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To determine the wetting process and wetting mechanism of different surfactant solutions on coal dust surface, four types of
surfactants (anionic surfactant 1227, anionic surfactant AOS, amphoteric surfactant CAB-35, and nonionic surfactant CDEA) are
selected to measure their surface tension and contact angle. Based on the data, the adhesion work, spreading coefficient, and
immersion work of the surfactant solutions on a coal dust surface are calculated and their adsorption mechanism is discussed.)e
results show that the surface tension and contact angle of AOS and CDEA are lower and smaller, respectively, their calculated
spreading coefficients are higher, and their adhesion work and immersion work are less than those of 1227 and CAB-35. )is
shows that the wettability of the AOS and CDEA solutions for a coal dust surface is more than that of 1227 and CAB-35, whereas
their adhesion is lower than that of the latter. )e spreading coefficient can be used as an index to determine the wettability. )e
wetting ability of the AOS and CDEA aqueous solutions for coal dust is stronger than that of 1227 and CAB-35 because of the
different adsorption forms of the surfactant molecules on the surface of the coal dust. )e tail hydrophobic group of the AOS and
CDEA surfactant molecules orient to the surface of the coal dust, whereas the head hydrophilic group directs to the solution, being
easier to wet. )e results show that anionic and nonionic surfactant solutions can significantly improve the wettability of a coal
dust surface, providing a theoretical basis for selecting suitable surfactants as water-spray additives to improve the dust
suppression efficiency.

1. Introduction

In the process of coal production, a large amount of dust is
frequently produced [1–3], particularly in the mining phase,
which not only directly threatens the safety of coal mine
production but also causes pneumoconiosis when workers
inhale dust for a long time [4–6]. )erefore, dust control has
typically been a prominent topic of research [7–9]. Presently,
the most common dustproof measure adopted by our coal
mines is water-spray dust suppression, which produces small
water mist particles through a spray nozzle, which collide
and bond with the dust particles and increase the size of the
dust particles, thus achieving settlement [10–12]. )e liquid
medium mostly used for spray dustfall is clean water.

Although this measure is simple and economical, because
the surface of coal contains numerous hydrophobic non-
polar groups, it has a certain hydrophobicity and the water
surface tension is high, so that the dust is not easily and
rapidly wetted and captured by water [13, 14]. Adding a
surfactant in water as a dust control method can effectively
improve the dust suppression efficiency and has become an
important approach to control coal dust in Europe and the
United States. )is is because a surfactant can significantly
reduce the surface tension of a solution and effectively wet
the dust surface [15, 16], leading to dust agglomeration and
settling, thereby achieving the effect of dust suppression.
)erefore, selecting a suitable surfactant is the key factor to
improve the effect of the spray dustfall [13]. Although
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Chinese scholars have developed various dust suppressant
products and achieved some results in field applications, a
study of the mechanism of a surfactant wetting coal dust is
relatively rare.

In recent years, the main research results have been as
follows: Yang et al. [3] studied the surface chemical
structure, surface electrical properties, and surface wet-
tability of coal dust via infrared spectroscopy, electro-
phoresis, and forward penetration experiments. )e
results showed that the wettability of a surfactant solution
for coal dust depended not only on the gas–liquid surface
tension of the solution but also on the solid–liquid in-
terfacial tension between the solution and coal dust. )e
interfacial tension between the solution and coal dust was
closely related to the hydrophobicity, electricity of the
dust, and structural properties of the surfactant. Zhang
[17] studied the surface dynamic adsorption and spreading
properties of nonionic surfactants and preliminarily dis-
cussed the inhibition mechanism of coal dust. Ma and Zhu
[18] theoretically analysed the micromechanism of water
and coal dust by applying the knowledge of molecular
thermodynamics and surface physicochemistry and
revealed that the basis of wetting coal dust by water was a
result of the interaction of the short-range and long-range
forces between the molecules. A surfactant increases the
interaction between water and coal dust, reduces the
surface tension of water and interfacial tension between
the coal dust and water, and reduces the free energy of the
system, thereby improving the ability of water to wet coal
dust.

