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Because of the unsatisfactory dust suppression eﬃciency, coal dust still threatens production safety and personnel health. In order
to understand the inﬂuence of the chemical microstructures of the surfactant on the wetting ability and to facilitate the rapid
selecting of surfactants with good wetting performances for speciﬁc coal dust, fatty acid methyl ester ethoxylate (FMEE), dodecyl
dimethyl betaine (BS-12), sodium fatty acid polyoxyethylene ether carboxylate (AEC), and dodecyl dimethyl benzyl ammonium
chloride (DDBAC) were selected in this paper to study the wetting ability of these four surfactants on the bituminous coal dust in
Tongchuan, Shaanxi province of China. First, the main functional groups and carbon composition of the coal dust and surfactants
were determined by Fourier transform infrared spectroscopy and carbon-13 nuclear magnetic resonance spectroscopy experiments. Second, the drop shape analysis system DSA100 was used to measure the equilibrium contact angle of the surfactant
solution with a concentration of 0.06% on bituminous coal dust. The relationship between the chemical microstructures of
surfactants and contact angles was analyzed, and the main inﬂuencing factors were obtained. The results showed that the contact
angle of DDBAC on coal sample dust was the smallest. In addition, the contents of hydroxyl, aromatic ring carbon, unprotonated
carbon, and bridged aromatic carbon in surfactants had signiﬁcant linear correlations with wettability, and the increase of their
contents would lead to the decrease of contact angle. According to the results of correlation analysis and curve ﬁtting, the
evaluation model of inﬂuencing factors on the wettability to bituminous coal dust was established.

1. Introduction
In recent years, a variety of new clean energy applications
have been realized. However, coal is still one of the most
important fossil fuels [1, 2], as statistics show that coal
accounts for approximately 41% of energy used for power
generation [3]. Dust is an inevitable product of coal mining
and can be generated during blasting, cutting, loading, and
unloading [4, 5]. With the increases in mechanized mining
practices, coal production can be maintained, so there is still
a lot of coal dust produced in the process of mechanized
production [6, 7]. Inhalable coal dust can damage lung cells
and cause pneumoconiosis. Coal dust explosions have also

caused impressive casualties and property damage, reduce
visibility in the workplace, and accelerate the wear rate of
equipment and instruments, posing a potentially huge threat
to production safety and occupational health [8, 9].
The use of ﬁne droplets generated by spraying has become a common method used to capture coal dust particles
and reduce the dust concentration in the working environment of coal mines [10]. However, when water is used as
a wetting agent, the eﬀect of controlling coal dust is not very
good [11]. Therefore, international and domestic researchers
have performed numerous studies on how to choose a
suitable dust suppressant to improve the performance of
spraying for dust control. By studying the characteristics of
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coal dust, researchers have found that diﬀerent types of coals
with diﬀerent degrees of metamorphism contain hydrophobic functional groups, such as methyl groups, methylene
groups, and aromatic hydrocarbons. As the degree of
metamorphism increases, the proportion of hydrophobic
functional groups in the coal increases [12]. Therefore, the
hydrophobicity of coal is the main reason for the unsatisfactory performance of water in dust suppression [13]. Based
on this conclusion, ﬁnding a dust suppressant that can
improve the wettability of coal dust has become a research
hotspot [14]. Guy et al. [15] studied the wetting behavior of
organic liquids, such as hexane, oleic acid, and o-xylene, on
coal by using the hydrophobicity of coal. However, in addition to their high cost, organic liquids have the disadvantages of polluting the environment, ﬂammability, and
strong adhesive strength and are not suitable for use in the
workplace. On the other hand, environmentally friendly
polymers usually contain a large number of hydrophilic
groups [16], and the dust suppression materials prepared by
modiﬁcation or mixing not only solve some disadvantages of
organic liquids but also increase the hydrophilicity of the
material. However, the obtained product usually has a high
viscosity [17]. Using sticky polymers by spray can cause
serious wear of the droplets, resulting in poor particle
capture, and is not suitable for spraying.
Surfactants have both hydrophilic and hydrophobic
groups. Surfactants have lower molecular weights than
polymer-based dust suppressants and a low viscosity in
aqueous solutions and are thus ideal choices for eﬃcient dust
suppressants [18]. Surfactant can not only improve the eﬃciency of spraying for dust control [19], but also inject into the
coal seam to reduce the amount of dust produced during coal
mining [20]. In recent years, researchers have conducted
some meaningful studies on the wetting behavior of surfactants on coal dust. Xu [21] used sodium dodecyl sulfate,
sodium dodecyl sulfonate, and sodium dodecyl benzene
sulfonate to understand the relationship between the structure of anionic sodium salt surfactants and the wetting
performance of the surfactants on coal. The surface tension,
wetting time, and adsorption density of the three surfactant
solutions were measured. The study found that the hydrophilic-lipophilic balance value and type of the surfactant have
a relatively great impact on the wetting time.
In addition, the relationship between the physicochemical characteristics of coal dust, such as the functional
groups, particle size, and roughness, and the wetting performance of water on coal have also been reported [22].
However, the inﬂuence of the characteristic surfactant parameters on their wetting performance has not been proposed in existing studies, and there are fewer parameters
involved. In this study, nonionic surfactants, amphoteric
surfactant, anionic surfactants, and cationic surfactants were
selected. The types and contents of the main functional
groups in the coal samples and surfactants were obtained by
Fourier transform infrared spectroscopy (FTIR) experiments, and the type and content of the carbon structure in
the coal sample and surfactant coal were determined by
carbon-13 nuclear magnetic resonance (13C-NMR) experiments. In addition to the contact angle formed by the
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surfactant solution and coal dust surface, the correlation of
the functional groups and surfactant carbon structure with
the contact angle was calculated and analyzed. Furthermore,
based on the analysis results, a model of the factors inﬂuencing the wettability was established to determine the
quantitative relationship between the chemical microstructures and the ability of the surfactant to wet bituminous
coal dust.

