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Abstract

The large amount of harmful particles in coal dust not only pollutes the production environment, affects the production
efficiency and resource utilization of enterprises, but also poses a risk to human health. Effectively controlling coal dust
is of great significance to clean production. Water-based dust suppressants are extensively employed to mitigate coal dust.
This paper provides a comprehensive review of the water-based dust suppression materials for coal dust control. Accord-
ing to the difference of mechanism, the dust suppressants are divided into wetting type, hygroscopic coalescence type,
cohesive agglomeration type, and composite type. The evaluation methods for dust suppressants key properties such as
wettability, permeability, moisture absorption and water retention, and consolidation are summarized. The review results
show that coal dust suppressants are no longer limited to a single dust suppression function. For example, it is necessary
to develop multi-functional coal suppressants to meet the needs for synergistic suppression both coal dust and coal spon-
taneous combustion. Driven by the concept of green, low-carbon and sustainable development, attention should be paid to
the development of bio-based environmentally friendly coal dust suppressants. In addition, the evaluation method system
for the key performance of water-based dust suppressants should also be improved, and further research is necessary.

Keywords Coal dust - Dust suppressant - Evaluation method - Environmental-friendly material

1 Introduction

Coal is an important basic energy source in the world.
However, a large amount of coal dust is easily generated
during coal production, storage, transportation, and use,
posing significant challenges to the workers’ health, work-
ing environment, safe production, etc. (Bataga et al. 2021;
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Faridi et al. 2022). In terms of health risks, taking China as
an example, as the world’s largest coal producer, the raw
coal production is 4.71 billion tons in 2023, accounting for
51.8% of global production (National Bureau of Statistics of
China 2024). Accompanying this is the fact that more than
half of the pneumoconiosis cases are coal workers’ pneu-
moconiosis (National Health Commission of the People’s
Republic of China 2024; Cao et al. 2024; Yu et al. 2024).
On the other hand, when coal dust diffuses into the air, it
can not only cause environmental pollution and reduce the
service life of major underground equipment, but also cause
loss of coal resources (Yang et al. 2022a; Wang et al. 2022;
Yu and Zahidi 2023). Additionally, coal dust will decrease
visibility within workspaces and elevate the likelihood of
accidents. (Liu et al. 2022c; Luo et al. 2021; Wu et al. 2023).
It may even trigger explosions, leading to huge casualties
and property damage (Wang et al. 2021c, 2023d; Zhang et
al. 2022). It is evident that effectively controlling coal dust
is essential.

To prevent and control coal dust, measures such as
spraying, covering with tarpaulins, and building isolation
are generally adopted in coal mining, railways, port termi-
nals, thermal power plants, and other coal-related places.
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However, there are disadvantages such as heavy water
consumption, poor effect, and single function in these pro-
cesses (Zhang et al. 2021a; Cheng et al. 2020). Due to the
simple application process and significant dust suppression
efficiency, water-based dust suppressants have gradually
become an important means of coal dust control. Water-
based dust suppressants use water as the main carrier and
improve the dust suppression effect by adding wetting
agents, moisture absorbing agents, polymers, etc. This arti-
cle reasonably summarizes the dust suppression mechanism
and key performance evaluation methods of water-based
dust suppressants based on existing research, and offers
some insights into the dust suppressants development and
optimization. The aim is to explore the development poten-
tial of water-based dust suppressants in the coal dust control
field. While meeting the demand for dust control, the effect
will be enhanced and the environmental problems caused by
coal dust will be reduced.

2 Dust suppression mechanism and dust
suppressants classification

Among the current dust suppression technologies, the spray
watering method is easy to operate. Nevertheless, the evap-
oration of water and the hydrophobicity of coal necessitate
continuous spraying to enhance and sustain the dust sup-
pression effectiveness which complicates the application
process and is prone to cause water resources waste. There-
fore, researchers have devised dust suppressants aimed at
enhancing the dust suppression capabilities of water (Gon-
zalez et al. 2019; Shi et al. 2019). Dust suppressants can be
classified into several types based on their mechanisms and
components (Sun et al. 2018; Dong et al. 2023a). Wetting
type suppressants primarily utilize surfactants to improve
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Fig. 1 Dust suppression mechanism of wetting type dust suppressants
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the water-wetting capability. Hygroscopic coalescence type
dust suppressants incorporate hygroscopic inorganic salts,
water-absorbing resins, and other substances to enhance
moisture retention and water retention performance.
Cohesive agglomeration type dust suppressants rely on
petroleum by-products or polymers to strengthen the con-
solidation capacity. Composite type suppressants combine
multiple materials to achieve synergistic effects, incorporat-
ing actions such as wetting, hygroscopic coalescence, and
cohesive agglomeration for more efficient dust suppression.