In this study, four types of surfactants were selected, and
by measuring the surface tension and contact angle, cLV −

cos θe the curve was correspondingly drawn, and the law
between cLV and cos θe was explored. )e wettability and
adhesion of the surfactant solutions for a coal dust surface
should be evaluated by calculating the adhesion, spreading,
and immersion works of the different surfactant systems,
and the process of wetting coal dust by a surfactant may be
explored. )e surface modification principle of the surfac-
tants for water and coal dust could be expounded, and the
adsorption mechanism of the different surfactants for
wetting coal dust will be discussed.

2. Materials and Methods

2.1. Experimental Material. )e coal sample used in the
experiments was acquired from a coal mine in Erdos, China,
which is characteristically composed of bituminous coal. In
the experiments, tap water was used to more closely replicate
the actual conditions of the coal mine. )e coal sample was
crushed and sieved into powders finer than a 200 mesh
(0.074mm).

Considering the particular working environment of a
coal mine, the surfactant should be nontoxic, nonirritating,
nonflammable, low cost, and easy to dissolve in water [19].
In this study, four types of surfactants (Table 1) were selected
to study the wetting law and were purchased from Usolf
Chemical Technology Co. Ltd.

2.2. Basic*eory. Wetting originates from the adsorption of
liquid molecules on the surface of particles. A wetting
process is actually a process in which a liquid and gas
compete for the surface of particles. It can be regarded as the
disappearance of the solid–vapor interface and formation of
a solid–liquid interface [20].

A wetting process is related to the surface tension of the
system. When a drop of liquid falls on a horizontal solid
surface and reaches equilibrium (Figure 1), the relationship
between the contact angle and surface tension conforms to
the following equation (Young’s equation) [20]:

cSV � cSL + cLV × cos θe, (1)

where cSV is the solid–vapor surface tension (mN/m), cSL is
the solid–liquid interfacial tension (mN/m), cLV is the
liquid–vapor surface tension (mN/m), and θe is the contact
angle at the solution interface (°).

2.3. Experimental Methods and Facilities. Based on Young’s
equation, the wetting law of a coal dust surface was studied
by measuring the surface tension of the surfactant solutions
and contact angle of the surfactant solutions on the coal dust.

)e solutions of 1227, AOS, CAB-35, and CDEA of
different concentrations (0.01 wt%, 0.03 wt%, 0.05 wt%, 0.07
wt%, 0.1 wt%, 0.3 wt%, and 0.5 wt%) were prepared, re-
spectively. )e surface tension of the different concentration
solutions was measured using the maximum bubble method
and a DMPY-2C surface tension meter manufactured by the
Institute of Applied Physics in Nanjing. Every experimental
sample was measured thrice. All the experiments were
conducted at ambient temperature of 25°C.

)e coal powder was pressed into a tablet form for the
contact angle tests using a YP-2 type tablet press machine
manufactured by Shanyue Science Instrument Co. Ltd.,
Shanghai, which maintained the compressing pressure at
20MPa for 2min [21]. )e contact angles of the different
concentration solutions (0.01 wt%, 0.03 wt%, 0.05 wt%, 0.07
wt%, 0.1 wt%, 0.3 wt%, and 0.5 wt%) on the coal surface were
detected using the sessile dropmethod and a SL200C contact
angle instrument manufactured by Kino Co. Ltd., USA. )e
photos from the testing of the contact angle of all the so-
lutions were captured in the first second of the solution
dripping for comparing the results of the experiment. Each
experimental sample was measured thrice.

3. Results and Discussion

3.1. Surface Modification of Surfactant on Water and Coal
Dust. Surfactants are polar hydrophilic and nonpolar hy-
drophobic groups, which can significantly reduce the surface
tension of a solution at low concentrations [20]. )e surface
tension of the four different surfactants at the different
concentrations (wt%) was measured by the maximum
bubble method, and the experimental results are shown in
Figure 2.)e results show that the surface tension of the four
surfactants decreases with the increase in the concentration
at low concentrations. When the concentration reaches a
certain value, the surface tension tends to be stable, and this
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concentration is the critical micelle concentration (cmc).
)e cmc of the four surfactants is mainly concentrated at
0.05% and 0.1%. When a surfactant dissolves in water,
because of the hydrophobic effect, the hydrophilic group is
inserted in water, the hydrophobic group extends into air,
and the surfactant molecule forms a directional interface
adsorption layer on the surface of the water solution. )is
changes the contact state between the surface molecules of
water and air, resulting in the decrease in the surface tension
of the water solution [22]. In addition, by comparing the
surface tension of the different surfactants, it can be con-
cluded that when the concentration of the four surfactants
reaches 0.1%, the surface tension decreases to less than
40mN/m, which significantly reduces the surface tension of
water.