2. Materials and Methods
2.1. Experimental Materials. The coal sample used in this
study was bituminous coal collected from Tongchuan,
Shaanxi province, China. Sampling was performed
according to the procedures described in GB 4475-2008.
After sampling, the coal samples were immediately sealed
and stored in the dark to avoid oxidation. The collected coal
sample was processed into experimental coal powder within
48 hours of sampling.
In this study, four diﬀerent types of surfactants commonly used in coal processing were selected (Table 1). The
reagents needed in the experiment included potassium
bromide, deionized water, hydrochloric acid, hydroﬂuoric
acid, and heavy water. The abovementioned reagents were
purchased from Qingdao Jingke Co., Ltd.
2.2. Experimental Instruments. A XQM series planetary ball
mill was used to crush bituminous coal into powder; a
NicoletiS10 FTIR spectrometer was used to acquire the
infrared spectra of the coal samples and surfactants; a
BRUKER AVANCE III 400 NMR spectrometer was used to
acquire the 13C-NMR spectra of the coal samples and
surfactants; a powder tablet press was used to prepare
briquettes with a diameter of 13 mm and a thickness of
approximately 1 mm from the pulverized coal. The drop
shape analysis system DSA100 was used to determine the
contact angle.
2.3. Experimental Methods and Principles
2.3.1. Preparation of Pulverized Coal. The experimental coal
powder was prepared using a planetary ball mill (Figure 1).
The grinding duration did not exceed 2 min to prevent the
coal samples from heating and oxidation. The coal powder
was removed and sieved through a standard 200-mesh sieve
to obtain the experimental coal powder. The pulverized coal
was stored in a nitrogen-ﬁlled plastic bottle to prevent the
pulverized coal from oxidizing, and the sample was stored in
the dark at a low temperature.
2.3.2. FTIR Experimental Procedure. A Nicolet 380 FTIR
spectrometer equipped with solid and liquid measurement
units was used to study the solid and liquid samples (Figure 2). For the solid sample measurement, the sample to be
tested and potassium bromide were thoroughly mixed and
ground to achieve a 1 : 100 mass ratio, and the ground
sample powder was formed into pellets with a powder tablet
press. The compression pressure was 10 MPa, and the
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Table 1: Names and types of surfactants for experiments.

No.
1
2
3
4

Name
Fatty acid methyl ester ethoxylate (FMEE)
Dodecyl dimethyl betaine (BS-12)
Sodium fatty acid polyoxyethylene ether carboxylate (AEC)
Dodecyl dimethyl benzyl ammonium chloride (DDBAC)

Type
Nonionic surfactant
Amphoteric surfactant
Anionic surfactant
Cationic surfactant

(a)

(b)

Figure 1: Preparation process of pulverized coal: (a) planetary ball mill; (b) pulverized coal and ball mill.

