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Abstract
In an effort to control dust pollution in open-air environments such as pit coal mines and coal
transportation systems, a new dust suppressant with a cross-linked network structure was prepared. Graft
copolymerization of soy protein isolate (SPI) and methacrylic acid (MAA), using potassium persulfate
(KPS) as the initiator and hexametaphosphoric acid (SHMP) as the cross-linking agent, formed the
network structure. The optimal MAA/SPI mass ratio for the dust suppressant was determined through a
single factor experiment to be 3:4, with 0.8 and 0.2 g of SHMP and KPS, respectively. The grafting
reaction required 30 min at 60 ℃. Scanning electron microscopy, energy-dispersive x-ray spectroscopy,
Fourier-transform infrared spectroscopy, and differential scanning calorimetry were used to characterize
the structure and application performance of the dust suppressant. The experimental results showed that
the graft copolymerization reaction successfully formed the desired cross-linked network, and that when
the cross-linked network material was sprayed on coal dust it formed a dense, solidified shell, which
effectively resisted wind erosion and served as a dust suppressant. The average reduction of the total
suspended particulate matter of an open-air coal pile reached 79.95%, demonstrating effective dust
suppression.

1. Introduction
China is one of the countries where coal is the main power source. In the future, coal will still play a major
energy role in China. North China is China’s main coal mining area, and the coal produced is stacked in
open-air coal storage yards [1–4]. Due to the cold and dry climate and strong wind in northern China, it is
easy for coal dust piled in the open air to be blown by the wind, forming a source of air pollution [5–7].
Coal dust pollution has a great impact on the surrounding buildings of the coal yard, the health of
residents, and their productivity and quality of life. Additionally, during the transportation of a coal pile by
railway or by trucks, coal dust can be blown off the pile and spread to the surroundings. The lost coal
creates air pollution and causes a serious waste of coal resources and economic losses [8–10].

To alleviate the air pollution caused by dust in coal storage yards and coal transportation processes,
enterprises often spray water on the coal pile to keep its surface moist and to prevent pulverized coal
from becoming airborne. However, coal is hydrophobic and the water on the coal evaporates quickly in an
open-air environment. Thus, the dust suppression effect is limited. In recent years, dust suppression
materials have become one of the research hotspots in the field of dust suppression [11–14]. Saha et al.
[15] used calcium CaCl2 and MgCl2 a as dust suppressors to reduce dust pollution on roads in Wyoming.
Huyao et al. [16] synthesized a liquid starch-based dust suppressant gelatin copolymer by grafting
polyacrylic acid on potato starch pretreated with NaOH, and then crosslinking the graft. The dust
suppression agent was characterized by Fourier transform infrared spectroscopy, thermogravimetric
analysis, viscosity and contact angle measurement. Compared with spraying water, the total dust
suppression rate was increased by 25% and 33%, respectively. Xie et al. [17] have developed two kinds of
compound dust suppressants with excellent dust suppression performance in response to the problem of
dust during transportation in open-pit mines. The mass fractions of starch, sodium dodecylbenzene
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sulfonate and glycerol in No. 1 composite dust suppressant were 1.0%, 1.0% and 0.6% respectively; in No.
2 composite dust suppressant, starch, sodium polyacrylate sol, acrylic The mass fractions of triol are
0.2%, 0.2% and 0.4%, respectively. The effective dust suppression time of No. 1 dust suppressant is 4 h,
and the effective dust suppression time of No. 2 dust suppressant can reach 6 h. Li et al. [18] have
developed a composite dust suppressant for bulk coal. The dust suppressant has a consolidation time of
5 hours, a consolidation thickness of 23mm, and a compressive strength of 249 kPa. The use of dust
suppressants can save 50% of coal dust Economic losses. With the increasing awareness of
environmental protection, the use of traditional chemical dust suppressants that have deficient
performance, toxicity, and the potential for pollution hazards to the environment has been gradually
declining. Green, pollution-free, and environmentally friendly dust suppressants are the current research
theme.