)e solutions of the four surfactants were prepared
with different mass fractions to determine the contact
angle formed between them and the coal tablets. )e
measured contact angle between the tap water and coal
tablet is 56.18°. At low concentrations (0–0.1 wt%), the

contact angle of the surfactant solutions on the coal tablet
decreases rapidly (25.21°–20°), whereas when the con-
centration exceeds 0.1 wt%, the change in the surface
tension tends to be gradual (Figure 3). Because the hy-
drophobic group of each surfactant solution has a strong
interaction with the coal dust particles, the interaction
between water and coal dust is increased, the interfacial
tension between water and coal dust, cSL, is reduced, the
contact angle, θe, is reduced, and the wetting process
becomes easier than when without the surfactant [22].
Simultaneously, the contact angle of the anionic and
nonionic surfactant solutions on the coal tablets is smaller
than that of the cationic and amphoteric surfactants, which
indicates that the wettability of the former for the coal
tablets is better than that of the latter.

As can be seen from Figures 2 and 3, the changes in the
surface tension and contact angle with the concentration are
basically the same. Figure 4 shows the relationship between
the surface tension of the surfactant aqueous solutions, cLV,
and cosine of the contact angles of the surfactant aqueous
solutions on the coal tablet, cos θe. It can be seen that there
are two linear relationships between cLV and cos θe: before
the cmc, cos θe increases linearly with the decrease in cLV
and changes gradually. Following this, a turning point ap-
pears near the cmc, and after reaching the cmc, cos θe in-
creases linearly with the decrease in cLV, but changes rapidly
[22].)e straight line after the cmc of the different surfactant
solutions extends to cos θe � 1, i.e., θe � 0°, corresponding
to cLV, which implies that the liquid with that surface tension
can wet the surface of the coal dust completely and can
spread on it. )is shows that the spreading of a surfactant
solution on a coal dust surface is the result of the decrease in
the surface tension of the surfactant solution [22].

3.2. Process of Wetting Coal Dust with Surfactant Solution.
In fact, the wetting process can be divided into three parts:
adhesion, spreading, and immersion [20]. In the process of
dust suppression by spraying with the addition of a sur-
factant, when the surfactant contacts the surface of coal dust,
adhesion, spreading, and immersion occur successively, as
shown in Figure 5.

3.2.1. Adhesion of Surfactant to Coal Dust. In the instant
when a surfactant and coal dust contact, the surfactant–air
interface and coal-dust–air interface become a coal-dust–
surfactant interface, and this process is adhesion. )e ad-
hesion work is used to characterize the binding ability of a
surfactant to coal dust and the interaction force between the
molecules of the two phases.

Table 1: )e surfactants used in the experiment.

Reagent name Abbreviation Category Molecular formula
Dodecyl dimethyl benzyl ammonium chloride 1227 Cationic C21H38NCl
Sodium alpha-olefin sulfonate AOS Anionic RCH�CH(CH2)nSO3Na, R�C14-16
Cocoamido propyl betaine CAB-35 Amphoteric C19H38N2O3
Coconut diethanolamide CDEA Nonionic C11H23CON(CH2CH2OH)2

Liquid

γLV

γSV γSL

Solid

Vapor

θe

Figure 1: )e relationship between the contact angle and solid–
liquid, solid–vapor, and liquid–vapor surface tension.
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Figure 2: Surface tension of the surfactants at the different
concentrations.
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If the contact area is taken as a unit value, the decrease in
the free energy of the system in the process of adhesion,
− ΔG, should be as follows:

− ΔG � cSV + cLV − cSL � Wa, (2)

where cSV is the solid–vapor surface tension (mN/m), cSL is
the solid–liquid interfacial tension (mN/m), cLV is the
liquid–vapor surface tension (mN/m), and Wa is the ad-
hesion work (mN/m) [20].