(a)

(b)

Figure 2: ThermoNicolet 380 Fourier transform infrared spectrometer: (a) solid analysis unit; (b) liquid analysis unit.

pressing duration was 2 min. The liquid samples were both
chemically and analytically pure, so no puriﬁcation was
required before the measurement.
2.3.3. 13C-NMR Experimental Procedure. A Bruker Avance
III 400 NMR spectrometer was used for the high magnetic
ﬁeld solid-state 13C-NMR experiment (Figure 3). In the
experiment, the samples were treated in three steps:
deashing, grinding, and drying. In the deashing process, the
coal sample was placed in a 300 ml plastic beaker, a solution
was prepared with a ratio of deionized water : 37% hydrochloric acid : 40% hydroﬂuoric acid � 2 : 1 : 1, and the reaction was carried out in a water bath at 50°C for 6 hours. The
ratio used to prepare the solid surfactant was surfactant:
heavy water � 20 mg : 0.5 mL, and the ratio used to prepare
the liquid surfactant was surfactant : heavy water � 10 mL :
0.5 mL. The poorly soluble surfactants were heated in a

Figure 3: BRUKER AVANCE III 400 nuclear magnetic resonance
instrument.

water bath, and the test tube was shaken to ensure that the
sample was fully dissolved in heavy water to avoid inaccurate
experimental results.
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3. Discussion and Analysis
3.1. FTIR Analysis of the Coal Dust. The molecular structure
of coal dust is very complex, and its wettability is strongly
related to its internal molecular structure. FTIR has become
a highly eﬃcient tool for analyzing the molecular structure
due to its low cost and fast and easy operation and is widely
used to characterize the molecular structure of various
complex products. In this study, the FTIR spectra of the coal
dust are shown in Figure 4.
It can be seen from Figure 4 that a group of small sharp
absorption peaks appeared in the characteristic peak region
of 3500 cm−1-3650 cm−1 and may be the absorption band
generated by the stretching vibration of the hydroxyl group
(-OH) in phenol. The absorption peak at 2895 cm−1 is the
absorption band of -CH, the peak near 3070 cm−1 corresponds to the absorption of -CH in the benzene ring, and the
peak near 3020 cm−1 is associated with the stretching vibration of the methine group on the aromatic ring. The
peaks between 1500 cm−1–1650 cm−1 are mainly related to
the vibration of double bonds. Among them, the peak near
1550 cm−1 represents the vibration of C�C in aromatic
hydrocarbons, and the peak near 1700 cm−1 represents the
vibration of carbonyl groups. The peaks at
950 cm−1–1300 cm−1 are caused by the stretching vibrations
of oxygen-containing functional groups and the stretching
vibrations of C-N functional groups. Among them, the peaks
near 1300 cm−1 and 1250 cm−1 are due to the vibration of
C-N in fatty amines and the asymmetric stretching vibration
of C-O-, respectively. From the peak information table of the
bituminous coal FTIR spectra, it can be seen that the vibrational absorption peaks of the carbon-oxygen single
bond, ether group, and hydroxyl group in the coal dust are
more distinct than the other functional groups.
In addition, ﬁtting of infrared spectrum peaks was used
to further analyze the peaks of the spectra, which could yield
not only the detailed peak position and functional group
information but also the relative content of functional
groups, providing a semiquantitative method of studying the
functional groups and wettability of coal. The peak separation results of the bituminous coal samples used in the
experiment are shown in Figure 5, and the positions and
assignments of the peaks obtained from the peak separation
are shown in Table 2.
Table 2 shows that the peaks found in the wavenumber
range of 715 cm−1–920 cm−1 are mainly generated by aromatic hydrocarbons, and the peaks found in the wavenumber range of 920 cm−1–1400 cm−1 are mainly generated

0.020

0.015
Absorbance (arb. units)

2.3.4. Contact Angle Measurement Method. A powder tablet
press was used to compress 300 mg of the test coal dust
under a pressure of 20 MPa to prepare a standard cylindrical
test piece with a diameter of 13 mm and a thickness of 1 mm.
The sample to be measured was ﬁxed on the test platform of
the DSA100 drop shape analysis system. Fast photography
was employed, and the value of the contact angle was read by
the instrument when the contact angle equilibrated. To
improve the accuracy of the results, each experiment was
repeated three times.
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Figure 4: FTIR of bituminous coal dust.