In view of this, a new dust suppressant for use in open-pit coal mines has been synthesized with graft
copolymerization so that it has a cross-linked network structure. The main material selected in the
experiment is soy protein isolate (SPI), which has abundant sources, low cost, and biodegradability [19,
20]. It plays an important role in the development of environmentally friendly materials. SPI is extracted
from soybeans. Soybeans are one of the most important crops in the world. Soybeans are produced all
over the world. Among them, North America, South America, and Asia have larger planting areas. The
soybean producing countries are the United States, Brazil, Argentina, and China. In 2019, global soybeans
were 342 million tons, and the output of main producing countries is shown in Fig. 1 [21]. SPI has
wettability, dispersibility, and low viscosity, and its molecular interaction with proteins can lead to
aggregation and gel film formation. SPI forms a three-dimensional network through hydrophobic
interactions, electrostatic interactions, or hydrogen bond or disulfide bond cross-linking [22–24]. The
structure and function of SPI have far-reaching practical significance. Therefore, we used SPI as our
primary material, and we copolymerized it with methacrylic acid (MAA) by using potassium persulfate
(KPS) as an initiator and sodium hexametaphosphate (SHMP) as a cross-linking agent. The graft
copolymerization made a dust suppressant that effectively suppressed dust pollution in an open-air
environment. We characterized its performance and tested its dust suppression capability in a field
application[25–27].

2. Preparation And Performance Characterization Of Dust
Suppressant

2.1 Materials
Soy protein isolate (SPI), methacrylic acid (MAA), potassium persulfate (KPS), potassium
hexametaphosphate (SHMP), sodium hydroxide and uric acid (Urea) were all provided by Shanghai
Maclean Biochemical Technology Co., Ltd. Sodium dodecyl sulfate (SDS) is provided by Shandong
Yousuo Chemical Technology CO. Ltd, Shandong, China. The coal dust used in the experiment was
collected near the Xinglong Zhuang coal yard of Shandong Mining Group.
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2.2 Preparation of Dust Suppressant with Cross-Linked
Structure
(1) Preparation of SPI dispersion: A measured amount of SPI solid powder was dispersed in a urea
solution and stirred at room temperature for 1 h until the SPI was completely dissolved.

(2) Preparation of MAA solution with a degree of neutralization of 50%: NaOH (2 g) was weighed in a
beaker on an electronic balance, and 10 mL of water was added to the beaker containing NaOH. The
mixture was stirred evenly with a glass rod until the NaOH completely dissolved. The NaOH solution was
allowed to cool to room temperature. An equal amount (10 g) of a XX% solution of MAA in water was
added to the to the NaOH solution to make the final MAA solution.

(3) Synthesis of dust suppressant: Add the MAA solution with a degree of neutralization of 50% to the SPI
dispersion, stir with a magnetic stirrer for 30 min, and gradually increase the temperature to 60°C. Then,
add a measured amount of cross-linking agent SHMP and initiator KPS with stirring at a constant
temperature of 60°C for a desired period of time. After the solution in the beaker has fully reacted, it is
cooled to room temperature to complete the preparation of the dust suppressant with a cross-linked
networked structure. The dust suppressant is sprayed on the surface of coal dust and the dust
suppression effect is observed. The preparation process is shown in Fig. 2.

2.3 Viscosity and Compressive Strength Test
Viscosity and compressive strength are two important indicators to determine whether a dust
suppressant is practical. In this experiment, the viscosity and compressive strength of the dust
suppressant were used as the standards to evaluate the synthesis process conditions. The experiment
used an NDJ-79 rotary viscometer and a WDW-200E universal testing machine to test viscosity and
compressive strength, respectively. Using the single-variable control method, the effect of the mass ratio
of the MAA and SPI monomers, the amount of initiator, the amount of cross-linking agent, the grafting
reaction temperature, and the reaction time on the viscosity and compressive strength of the dust
suppressant were studied.