By introducing Young’s equation (equation (1)), we can
obtain

Wa � cLV(1 + cos θe). (3)

)e adhesion works of the surfactant solutions on the
surface of coal dust calculated according to equation (3) are
shown in Figure 6. It can be seen that the adhesion work

curves of the four surfactants with the increase of solution
concentration are basically similar, and all first decrease and
then stabilize. )e adhesion works of 1227 and CAB-35 are
significantly more than those of AOS and CDEA, and
comparatively, the contact angles of AOS and CDEA on the
coal dust are less than those of 1227 and CAB-35, which
indicates that the adhesion work cannot be used as a dis-
criminant index of wettability. It only exhibits that the
adhesion of 1227 and CAB-35 on coal dust is better than that
of AOS and CDEA, which is consistent with the research
results of Zhang et al. [23].

3.2.2. Surfactant Spreading on Coal Dust Surface. While the
coal-dust–surfactant interface replaces the coal-dust–air
interface, the surfactant also extends on the coal dust surface,
which is the spreading process.

When the spread area is a unit value, the system free
energy is reduced to

− ΔG � cSV − cSL + cLV(  � Ws, (4)

where Ws is the spreading work (spreading coefficient)
(mN/m) [20].

By introducing Young’s equation (equation (1)), we can
obtain

Ws � cLV(cos θe − 1). (5)

)e spreading works of the surfactant solutions on the
surface of coal dust calculated according to equation (5) are
shown in Figure 7. )e results exhibit that the spreading
coefficients of the different surfactant solutions display
similar trends with the concentration, i.e., first they rise
rapidly and then stabilize. )e spreading works of the AOS
and CDEA solutions are obviously more than those of 1227
and CAB-35, indicating that the wettability of the former on
the surface of coal dust is higher than that of the latter, which
is similar to the measurement results of the contact angle.
However, at a constant temperature and pressure, the
condition under which a liquid can spread automatically on
a solid surface is Ws ≥ 0 [20]. It can be seen from Figure 7
that the spreading works of the four surfactants on the
surface of coal dust are less than zero, which indicates that
they cannot spread themselves on the surface of coal dust
under the experimental concentration. However, the AOS
and CDEA solutions are closer to self-spreading.

3.2.3. Surfactant Immersion of Coal Dust. )e basis of the
immersion process of coal dust in a surfactant is that the
coal-dust–air interface is replaced by the coal-dust–
surfactant interface, with the surface of the surfactant not
changing during this process. )e immersion work reflects
the ability of a surfactant to replace air on the surface of coal
dust. When the wetting area is a unit value, the free energy of
the process decreases to

− ΔG � cSV − cSL � Wi, (6)

where Wi is the immersion work (mN/m) [20].

0.0 0.1 0.2 0.3 0.4 0.5

10

20

30

40

50

60

Co
nt

ac
t a

ng
le

 (°
)

Surfactant mass fraction (%)

1227
AOS

CAB-35
CDEA

Figure 3: Contact angle of the surfactants at the different
concentrations.
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By introducing Young’s equation (equation (1)), we can
obtain

Wi � cLV × cos θe. (7)

Based on equation (7), the immersion works of the
surfactant solutions on the surface of coal dust are shown in
Figure 8.)e immersion works of the four surfactants on the
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Figure 5: )e process of the capture of dust particles capture by droplets.
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Figure 6: )e adhesion works of the surfactant solutions on the
coal dust surface at the different concentrations.
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surface of coal dust are basically similar with the change in
concentration, and all of them first decrease and then sta-
bilize. )e immersion works of 1227 and CAB-35 are sig-
nificantly more than those of AOS and CDEA, indicating
that the former have a stronger ability to replace air on the
surface of coal dust than the latter.

