbon
and carbon elements, the higher the degree of deterioration of coal, resulting in poor wettability,
which was consistent with the results of contact angle experiments. The contact angle was decreased
with the increase of moisture and ash in the coal, indicating that the moisture and ash were positively
related to the wettability of the coal. The contact angle was decreased with increasing hydrogen and
oxygen content. We found that the content of hydrogen and oxygen contributed to the wetting of
coal. In the process of coal deterioration, as the coal rank rises, the oxygen-containing functional
groups fall off, which reduces the affinity of coal for water and directly determines the wettability of
coal. MEs did not change the proximate composition and ultimate composition of raw coal, and the
contact angle was affected by the proximate composition and ultimate composition similarly as

traditional wetting agents.

4.4 Experiment of Fourier Infrared Spectroscopy
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Fig.6. Fourier infrared spectra of different coal samples

Fig.6 is the Fourier infrared spectrum of coal samples treated with different wetting agents.The
four samples had similar spectral curves, and the wetting agent did not change the type of functional
groups in the samples but the ratio of functional groups. The spectrum is divided into four parts,
namely aromatic structure absorption zone, oxygen-containing structure absorption zone, aliphatic
structure absorption zone and hydroxyl structure absorption zone. The oxygen-containing structure
absorption zone spectrum of the four coal samples changed greatly, and the other three absorption
zones did not change much, indicating that the wetting agent mainly affects the coal's own structure
through oxygen-containing functional groups, and ultimately determines the hydrophilic and
hydrophobic properties of the coal. It can be seen from Figure 5 that the increase of oxygen and
hydrogen is helpful for wetting, so the wetting agent's wettability to coal is enhanced mainly by
adding oxygen and hydrogen to form oxygen-containing functional groups, and finally oxygen The
functional group area percentage changes. Wettability was affected as the ratio of functional groups
was changed.
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4.5 X - ray diffraction experiment

1 - Dolomite

2 - Calcite

3 - Potassium Feldspar
4 - Sodium feldspar

5 - kaolinite
5 . .
i 6 - Montmorillonite
2
4l 7 - Quartz
LS5 [T,
mf 5 13 " MEs
. LR w3y 3500 7 7
BT 7 0 T g
75 - 615
? s
sV a2
A " SDS
5
I b 32
s 1333232215727521
54 =‘
634346 1| izt L Water
2 2133172 132,7
B 21557 27152157 5 |,
; i
63,36 13
W fiL Raw coal
12 333321, 2,7 W coa
W2 N6 4 g5
| |
I T T T T T T {
10 20 30 40 50 60 70 80

2Theta(degree)
Fig.7. X-ray diffraction spectra of four coal samples

Fig.7 is an X-ray diffraction comparison chart of coal sample and raw coal treated by wetting
agent. It can be seen from the figure that the types of clay minerals of the coal samples did not change
after being treated with different wetting agents, indicating that the three wetting agents did not
completely dissolve the clay minerals and did not produce a large corrosive effect on the clay
minerals, but only slightly changed The relative content of clay minerals.
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Fig.8. Relationship between clay mineral content and coal wettability

As can be seen from Fig.8,the proportion of each clay mineral in coal samples was mostly the
same. The content of quartz was the largest, and the proportion reached about 50 % of the total clay
minerals of each coal sample. The content of montmorillonite was the smallest, only 2.68 % -5.32 %.
We discovered that the fitting curve of the relative content of quartz and the contact angle were well
correlated, indicating that quartz had a strong effect on wettability. The smaller the relative content
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of quartz is, the larger the contact angle is, and the worse the wettability is. The MEs treated coal
sample had the largest quartz content, with a relative content of 47.75 %, which increased the wetting
effect of MEs on coal. The relative content of dolomite, potassium feldspar, and kaolinite was slightly
affected by the contact angle, indicating that the change in wettability of the coal sample after MEs
treatment was independent of the relative content of dolomite, potassium feldspar, and kaolinite. The
influence of calcite and albite on coal wettability can be divided into two stages, the first stage is 27°
to 70°, the second stage is 70° to 95°, and the first stage accounts for a larger proportion. The albite
decreases in the first stage and increases in the second stage, indicating that the increase in the
percentage of albite promotes wetting in the first stage and inhibits wetting in the second stage.
Calcite is the opposite of albite. The first stage is to inhibit wetting, and the second stage is to promote
wetting. The relative content of montmorillonite is positively correlated with the contact angle, the
contact angle increases with the relative content, and the wettability becomes worse. The content of
montmorillonite in the coal samples is relatively small, and the changes after being treated by wetting
agent are subtle. From the fitting situation, although montmorillonite has hydrophilicity and
absorptivity, it does not have a big impact on the wettability of coal. However, the expansion
coefficient of montmorillonite varies from several times to more than 30 times after absorbing water,
blocking the pores of coal, and small changes in volume may also seriously reduce the wetted area
of coal. On the whole, the slight change of montmorillonite will not enhance the wettability of coal
after being treated by wetting agent.

5. Conclusion

In this paper, we studied the wettability of MEs on coals of different coal ranks and different
particle sizes and compared them with traditional water-injection wetting agents. Yuquan lean coal
was selected to measure the functional groups of coal, clay minerals and coal surface cracks after
being treated with different wetting agents. The conclusions are as follows:

1. Under the same coal rank and the same wetting agent, the higher the coal rank is, the worse
the wettability is. Under the same coal rank and the same wetting agent, the smaller the particle size
is, the worse the wettability is. Under the same coal rank and the same particle size, the MEs-coal
contact angle was the smallest. Among the tested coal samples, the water-anthracite-325mesh contact
angle was the largest at 103.23°, and the W/O MEs-gas coal-20 mesh contact angle was the smallest
at 17.39°. The microemulsion exhibited good wettability to coal.

2. The contact angle of the three-phase microemulsion to coal, the minimum contact angle
obtained at W/O MEs-gas coal-20 mesh was 17.39°, and the maximum value at O/W MEs-anthracite-
325 mesh was 27.91°. W/O type microemulsion demonstrated superior wetting effect than O/W type
and bicontinuous type.

3. The moisture and ash of coal were positively correlated with the wettability of coal, and
hydrogen and oxygen contributed to the wetting of coal.

4, The wettability of the wetting agent to the coal is enhanced mainly by changing the area
percentage of oxygen-containing functional groups.

5. The fitting curve of the relative content of quartz and the contact angle has a good correlation.
The smaller the relative content of quartz, the larger the contact angle and the worse the wettability.
The influence of calcite and sodium feldspar on wettability presents stage change. Montmorillonite
absorbs and expands and blocks coal pores to reduce the wetting area, and its own hydrophilicity
does not enhance the wettability of coal.

In this paper, we reported for the first time that microemulsions displayed good wettability to
coal, which was of great significance for solving coal mine disasters, wrapping primary dust to reduce
roadway pollution, and alleviating the harm of coal dust to workers' health. In addition, it will
provide theoretical basis for the future development of degradable microemulsion wetting agents.
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