from ether groups, hydroxyl groups, and fatty amines. In the
wavenumber range of 1400 cm−1–1720 cm−1, the spectrum
was divided into 9 peaks, which are mainly generated by the
vibration of aromatic hydrocarbons and aliphatic hydrocarbons. In the wavenumber range of 2775 cm−1–3115 cm−1,
vibrations of aromatic hydrocarbons and C�O were detected. In the wavenumber range of 3117 cm−1–3700 cm−1,
the spectrum was divided into 9 peaks, which are due to the
hydroxyl groups in the coal sample. These results suggest
that the functional group composition of the coal dust is
complex, and there are multiple types of hydrophilic
functional groups and hydrophobic functional groups.
3.2. 13C-NMR Analysis of the Coal Dust. The spectrum obtained by the 13C-NMR experiment can provide the
structural parameters of samples, which mainly contain
various aromatic carbon structures and aliphatic carbon
structures. Therefore, to determine the relative carbon
content of the diﬀerent structures, the peaks overlapping in
the obtained spectrum should be reasonably separated. In
this study, the Gaussian function and the Lorentzian
function were used to process the smooth peaks and sharp
peaks, respectively. The NMR spectra and ﬁtting results of
the coal samples are shown in Figure 6.
As shown in Figure 6, the 13C-NMR experimental result of
the coal dust evaluated in the experiment was divided into 16
individual peaks. The chemical shifts, peak heights, peak
widths, relative areas, and carbon atom assignment information obtained from the peak separation are shown in Table 3.
As shown in Table 3, there are numerous types of
carbon atoms in the coal dust, including the aliphatic
methyl groups, methylene groups, quaternary carbon,
oxygen-linked aliphatic carbon, protonated aromatic carbon, bridged aromatic carbon, side-branched aromatic
carbon, oxygen-linked aromatic carbon, carboxyl carbon,
and carbonyl carbon. Among these carbon types, protonated aromatic carbon exhibited the highest content,
followed by the methylene groups, quaternary carbon,
bridged aromatic carbon, side-branched aromatic carbon,
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Figure 5: FTIR of bituminous coal dust. (a) 715 cm−1–920 cm−1; (b) 920 cm−1–1400 cm−1; (c) 1400 cm−1–1720 cm−1;
(d) 2775 cm−1–3115 cm−1; (e) 3117 cm−1–3700 cm−1.
Table 2: FTIR peak assignment and position of bituminous coal dust (cm−1).
Aromatic
hydrocarbon
746.53
1428.16
774.56
1507.95
794.40
1566.07
816.96
1599.07
844.42
3026.33
864.88
3071.84

200

150

Figure 6:

13

Aliphatic hydrocarbon

C-O-

C�O

Ether group

889.49
1444.32
1633.06
2848.76
2907.07
2942.80

1205.76
1229.27
1038.39

1679.14
1709.61
1752.38
2807.01

1072.21
1100.56
1130.10
1255.11

100

50

0

PPM

C-NMR spectrum of bituminous coal dust.

and oxygen-linked aromatic carbon, and the contents of
the carboxyl carbon, carbonyl carbon, and oxygen-linked
aliphatic carbon were relatively low.

-OH
967.08
944.18
1006.79
1154.30
1181.21
3502.97
3524.46

Aliphatic amine
3541.25
3565.82
3588.64
3613.16
3647.23
3671.52
3687.67

1280.30
1307.21
1337.60
1369.82

3.3. FTIR Analysis of the Surfactants. The FTIR results of the
four surfactants obtained according to the FTIR measurement method described in 2.3.2 are shown in Figure 7. By
comparing the spectra shown in Figure 7, it can be seen that
the types of functional groups contained in the diﬀerent
surfactants were diﬀerent, and the proportion of each
functional group content was also considerably diﬀerent.
Compared to the spectra obtained for the other surfactants,
the spectrum of dodecyl dimethyl betaine showed a relatively
low number of peaks, and the functional group composition
was relatively simple. The dodecyl dimethyl benzyl ammonium chloride spectrum comprised a high number of
peaks and exhibited signiﬁcant diﬀerences in the range of
3000 cm−1–3500 cm−1 relative to the spectra of the other
three surfactants. To obtain more detailed functional group
data, the abovementioned spectra were subjected to FTIR
peak separation according to the method mentioned in
Section 3.1, and the peak separation results were subjected to
assignment and statistical analyses. The types and relative
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Table 3: Percentages of diﬀerent carbon types in
13

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

C/δ ppm
16.356
23.275
32.222
40.030
46.753
54.118
112.792
118.802
128.262
137.363
143.595
151.576
156.617
181.383
192.122

13

C-NMR spectra of the coal dust.

Area (%)
5.20
2.18
11.20
7.48
5.34
0.29
3.62
8.60
31.86
9.05
9.05
3.46
2.66
1.24
0.66

Assignment
Aromatic methyl groups
Methylene groups
Methylene groups
Quaternary carbon
Quaternary carbon
Oxygen-linked aliphatic carbon
Protonated aromatic carbon
Protonated aromatic carbon
Protonated aromatic carbon
Bridged aromatic carbon
Side-branched aromatic carbon
Oxygen-linked aromatic carbon
Oxygen-linked aromatic carbon
Carboxyl carbon
Carbonyl carbon
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Figure 7: FTIR spectrum of surfactants. (a) FMEE. (b) BS-12. (c) AEC. (d) DDBAC.

contents of the main functional groups in each surfactant are
shown in Table 4.
As shown in Table 4, the content of the aliphatic hydrocarbons in FMEE was higher than that of the aromatic

hydrocarbon, and the functional group with the highest
content was aliphatic hydrocarbons. The content of the
aliphatic hydrocarbons in BS-12 was also greatly higher than
that of the aromatic hydrocarbon, and dodecyl dimethyl
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Table 4: Percentages of diﬀerent functional groups in FTIR spectra of surfactants.