2.4 Scanning Electron Microscope (SEM) and Energy-
Dispersive X-ray Spectroscopy (EDS) Analyses
Using APREO scanning electron microscope, the surface morphology of the synthesized inhibitor and the
surface morphology of the cured shell formed by the inhibitor on the surface of the medium were
observed. Take a small amount of processed samples and put them into SEM. Adjust the magnification,
select the appropriate field of view, and take the image of the sample particles. Meanwhile, perform an
EDS test on the solidified shell formed by SPI powder and sprayed coal dust suppressant. Perform the
qualitative and semi-quantitative analysis by using EDS element imaging.

2.5 Fourier-Transform Infrared Spectroscopy (FTIR)
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SPI, SPI-MAA intermediate products, and SPI-MAA-SHMP synthetic dust suppressant were tested using
the Nicolet iS50 infrared spectrometer (Thermo Fisher Science). The dried product is ground into a
powder, and then the sample powder and KBr are uniformly mixed in a ratio of 1:100 and pressed into a
thin layer, which is placed in the instrument for scanning. The scanning range is 500-4000cm− 1.

2.6 Differential Scanning Calorimetry (DSC)
The DSCI differential scanning calorimeter (Mettler) was used to test the liquid and solid state of the
three SPI substances. Take a 10 mg sample and press it in an aluminum box. Use a blank aluminum box
as a control under nitrogen protection. The heating rate is 10°C /min, the scanning starting temperature is
25°C, and the temperature is raised to 150°C to obtain the DSC curve.

2.7 Measurement of Dust Suppression Efficiency for a Coal
Pile in Open Air
To test the actual dust suppression effect of the dust suppressant, two identical coal piles were stacked
in the open air. The design dimensions were: 30 cm diameter on the bottom surface, 15 cm diameter on
the top surface, and 10 cm height. A monitoring point for the concentration of total suspended particulate
matter (TSP) in the atmosphere is set 2m downwind from the coal pile in the control group, which is
monitoring point 1. No treatment is done on the surface of the coal pile. Two monitoring points of total
suspended particulate matter (TSP) concentration are arranged in the test coal pile, among which
monitoring point 2 and monitoring point 3 are respectively located at 2 m away from the coal pile in the
upwind and downwind direction of the coal pile. The spraying amount is uniform according to 0.5 L/m2

spray the dust suppressant solution. The monitoring time is 2020/11/2-2020/11/5, from 8 am to 18 am
every day. Data is collected every two hours.

3. Experimental Results
3.1 Analysis of the Influence of Single Factors on the Adhesion and Compression Performance of Dust
Suppressants

Under the condition when other factors unchanged, the influence of each single factor on both the
viscosity and the compressive strength of the dust suppressant were measured, and the experimental
data was fitted. The results of the data fitting are shown in Fig. 3.

Figure 3a shows the effect of the mass ratio of the MAA and SPI monomers on the viscosity and
compressive strength of the synthesized dust suppressant. It can be seen that the monomer mass ratio
has a great influence on the viscosity and the compressive strength. As the volume ratio increases, the
viscosity and compressive strength values first increase rapidly and then their rate of increase slows.
Because acrylic monomers agglomerate very easily, the use of too much MMA will affect the stability of
the solution. The inflection point of the curve where the growth rate slows is at an MAA/SPI mass ratio of
3:4. The viscosity value at this mass ration is 69 mPa⋅s, and the compressive strength is 0.88 MPa.
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Therefore, when the MAA/SPI mass ratio is 3:4, the dust suppressant has good adhesion and
compression performance.