2.1 Wetting type dust suppressants

Surfactants serve as the key component in wetting type
dust suppressants, exerting a notable influence on enhanc-
ing the wetting effect on coal dust. Coal wetting is the pro-
cess in which gas is replaced by liquid on the coal surface.
The mechanism of these dust suppressants is illustrated in
Fig. 1. The surfactant molecules are uniformly distributed
at the gas-liquid interface, reducing the surface tension of
water. When the solution comes into contact with the coal
surface, the non-polar hydrophobic groups of the surfac-
tant molecules adsorb onto the hydrophobic regions of the
coal, while the polar hydrophilic groups form hydrogen
bonds with water molecules. This leads to the formation of
a directional molecular layer, with the hydrophobic groups
facing the coal surface and the hydrophilic groups oriented
towards the water, thereby facilitating the wetting process.
Water-based dust suppression technology began in the
1930s. Until the 1960s, surfactants started being utilized
in coal mines (Chen 2022). Afterwards, the wetting type
dust suppressant developed rapidly. Based on the ioniza-
tion status of their hydrophilic groups in water, traditional
surfactants can be categorized into two main types, ionic
surfactants (including anionic, cationic, and zwitterionic
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surfactants) and non-ionic surfactants. During coal dust
control procedures, it is evident that anionic and nonionic
surfactants exhibit superior wetting effects on coal com-
pared to cationic and zwitterionic (Tong et al. 2019; Wang et
al. 2019). Further research has shown that the wetting effect
of compounding surfactants is significantly better than that
of a single component (Shi et al. 2021; Bai et al. 2023). Nie
et al. (2023a) conducted a study on the binary compound-
ing of surfactants, providing a theoretical framework for the
design of high-performance dust suppressants. Meanwhile,
studies have shown that adding inorganic salts can help
improve the wetting performance of surfactants (Wang et
al. 2023b, 2025). Based on the synergistic effect between
surfactant solution and inorganic salt ions, Liu et al. (2023)
formulated an optimized formula with sodium secondary
alkyl sulfonate, Triton X-100 and CaCl,, which exhibited
excellent wetting effect. On the other hand, considering the
promoting effect of magnetization treatment on wettability,
some scholars have magnetized surfactant solutions and
optimized the parameters. As a result, the dust control effi-
ciency in practical dust suppression processes increased by
more than 30% (Zhou et al. 2018; Pang et al. 2024).

Using inorganic chemical materials to prepare wetting
type dust suppressants is easy to operate and can usually be
achieved by mixing and dissolving them in water directly.
However, due to the irritancy, corrosiveness, and poor
degradation of some surfactants, environmentally friendly
and easily degradable dust suppressants have attracted the
researchers attention. Wang et al. developed two highly
effective dust suppressants both demonstrated outstand-
ing wetting capabilities, one derived from microalgae oil
(MODS) and the other synthesized through Bacillus sub-
tilis fermentation (Wang et al. 2021a, 2023a). Biosurfac-
tants are a class of metabolites secreted by microorganisms
in the metabolic process under specific conditions. These
surfactants not only have the properties of solubilization,
emulsification and wetting, but also have the advantages
of non-toxicity, biodegradability, and high surface activity
(Bavadi 2024; Akimbekov et al. 2024). Some researchers
found that biosurfactants such as rhamnolipid and sopho-
rolipid have good wettability in coal, offering a theoretical
foundation for the widespread utilization of biosurfactants
(Li et al. 2022c; Wang et al. 2023¢; Niu et al. 2023). Wang
et al. (2021b) prepared a green degradable composite bio-
surfactant. The experimental results indicated that the most
effective composition comprised 0.129 mL of rhamnolipid,
0.044 mL of lactone sophorolipid, and 0.029 g of surfactin
per 100 mL of dust suppressant, achieving a sinking time
as short as 31.777 s. Due to evaporation and other reasons,
wetting type dust suppressants typically encounter the issue
of a brief wetting duration, which are often used to con-
trol floating dust. When employed to mitigate settling dust,

they evaporate or lose quickly after application, leading to
the potential generation of secondary dust. Therefore, many
scholars often use chemical reagents with moisturizing,
bonding and other properties to prepare dust suppressants
with actions such as hygroscopic coalescence and cohesive
agglomeration.