No.
1
2
3
4

Aliphatic
hydrocarbon (%)
59.3342
56.7262
60.1029
47.7413

Aromatic
hydrocarbon (%)
10.5399
30.5618
19.8547
15.6685

C-O(%)
9.8333
0
3.5540
0

C�O
(%)
5.7475
1.8192
0
2.6994

betaine did not contain ether groups and C-O-. In AEC, the
functional group with the highest content was the aliphatic
hydrocarbons, followed by the aromatic hydrocarbon content, and AEC did not contain C�O. The content of aliphatic
hydrocarbons in DDBAC was higher than that of aromatic
hydrocarbons, and DDBAC did not contain ether group.
Unlike the results obtained for the ﬁrst three surfactants, the
content of hydroxyl in DDBAC is relatively high.
3.4. 13C-NMR Analysis of the Surfactants. The 13C-NMR
experimental procedure used for the surfactant was the same
as that used for the coal. However, the molecular weight of
the surfactant is smaller, and the surfactant structure is
considerably less complex than that of coal. In this paper, the
peaks in the 13C-NMR spectrum of the sample were separated to obtain the carbon structural parameters of the
surfactant, as shown in Table 5.
Table 5 shows that most of the carbons in the surfactant
were aliphatic carbons; fal∗ represents the relative content of the
methyl group, fH
al represents the relative contents of the
quaternary carbon, methylene groups, and methine group, and
fO
al represents the content of aliphatic carbon attached to
oxygen. Surfactants have fewer aromatic carbon structures, and
BS-12 and AEC do not contain aromatic ring structures. In
FMEE, the fH
al in the fatty carbon structure was relatively high,
indicating that AEC has a large number of branched structures.
Meanwhile, the fO
al component was dominant, indicating that
FMEE contains a large amount of oxygen. The fH
al component
in BS-12 was dominant, but the content of methyl groups was
relatively low, indicating that although BS-12 has a high
number of branched structures, most of the structures at the
end of the branched chains are connected to oxygen-linked
carbon. The structure of AEC is similar to that of FMEE, and
the branched chain structure of AEC is more abundant. In
addition, the fatty carbon structure of DDBAC is similar to that
of BS-12. The aromatic carbon structure content of DDBAC
was the highest among the surfactants selected. Among the
studied functional groups, the protonated carbon content was
4.48%, the unprotonated carbon content was 29.06%, and all
the unprotonated carbons were bridged aromatic carbons. This
indicates that the aromatization degree of DDBAC is relatively
high and stable.

4. Analysis of the Factors Influencing the
Wettability of Surfactants on Bituminous
Coal Dust
4.1. Contact Angle Measurement. Coal dust is wetted by a
surfactant solution by a process in which the solid-liquid

Ether
-OH
group (%)
(%)
4.8849
6.0026
0
1.3143
0.2249
7.7037
0.5950
32.3666

COO
(%)
0.2042
1.4762
0.2466
0.3203

Aliphatic
amine (%)
2.5728
7.8322
7.7472
0.4054

Aromatic amine
(%)
0.8801
0.2698
0.5656
0.2034

interface gradually replaces the solid-gas interface. This
process is a result of the combined action of microscopic
characteristics, including the structure and properties of the
solid surface, the properties of the liquid surface and interface, and the interaction between molecules in the solid
and liquid phases. According to the analysis described in
Sections 3.1 and 3.2, the experimental coal dust possesses
complex microstructures, and there are multiple hydrophobic and hydrophilic structures. When the surfactant used
for dust suppression changes, the hydrogen bonds and van
der Waals forces formed between coal dust and the water
molecules/surfactant molecules also change, eventually
resulting in diﬀerent dust suppression eﬃciencies. This study
will evaluate the diﬀerences between the abilities of the
diﬀerent surfactants to wet bituminous coal dust and establish a mathematical model of the surfactant microstructure and wetting performance.
The contact angle formed by the liquid and solid surface
can be used to determine the degree of wetting on the solid by
the liquid. If the droplet can wet the solid, the contact angle is
an acute angle; if the droplet cannot wet the solid, the contact
angle is an obtuse angle. The contact angles of four surfactants
on the surface of the coal dust were measured by the drop shape
analysis system (DSA100) and are shown in Figure 8.
As shown in Figure 8, the contact angles of the surfactant
droplet on the coal sample surface were diﬀerent. Based on
the critical micelle concentration and cost of each surfactant,
a surfactant solution with a mass fraction of 0.06% was
prepared, and the contact angle of the solution on the coal
dust was measured. When the droplet spread and stabilized,
the contact angle was measured, and the average of three
measurements was calculated, as shown in Table 6.
The contact angle of BS-12 on the experimental coal
sample dust was the largest, the contact angles of the surfactants FMEE and AEC on the experimental coal sample
dust were relatively large, and the contact angle of DDBAC
on the experimental coal sample dust was signiﬁcantly
smaller than those of the other three surfactants. The
abovementioned results indicated that DDBAC exhibited
the optimal ability to wet the bituminous coal dust.
4.2. Eﬀect of the Surfactant Functional Groups on Wetting
Bituminous Coal Dust. To determine the relationship between the functional group content and the wetting performance, the correlation between the functional group
content of the surfactant and the wettability was analyzed
according to the functional group content obtained from the
peak separation and the experimentally measured contact
angles, as shown by Table 7.
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Table 5: Percentages of diﬀerent carbon types in