Equations (3), (5), and (7) show that the contributions of
the solid–vapor and solid–liquid interface energy to the
three wetting processes of the system are the same. )ey all
act in the form of adhesion tension A � cSV − cSL, i.e., a
large cSV implies a smaller cSL and a large ( cSV − cSL ) value
corresponds to high wetting [20]. )e contribution of the
liquid–vapor surface tension to the three processes is dif-
ferent. For adhesion, cLV is beneficial, and the liquid–vapor
surface tension of 1227 and CAB-35 is higher than that of
AOS and CDEA. )erefore, the adhesion works of 1227 and
CAB-35 are more than those AOS and CDEA, and they are
more likely to adhere coal dust. For spreading, cLV is slightly
advantageous. )e liquid–vapor surface tension of AOS and
CDEA is lower than that of 1227 and CAB-35, and so, the
spreading works of the AOS and CDEA solutions are ob-
viously more than those of 1227 and CAB-35. By contrast,
for immersion, cLV does not play a role. From the above
three phenomena, it can be deduced that the wettability of a
surfactant on a coal dust surface is more closely related to the
spreading process, which is mainly related to the surface
tension of the surfactants, than the other processes. A low
surface tension of a surfactant implies a good wettability.
)erefore, the spreading coefficient can be used as an index
to determine the wettability.

3.3. Adsorption Mechanism of Different Surfactants on
Interface. Under the experimental conditions, the surface
tension of water is 71.97mN/m, whereas the critical tension
of most coal dust is about 45mN/m [24]. )erefore, the
effect of wetting coal dust with water alone is not extremely
good. However, the surface tension and contact angle

experiments show that the wettability of coal dust can be
improved by adding a certain amount of a surfactant in
water; this is achieved owing to the adsorption of the sur-
factant on the liquid–vapor and solid–liquid interfaces.

3.3.1. Adsorption of Surfactant Molecules in Aqueous
Solution. As shown in Figure 9, the surfactant molecules are
amphiphilic molecules, which tend to escape from the
aqueous solution; therefore, they easily get adsorbed on the
surface of a solution in the form of a directional ar-
rangement. )e hydrophilic groups of the surfactants are
attached to the water surface, whereas the hydrophobic
groups are toward the air [20]. With the increase in the
concentration, the adsorption increases gradually, the
surfactant in the surface molecular layer increases gradu-
ally, and the water molecules decrease gradually [22].
When the concentration of a surfactant solution reaches
the cmc, the surfactant molecules reach adsorption satu-
ration on the surface of the solution, and stable micelles
composed of several to hundreds of ions or molecules are
synthesized from a dispersion state inside the solution. At
this instant, the concentration of a single molecule or ion in
the solution will not increase significantly and only more
micelles can be formed; therefore, the surface tension of the
solution does not change much [25, 26]. )e turning point
at the cmc is related to the structural change of the ad-
sorption layer on the surfactant interface. Before the
turning point, the adsorption layer is not completely
formed; after the turning point, the adsorption layer is
formed, and more stable micelles are produced with the
increase in the concentration.

3.3.2. Adsorption of Surfactant Molecules on Coal Dust
Surface. Infrared spectrum experiments show that numer-
ous hydrophobic groups are present on the surface of coal
dust, such as aromatic hydrocarbons and aliphatic hydro-
carbons. Electrophoresis experiments reveal that a coal dust
surface is negatively charged [3]. In the spray dustfall
process, when the coal dust collides with the surfactant,
owing to the effect of Van der Waals force [27], the hy-
drophobic groups of the surfactant adsorb on the aromatic
hydrocarbons and aliphatic hydrocarbons present on the
surface of coal dust, and the coal dust gets rapidly trapped in
the surfactant aqueous solution. )erefore, an aqueous
solution containing a surfactant has an obvious wetting
effect.

Although different types of surfactants can improve the
wettability of coal dust, the wettability itself is different. As
shown in Figure 10(a), in the process of adsorption of
cationic surfactant 1227 and coal dust, the negative charge
on the hydrophobic surface of the coal dust attracts the
cationic hydrophilic groups of the surfactants. )erefore, an
outer hydrophobic adsorption layer is formed on the surface
of coal dust and the surface property changes from hy-
drophilic to hydrophobic. Now, water can no longer spread
on the surface, instead a water droplet with a certain contact
angle with the surface is formed. If the concentration of the
surfactant solution increases, the adsorption continues, so
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that the surface charge becomes positive. Now, the polar
heads of the adsorbed surface-active ions are toward the
aqueous solution, which increases the hydrophilicity of the
coal dust surface and decreases the contact angle [20]. Be-
cause cationic surfactants frequently form such adsorbed
layers on the surface of coal dust, they are not suitable as
wetting agents for it [28].