The effect of the amount of cross-linking agent on the viscosity and compressive strength of the dust
suppressant is shown in Fig. 3b. As the amount of cross-linking agent increases, the viscosity first
increases, and then at 0.8 g, the viscosity begins a gradual decrease. At 0.8 g the increase in the
compressive strength slows. As the amount of the cross-linking agent increases beyond 0.8 g, the data
point where the cross-linking occurs increases. During the cross-linking reaction, the gaps between the
dust suppressant networks become smaller. As a result, it is difficult for water to enter these spaces, the
degree of cross-linking decreases, and the viscosity decreases. Therefore, the selected amount of cross-
linking agent is 0.8g.

Figure 3c shows the influence of the amount of initiator on the viscosity and compressive strength of the
dust suppressant. As the amount of initiator increases, both the compressive strength and the viscosity
first increase and then decrease. Based on the analysis, as the amount of initiator increases, the
concentration of free radicals in the solution increases, and the grafting points of SPI chains increase.
This increases the entanglement between molecular chains, causing the viscosity and compressive
strength to increase sharply. When the amount of KPS is > 0.2 g, the molecular chain entanglement
decreases. As a result, the increase in viscosity diminishes, and a downward trend appears. The
compressive strength value decreases first and then increases slowly. Therefore, 0.2 g KPS is appropriate
for the synthesis of the dust suppressant.

The effects of the grafting reaction temperature and time on the viscosity and compressive strength of
the dust suppressant are presented in Fig. 3d, e. As the reaction time and temperature increase, the
viscosity and compressive strength first increase and then become stable. When the reaction temperature
is 60 ℃ and the reaction time is 30 min, the grafting reaction reaches completion. As the reaction time
and temperature continuously increase beyond these levels, the viscosity and compressive strength of the
dust suppressant do not increase appreciably. Therefore, the best grafting reaction condition is at 60°C
for 30 min.

By testing the viscosity and compressive strength of each single factor, the best process conditions for
the synthesis of dust suppressants have been determined to be the combination of an MAA/SPI mass
ratio of 3:4, 0.8 g of SHMP, and 0.2 g of KPS, reacted for 30 min at 60 ℃. The dust suppressant prepared
under the determined optimal process conditions exhibits good adhesion and compression performance.
It can effectively prevent dust from becoming airborne and creating air pollution.

3.2 SEM and EDS Analysis
To clearly observe the microscopic state of the interaction between the dust suppressant and the sprayed
coal dust, SEM observations and EDS elemental analysis were conducted, as shown in Fig. 4–6.
Figure 4a shows an SEM image of the morphology of the dust suppressant at 300⋅ magnification. It can
be seen that the droplets of the dust suppressant look like spherical particles with depressions on the
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surface, similar in shape but with different sizes. Figure 4b shows the morphology of the solidified shell
formed by the dust suppressant on the surface of the coal sample at 300⋅ magnification. It can be seen
that the dust suppressant droplets are fused together, and the dust suppressant droplets combine with
the coal dust to effectively wrap the coal dust particles in the coal. A dense cured film is formed on the
dust surface. Figure 4c shows the morphology of the combination of dust suppressant and coal dust at
10,000⋅ magnification. It can be seen that the coal dust and dust suppressant are bonded and cross-
linked together, and the dust suppressant droplets can effectively bond to coal dust particles, showing
strong adhesion. Figure 4d shows that the dust suppressant forms a dense dust suppression film on the
surface of coal dust, and the coal dust particles are covered underneath. The clear outline of the coal dust
particles can be seen from the circled position. This dust suppression film has notable compressive
strength and is able to resist wind erosion and prevent the coal dust from becoming airborne.