No.
1
2
3
4

13

C-NMR spectra of the surfactants.

fa

fCa

fa′

fN
a

fH
a

fSa

fBa

fal

fal∗

fH
al

fO
al

6.90
8.93
2.27
33.54

—
8.93
2.27
—

6.90
—
—
33.54

1.51
—
—
29.06

5.39
—
—
4.48

1.51
—
—
—

—
—
—
29.06

93.10
91.07
97.73
66.46

4.76
4.43
3.42
5.27

19.98
61.22
31.49
41.62

68.36
25.42
62.82
19.57

(a)

(b)

(c)

(d)

Figure 8: Contact angles of surfactants on the coal sample dust. (a) FMEE 41.79°. (b) BS-12 48.07°. (c) AEC 43.73°. (d) DDBAC 24.13°.
Table 6: Contact angles of surfactants on the coal sample dust.
No.
1
2
3
Avg.

FMEE
43.48°
41.15°
41.79°
42.00°

BS-12
45.97°
48.07°
48.61°
47.55°

AEC
43.73°
44.55°
45.37°
44.55°

DDBAC
23.76°
24.13°
24.14°
24.01°

Table 7: Linear correlation analysis of wettability and surfactant functional group parameters.

Contact
angle

Pearson
correlation
Sig. (2tailed)
N

Contact
angle

Aliphatic
hydrocarbon

Aromatic
hydrocarbon

C-O- C�O

Ether
group

1

0.903

0.473

0.699 0.081

0.332

0.097

0.527

0.507 0.948

0.785

0.011

4

4

3

4

4

As shown in Table 7, the content of -OH was negatively
correlated with the contact angles, and the other functional
groups, such as the aromatic hydrocarbons, C-O-, aliphatic
hydrocarbon, and aliphatic amines, were positively correlated with the contact angles. The correlation coeﬃcient
between -OH content and contact angle was −0.989,

3

3

-OH

Aliphatic
amine

Aromatic
amine

0.856

0.409

0.557

0.144

0.591

4

4

4

-COO

−0.989∗ 0.443

showing a signiﬁcant negative correlation. This may be due
to the high polarity and hydrophilicity of hydroxyl group.
According to the FTIR spectra of coal samples, the surface of
coal is mainly hydrophobic functional group. Hydroxyl can
not only increase the diﬀerence of hydrophilicity and hydrophobicity between the two ends of surfactant, but also