As shown in Figure 10(b), in the adsorption process of
anionic surfactant AOS and coal dust, the hydrophobic
surface of the coal dust interacts strongly with the hydro-
phobic groups of the surfactant; therefore, they adsorb the
coal dust surface as the tail hydrophobic group gets directed
toward the surface of the coal dust and the head anionic
hydrophilic group becomes directed toward the solution. As
the hydrophilic group of the surfactant extends toward the
solution after adsorption, the hydrophilicity of the coal dust
is enhanced and the wettability of the solution for the coal
dust is significantly improved.

Amphoteric surfactants have an isoelectric point. A
positive charge in a solution with a pH lower than the
isoelectric point shows the performance of a cationic sur-
factant, and the adsorption mechanism is referred to in
Figure 10(a). In a solution with a pH higher than the iso-
electric point, a negative charge is shown, similar to the
nature of an anionic surfactant, and the adsorption mech-
anism is shown in Figure 10(b) [25]. CAB-35 selected in the
experiment is a betaine-type amphoteric surfactant, and its
properties are distinct. Specifically, it is cationic below the
isoelectric point, whereas it is an “internal salt” above the
isoelectric point, and it does not show anionic properties
[20]. )erefore, the wetting effect of the CAB-35 solution on
coal dust is not strong.

As shown in Figure 10(c), the adsorption of nonionic
surfactant CDEA and coal dust depends not on the ion
exchange or ion pair but on the hydrogen bonds and in-
termolecular force. )e hydrophilic group of the nonionic
surfactant is oriented toward the water solution, which
increases the hydrophilicity of the coal dust surface, making
it easier to be wetted by water and dispersed in the aqueous
phase [29].

It can be seen from the above that anionic surfactants
and nonionic surfactants have a stronger ability to wet coal
dust than cationic surfactants and amphoteric surfactants
owing to the different adsorption mode.

4. Conclusions

(1) )e surface tension of AOS, CDEA, 1227, and CAB-
35 decreases with increasing concentration. When
the concentration is higher than cmc, the surface
tension tends to be stable, and the change trend of
the contact angle with the concentration is similar to
that of the surface tension.

(2) )ere are two linear relationships between cLV (the
surface tension of a surfactant aqueous solution) and
cos θe (the cosine of the contact angle of the sur-
factant aqueous solution on the coal tablet) of the
four surfactants. Before the critical micelle concen-
tration (cmc), cos θe increases linearly with the de-
crease in cLV and changes gradually. Next, a turning
point appears near the cmc, and after reaching the
cmc, cos θe increases linearly with the decrease in
cLV, but changes rapidly.

wt%

Vapor
liquid

Saturated adsorption layer

Micellar

Figure 9: Adsorption state of a surfactant molecule in an aqueous solution with concentration change.

Cationic surfactant adsorption

(a)

Anionic surfactant adsorption

(b)

Nonionic surfactant adsorption

(c)

Figure 10: )e adsorption process of coal dust by the different surfactants.
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(3) )e surface tension and contact angle of AOS and
CDEA are less than, their calculated spreading co-
efficients are larger than, and their adhesion and
immersion works are less than those of 1227 and
CAB-35. )is indicates that the wettability of the
AOS and CDEA solutions on coal dust surface is
stronger than that of 1227 and CAB-35, whereas
their adhesion is lower than that of 1227 and CAB-
35. )e spreading coefficient can be used as an index
to determine the wettability.

(4) )e wetting ability of the AOS and CDEA aqueous
solutions for coal dust is stronger than that of 1227
and CAB-35 because of the different adsorption
forms of the surfactant molecules on the surface of
coal dust.)e tail hydrophobic group of the AOS and
CDEA surfactant molecules orient to the surface of
the coal dust, whereas the head hydrophilic group
directs to the solution, being easier to wet.

(5) Anionic surfactants and nonionic surfactant aqueous
solutions can significantly improve the wettability of
coal dust surface.
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