Figure 6 EDS and elemental surface distribution map of solidified layer of dust suppressant

3.3 FTIR Spectra Analysis
Figure 7 shows the FTIR spectra of SPI, the SPI-MAA intermediate product, and the dust suppressant
synthesized by SPI-MAA-SHMP. In the FTIR spectrum of SPI, the peaks at 3435 and 1654 cm− 1

correspond to the O-H and N-H stretching vibration peaks of the hydroxyl and amide groups, respectively.
The characteristic peaks of the amide I band at 1032 cm− 1 belong to the C = O stretching vibration of the
carbonyl group in the SPI. The FTIR spectra of the modified forms of SPI, SPI-MAA, and SPI-MAA-SHMP
can be compared with the SPI spectrum. Regardless of the peak position or shape, the FTIR spectra of all
three materials are similar. Therefore, it can be preliminarily judged that the synthesis of the dust
suppressant is successful. The peak position at 3400 cm− 1 is roughly the same for all three materials,
but the peak position gradually shifts to the right. The shift is due to the graft copolymerization between
the SPI and MAA monomers. The intensity of the absorption peak near 1650 cm− 1 in the SPI-MAA and
SPI-MAA-SHMP spectra gradually decreases. The decrease suggests that after SPI participates in the
reaction, its active groups are consumed. The characteristic absorption peak of the cross-linker SHMP at
987 cm− 1 shows that SHMP successfully participated in the reaction to form a dust suppressant with a
network structure [28–30].

3.4 DSC Analysis
SPI is a protein with a naturally formed structure. Chemical polymerization causes the protein to undergo
a transformation. DSC is used to measure the thermal denaturation temperature of the protein and to
evaluate whether the graft copolymerization modification of SPI is successful.

Figure 8 shows the DSC curves of SPI, SPI-MAA, and SPI-MAA-SHMP in the liquid and solid states. To
clearly see the peak changes, a section of Fig. 8a is enlarged to make Fig. 8b. It can be seen in Fig. 8b
that with the continuous modification of SPI, the melting peak shifts toward higher temperatures, and the
melting peak temperature of the same substance in the liquid state is slightly greater than the solid
melting peak, i.e. TSPI−L > TSPI−S, TSPI−MAA−L > TSPI−MAA−S, and TSPI−MAA−SHMP−L> TSPI. The shift in melting
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temperature occurs because the liquid substance contains water, which causes the melting peak to shift
to the right during the heating and evaporation process. The melting peak of SPI-S is 101.85 oC. After
adding MAA, the melting peak of SPI-MAA-S is 111.36 ℃, and the melting peak shifts to the right. The
shift may be due to the graft copolymerization of SPI and MAA. More energy is required to melt the
connected SPI-MAA than the SPI, which is manifested as a shift of the melting peak to higher
temperatures. Similarly, after cross-linking with SHMP, the melting peak of the product SPI-MAA-SHMP
continues to shift to higher temperatures, and the melting peak of SPI-MAA-SHMP-S is 115.57°C. The
change in melting temperature is caused by the increase in molecular weight after cross-linking, which
can lead to the increase of denaturation temperature of cross-linked proteins [31, 32].

3.5 Analysis of TSP Results
Table 1

Weather report during the monitoring periods
Date Temperature /℃ Wind /degree Direction of wind

2020/11/2 4–18 5–6 North

2020/11/3 2–12 4–5 North

202011/4 7–14 3–4 South

2020/11/5 11–16 3–4 West-south

Figure 9 shows the TSP monitoring data of the test group and the control group at the monitoring points
over 4 days, and Table 1 shows the weather conditions during the monitoring period. On the second and
third days, the wind was strong, and the TSP value of monitoring point 1 in the control group was higher.
The maximum TSP value of 9.1 µg/m3 occurred at 18:00 on the second day. According to the data
analysis, the average TSP of monitoring point 1 in the control group over 4 days was 5.18 µg/m3. The
average TSPs at monitoring point 2 and the downwind monitoring point 3 in the experimental group over
4 days were 1.80µg/m3 and 1.85µg/m3, respectively. Compared with the control group, the experimental
group had an average TSP reduction of 79.95%. This finding showed that spraying of the dust
suppressant can effectively fix the coal dust on the surface of the coal pile. The consolidation layer
formed by spraying the dust suppressant can effectively prevent the coal powder from being blown aloft
by the wind and can therefore reduce air pollution.