Journal of Chemistry
reduce the surface free energy of solution and may form
hydrogen bond with oxygen-containing functional groups
on the surface of coal dust. Therefore, the higher hydroxyl
content is more conducive to the spread of droplets on the
coal dust surface, and the contact angle measured by the
experiment is smaller. In addition, the correlation between
the aliphatic hydrocarbon and the contact angle was signiﬁcant, and the correlation coeﬃcient of the carbonyl group
with the contact angle was the lowest.
A correlation analysis can only determine the degree of
linear correlation between factors. Therefore, polynomial
regression was performed on factors that showed a poor
linear correlation with the wettability, and whether other
types of mathematical models could be established between
these factors and the wettability was explored. According to
Table 7, the ether group, -COO, aromatic hydrocarbon, and
aromatic amine contents were selected for the polynomial
regression. The highest order of regression was 2, and the
mathematical model established is shown in Table 8.
According to Table 8, the ether group, -COO, aromatic
amine, and aromatic hydrocarbon contents were all used to
establish a quadratic polynomial relationship with the contact
angle, but the degree of ﬁtting achieved by the models varied
greatly. The R2 value of the ether group was greater than 0.9,
indicating a good model ﬁt and a strong secondary correlation
between the ether group content and the contact angle. The R2
values obtained by ﬁtting the models of the other three factors
were small, indicating that the ﬁtting results of the models are
not ideal, and the quadratic correlation between the factors and
the contact angle is weak.
4.3. Eﬀect of the Surfactant Carbon Structure on Wetting
Bituminous Coal Dust. According to the NMR peak separation results of the surfactants, the linear correlation between
the carbon structural parameters of the surfactants and the
wettability was analyzed. The results are shown in Table 9.
As shown in Table 9, the correlation coeﬃcient between
the aromatic ring carbon content and the contact angle was
the highest (−0.993), indicating that there is a very significant negative correlation between the aromatic ring carbon
content and the contact angle. In addition, the correlation
coeﬃcients between the unprotonated carbon/bridged aromatic carbon content and the contact angle were high,
suggesting a signiﬁcant negative correlation. The correlation
coeﬃcients between the quaternary carbon/methylene
content and the contact angle were only 0.095, indicating
that there is almost no linear correlation between the
quaternary carbon/methylene content and the contact angle.
Aromatic ring is a kind of polar hydrophobic group. Although its hydrophobicity is slightly lower than that of aliphatic alkanes, its ability to form hydrogen bond is stronger.
It can be seen from Table 3 that protonated carbon and
bridged aromatic carbon in coal dust are high, and aromatic
carbon is the main part of coal dust carbon. When the
nonprotonated carbon, bridging aromatic carbon, and other
aromatic carbon structures in surfactants contact with the
coal dust surface, hydrogen and ion bonds may be formed
between the molecules due to protonation and polarization.
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Table 8: Nonlinear correlation analysis of surfactant functional
groups and wettability.
Factor
Fitting formula
Ether group
Y � 50.14 – 46.35x + 9.15x2
-COO
Y � 89.48 – 243.5x + 145.7x2
Aromatic amine
Y � 10.92 + 123.68x − 101.67x2
Aromatic hydrocarbon
Y � 56.02 – 2.45x + 0.07x2

R2
0.91375
0.82253
0.43282
0.34614

The combination and adsorption of surfactant and coal are
conducive to the spread of droplets on the surface of coal
dust, so the increase of aromatic carbon content in surfactant
will form a small contact angle. To further analyze the relationship between the carbon structural parameters and the
wettability, carbonyl carbon, protonated carbon, aliphatic
methyl/arylmethyl, quaternary carbon/methylene, and oxygen-linked aliphatic carbon, with weak linear correlations
were selected to perform the secondary correlation analysis,
and the ﬁtting results are shown in Table 10.
According to Table 10, the ﬁve abovementioned sets of
parameters could all be used to establish a nonlinear
mathematical model with the wettability, but some of the
models ﬁt poorly. The R2 values of the models used to ﬁt the
relationship between the protonated carbons and the wettability and the relationship between the aliphatic methyl/
arylmethyl content and the wettability were very close to 1,
indicating a good model ﬁt. However, the R2 value of the
model used to ﬁt the relationship between the quaternary
carbon/methylene content and the wettability was only
0.46883, and the ﬁtting result was not ideal.
4.4. Model Evaluating the Factors Inﬂuencing the Wettability
of Bituminous Coal. According to the linear and nonlinear
correlation analysis shown in Sections 4.2 and 4.3, compared
to the other functional groups, the hydroxyl content
exhibited a signiﬁcant linear correlation with the wettability,
and the ether group content exhibited a good polynomial
correlation with the wettability. Among the carbon structural parameters, the aromatic ring carbon and unprotonated carbon contents showed a signiﬁcant linear
correlation with the wettability, while the fatty methyl group,
arylmethyl group, and protonated carbon contents could
establish good polynomial correlations with the wettability.
Therefore, the abovementioned main inﬂuencing factors
were selected to construct the model used to evaluate the
factors inﬂuencing the wettability, and the values assigned to
the variables are shown in Table 11.
According to the relationship between the factors and
the contact angle obtained from the abovementioned
analysis, the correlation equation was established as follows:
Z � a + b ∗ x1 + c ∗ x2 + d ∗ x3 + e ∗ x4 + f ∗ y1 + g ∗ y21
+ h ∗ y2 + i ∗ y22 + j ∗ y3 + k ∗ y23 .
(1)
A ﬁtting function was used to perform the nonlinear
curve ﬁtting of the self-deﬁned formula. The ﬁtted values of
each parameter are shown in Table 12.