2.2 Hygroscopic coalescence type dust
suppressants

Hygroscopic coalescence type dust suppressants are mainly
composed of hygroscopic substances. Chemical moisture
absorption generates hydrates through chemical reactions.
Physical moisture absorption is achieved by surface adsorp-
tion and condensation. Usually, the moisture in the envi-
ronment is absorbed by the deliquescence of hygroscopic
substances to keep the surface wet, and at the same time,
it has the effect of coalescence to capture fine dust. The
mechanism of these dust suppressants involves four stages,
as shown in Fig. 2. Initially, the dust suppressant comes into
contact with and mixes with dust particles. Subsequently,
the hygroscopic material starts to absorb water. Following
this, the outer layer of hygroscopic material dissolves in the
absorbed water and creates liquid films. The liquid films
coalesce small particles. Finally, the majority of hygro-
scopic substances dissolve in the resulting solution concur-
rently capturing dust particles.

Inorganic salts are commonly used hygroscopic sub-
stances, which can improve the ability to absorb and retain
moisture, thereby enhancing the dust control efficiency.
This type of dust suppressant was first used to control road
dust. In the 1960s and 1970s, regions such as the former
Soviet Union and Australia began using solid CaCl, and
other hygroscopic inorganic salts to treat roads for dust sup-
pression (Peng and Wu 2005; Clark 1972). In Europe, road
dust is frequently managed using calcium magnesium ace-
tate (CMA) and MgCl, (Gulia et al. 2019). Additionally, in
America, Saha and Ksaibati applied CaCl, and MgCl, to 26
gravel pavements, assessing the efficacy in mitigating dust
(Saha and Ksaibati 2022). However, traditional hygroscopic
inorganic salts pollute the soil and have disadvantages such
as corrosiveness. Therefore, water-absorbing polymer com-
pounds are gradually used for dust suppression. Volikov et
al. (2023) proposed a dust suppressant named HS-ASQ. The
HS-ASQ composition can form a gel-like substance on the
mineral surface, and the concentration of PM10 and PM2.5
in the air can be reduced by 77% and 85%. The hygroscopic
coalescence type dust suppressants prepared with starch (He
et al. 2019), sawdust (Zhou et al. 2023c¢), cashew nut shell
extract (Xi et al. 2023b) as the main raw materials exhibit
high water absorption and good dust suppression effect.
Moreover, the majority of these materials are green and
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Fig. 2 Dust suppression mechanism of hygroscopic coalescence type dust suppressants

degradable, providing novel technical solutions for coal dust
control, environmental protection, and resource recycling.

2.3 Cohesive agglomeration type dust suppressants

Cohesive agglomeration is a process of introducing adhe-
sive force between fine particles and converting them into
larger particles. The cohesive agglomeration type dust sup-
pressants can form a certain strength covering layer on the
coal pile surface, avoiding the fine dust from flying under
airflow disturbance. The dust suppression mechanism can be
divided into four steps, as shown in Fig. 3. Initially, the dust
suppressant contacts and mixes with coal dust. Secondly,
it begins to form bonding bridges between dust particles.

@ Springer

Thirdly, the bonding bridges begin to solidify and form
large dust clusters. Finally, the agglomeration increases to
form a consolidation layer, thereby suppressing dust (Parvej
et al. 2021).

Initially, asphalt emulsion was used as a cohesive agglom-
eration type dust suppressant for mine road dust suppres-
sion (Peng and Wu 2005). Subsequently, researchers began
to pay more attention to using heavy petroleum fractions,
by-products of bio-processing, high-molecular-weight poly-
mers, and other industrial and agricultural processing by-
products to solve dust suppression problems (Kondrasheva
et al. 2016; Medeiros et al. 2012). These novel materials
have gradually become a research hotspot because of their
sustainability and environmental friendliness. The research
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Fig. 3 Dust suppression mechanism of cohesive agglomeration type dust suppressants

of Tsogt and Oh shows that the selection of biodiesel by-
product crude glycerol and bio-based materials (such as sea-
weed mixture, red algae, palm oil, etc.) to prepare non-toxic
and degradable dust suppressants has broad application
prospects (Tsogt and Oh 2021). The action of conventional
cohesive agglomeration type dust suppressant is easily
attenuated due to environmental impact, and high viscosity
is also easy to cause weak wetting ability and permeabil-
ity. These deficiencies amplify the optimization require-
ments for the dust suppressants. Liu et al. (2017) improved
the water solubility and viscosity of dust suppressants by
modifying chitosan. Additionally, Liu et al. (2020) grafted
sodium alginate and hydroxypropyl methyl cellulose to
improve the agglomeration performance of fine water mist.
To mitigate expenses on dust suppression agents and curtail