4. Dust Suppression Mechanism
SPI has a relatively complex and stable polymer structure. The forces supporting the protein structure
include hydrogen bonds, disulfide bonds, and electrostatic bonds [33–35]. However, this stable structure
can be handled by chemical modification methods. Appropriate modification can strengthen the
intermolecular and intramolecular forces and enhance the mechanical properties of the SPI membrane.
Modification can also enhance the stability of the network structure in the protein membrane and improve
the performance of the membrane. The dust suppressant synthesis process first disperses the SPI solid
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powder in a urea solution. Urea can promote the SPI chain structure to become relatively expanded, so
that the SPI polymer chain exposes more functional groups, such as -COOH and -NH2. The stretching of
the SPI chain structure facilitates the grafting reaction, as shown in Fig. 10.

Under the action of the initiator KPS, the monomer MAA and the exposed main groups of SPI undergo a
graft copolymerization reaction, as shown in Fig. 11. The added cross-linking agent SHMP promotes the
formation of a network structure between high molecular weight polymers. This cross-linked network
structure has a strong cohesive force. It can effectively capture coal dust and accomplish coal dust
suppression. The mechanism of the reaction process is shown in Fig. 12 [36, 37].

5. Conclusion
To suppress the dust pollution in an open-air environment, improve the surrounding atmospheric
environment, and improve the environmental quality, this research created a dust suppressant that
effectively suppresses dust from becoming airborne. A graft copolymerization reaction between SPI and
MAA was developed using the initiator KPS and the cross-linking agent SHMP to create a dust
suppressant with a cross-linked network structure. The main conclusions are as follows:

(1) The method of controlling single variables was used to test the viscosity and compressive strength of
each factor to determine the best process conditions for the synthetic dust suppressant, which were:
MAA/SPI mass ratio = 3:4, SHMP cross-linking agent: 0.8 g, KPS Initiator: 0.2 g, 60 ℃ grafting reaction 30
min.

(2) As confirmed with SEM, EDS, FTIR, and DSC characterization of the dust suppressant and on-site TSP
monitoring, the graft copolymerization of SPI and MAA was successfully achieved. The synthesized dust
suppressant was bonded and cross-linked on the surface of the coal pile, and the bonding force was
relatively good. The dust suppressant formed a strong and dense solidified layer, which effectively
prevented dust from being blown off a coal pile. Compared with an untreated coal pile, the average
reduction of the TSP in the coal pile sprayed with dust suppressant was 79.95%, showing a significant
dust suppression effect.

(3) The main raw material SPI used in the experiment is a natural renewable polymer material with a wide
range of sources and is biodegradable. The developed dust suppressant is in line with the theme of
environmental friendliness and green processes and materials.
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Figure 1

The output of major soybean producing countries in 2019. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 2

Flow chart of synthesis of dust suppressant with a cross-linked structure
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Figure 3

Influence data of single factor on the performance of dust suppressant
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Figure 4

(a) SEM image of dust suppressant (b), (c), (d) SEM images of cured dust suppressant shell at different
magnifications
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Figure 5

EDS and elemental surface distribution map of soy protein isolate
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Figure 6

EDS and elemental surface distribution map of solidified layer of dust suppressant
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Figure 7

FTIR spectra of SPI, SPI-MAA, and SPI-MAA-SHMP

Figure 8

(a) DSC curves of SPI, SPI-MAA and SPI-MAA-SHMP in the solid (-S) and liquid (-L) state (b) An enlarged
view of the curve outlined by the blue dashed box in (a)



Page 20/21

Figure 9

Total suspended particulate (TSP) value of coal pile monitoring in an open-air environment

Figure 10

Urea promotes stretching of the soy protein isolate (SPI) chain
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Figure 11

KPS initiates graft copolymerization of SPI and MAA

Figure 12

Diagram of the synthesis and mechanism of the dust suppressant
with a cross-linked structure
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