Contact
angle

Pearson
correlation
Sig. (2tailed)
N

4

1

Contact
angle

4

0.057

−0.943

Aromatic
carbon

4

0.381

0.619

Carbonyl
carbon

4

0.007

−0.993∗∗

Aromatic
ring
carbon

4

0.015

−0.985∗

Unprotonated
carbon

4

0.384

−0.616

Protonated
carbon

4

0.844

0.156

Alkyl
substituted
aromatic
carbon

4

0.023

−0.977∗

Bridged
aromatic
carbon

4

0.057

0.943

Aliphatic
carbon

Table 9: Linear correlation analysis of wettability and carbon structure parameters of surfactants.

4

0.303

−0.697

Aliphatic
methyl/
arylmethyl

4

0.905

0.095

Quaternary
carbon/
methylene

4

0.517

0.483

Oxygenlinked
aliphatic
carbon
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Table 10: Nonlinear correlation analysis of surfactant functional groups and wettability.

Factor
Carbonyl carbon
Protonated carbon
Aliphatic methyl/arylmethyl
Quaternary carbon/methylene
Oxygen-linked aliphatic carbon

R2
0.51910
0.98663
0.99868
0.46883
0.71263

Fitting formula
Y � 33.01 + 6.26x − 0.52x2
Y � 46.05–25.44x + 4.58x2
Y � −227.25 + 138.17x − 17.17x2
Y � 84.47 – 2.6x + 0.03x2
Y � −33.41 + 3.9x − 0.04x2

Table 11: Assignment of variables in the model of evaluating the wettability of surfactants to bituminous coal dust.
Hydroxyl
x1

Aromatic ring
carbon
x2

Unprotonated
carbon
x3

Bridged aromatic
carbon
x4

Ether
group
y1

Aliphatic methyl/
arylmethyl
y2

Protonated
carbon
y3

Contact
angle
Z

Table 12: Fitting results of parameters in the model of evaluating the wettability of surfactants to bituminous coal.
Index
V
S.E.

a
25.63
12.07

b
−1.07
0.04

c
−1.64
0.28

d
6.47
1.01

e
−2.57
0.39

As shown in Table 12, the ﬁtted model evaluating the
factor inﬂuencing the wettability was
Z � 25.63 − 1.07∗ x1 − 1.64∗ x2 + 6.47∗ x3 − 2.57∗ x4
+ 12.88∗ y1 − 0.07∗ y21 + 13.24∗ y2
− 1.80∗ y22 − 12.90∗ y3 + 0.24∗ y23 .
(2)

5. Conclusions
Based on the FTIR and 13C-NMR experiments, the chemical
microstructures of the bituminous coal and surfactants were
obtained, and the relationship between the surfactant
chemical microstructures and the ability of the surfactant to
wet the bituminous coal dust was studied. The main conclusions obtained were as follows:
(1) According to the FTIR experiments results, the
relative contents of the carbon-oxygen single bond,
ether group, and hydroxyl group in the coal dust
were relatively high. According to the 13C-NMR
experiment results, the content of protonated aromatic carbon was the highest in the coal dust, followed by the methylene groups, quaternary carbon,
bridged aromatic carbon, and oxygen-linked aliphatic carbon which were relatively low
(2) The wetting eﬀect of cationic surfactant DDBAC on
Tongchuan bituminous coal was the best. The contact angle of DDBAC on coal dust was 24.01°, much
lower than that of FMEE, BS-12, and AEC
(3) The hydrophilicity of hydroxyl group was strong,
and the correlation coeﬃcient between its content
and contact angle was −0.989. As the content of
hydroxyl in surfactant increases, the contact angle of

f
12.88
2.88

g
0.07
0.14

h
13.24
5.69

i
−1.80
0.67

j
−12.90
2.68

k
0.24
0.14

surfactant droplet on coal sample dust decreases.
According to the curve ﬁtting results, the contact
angle ﬁrst decreased and then increased with the
increase of ether group content
(4) Compared with other carbon compositions, the
aromatic ring carbon has the highest correlation
coeﬃcient with contact angle, which was −0.993. The
contact angle decreased with the increase of aromatic
carbon in surfactants. The inﬂuence of the bridge
aromatic carbon and the unprotonated carbon on
the contact angle was similar to that of the aromatic
ring carbon
(5) For the bituminous coal dust used in the experiment, the
contents of hydroxyl, aromatic carbon, unprotonated
carbon, ether group, methyl group, and protonated
carbon in the surfactants were the key factors of aﬀecting
contact angles. The ﬁtted wetting model was expressed
as Z � 25.63 – 1.07 × hydroxyl – 1.64 × aromatic ring
carbon + 6.47 × unprotonated
carbon – 2.57 × bridge
aromatic carbon + 12.88 × ether group – 0.07 × ether
group^2 + 13.24 × (aliphatic
methyl + arylmethyl) –
1.80 × (aliphatic
methyl + arylmethyl)^
2 – 12.90 × protonated carbon + 0.24 × protonated carbon^2
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