resource wastage, Li et al. utilized cellulose extracted from
waste paper to synthesize sodium carboxymethyl cellulose,
employing it as a matrix for a cohesive agglomeration type
dust suppressant (Li et al. 2020). To enhance the adhesive
properties of dust suppressants, Jin et al. (2022) modified
soy protein isolate to control dust in open-pit coal mines.
The foam dust suppressant developed by Xi et al. (2014) and
Gan et al. (2022) can fill the pores in the coal particle layer
and enhance the bonding dust performance. To enhance
the environmental adaptability of dust suppressants, Xu et
al. (2023) prepared a binder by oxidizing cassava starch
with Cu?*/ H,0,. This material not only helps to improve
the bonding characteristics of foam dust suppressants, but
also enhances the weather resistance. Zhou et al. (2022)
developed a microcapsule for dust suppression based on oil,
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capable of creating a robust shell with dust particles and
exhibiting excellent environmental adaptability. Although
the raw materials of the cohesive agglomeration type dust
suppressants are widely available, the cost of preparation,
application and maintenance is still high, potentially con-
straining their widespread adoption on a large scale.

Another kind of dust suppressant is to agglomerate dust
by the microbial (MICP) or enzyme induced calcium car-
bonate precipitation (EICP). The dust suppression mecha-
nism is shown in Fig. 4. This type of dust suppressants
utilizes urease extracted from microbial metabolism or
other sources to promote urea hydrolysis. The hydrolysis
product induces the precipitation of calcium carbonate, and
the loosely accumulated dust particles are agglomerated
into larger particles, thereby inhibiting dust flying.

The application of MICP technology has been extended
to control the sandy soil consolidation, metal contaminated
soil remediation and other fields (Dagliya et al. 2022; Cheng
et al. 2014; Mwandira et al. 2019). Bacillus pasteurii is a
high-yield urease bacterium commonly used by research-
ers. Typically, it is supplemented with a specific concentra-
tion of urea and calcium chloride solution to formulate the
suppressant. This microbial agent can form a stable calcium
carbonate crystal structure, effectively consolidating dust
particles (Shi et al. 2019; Zhou et al. 2023b; Song et al.
2021). Furthermore, Song et al. (2019) conducted dust sup-
pression experiments utilizing Staphylococcus succinus J3,
isolated from the soil of a mining area. They investigated
the influence of factors such as initial bacterial biomass, cal-
cium concentration, urea concentration, and other variables
on the efficacy of dust suppression. Wu et al. (2020a) devel-
oped an environmentally friendly biological dust suppres-
sant, employing soybean urease as the primary material, and
achieved a good dust-fixing efficacy. In contrast to MICP
technology, EICP can reduce the time required for micro-
organisms to secrete urease. In theory, they can precipitate

Produced by
microorganisms

Accelerates
Extracted from the hydrolysis
outside world (e.g.
soybeans)

faster and exert dust suppression effects promptly. However,
urease is expensive, and its production, storage, and appli-
cation procedures are also quite complex. To enhance the
utilization of microbial technology in dust suppression, Liu
et al. (2022a) incorporated TiO,-nanoparticles into micro-
bial dust suppressants, which promoted bacterial growth
and improved urease activity. Zhao et al. (2023) investi-
gated the tolerance of urease-producing microorganisms
communities to surfactants and conducted a microbiome
analysis to discern the underlying factors influencing ure-
ase activity. In the study by Zhu et al. (2021a), introducing
cocoamidopropyl betaine to mineralized bacteria exhibited
a synergistic effect, leading to a substantial enhancement in
the dust suppression rate. Hu et al. (2023) applied varying
concentrations of extracellular polymer substances (EPS)
derived from urease-producing bacteria onto coal dust to
assess their efficacy. The outcomes of these experiments
provide data and theoretical support for the MICP technol-
ogy industrial application. Nonetheless, this technology
exhibits drawbacks including limited environmental adapt-
ability, extended consolidation duration, and a brief period
effectiveness. Consequently, it becomes imperative to inves-
tigate the consolidation and dust suppression mechanisms to
address the aforementioned challenges.

2.4 Composite type dust suppressants

Given the numerous drawbacks associated with single-
action dust suppressants, there is a trend in the develop-
ment of dust suppressants towards a composite direction.
Composite type dust suppressants are often improved on
the basis of a single action, so that they have two or more
actions such as wetting, hygroscopic coalescence, and cohe-
sive agglomeration. Most composite type dust suppressants
contain complex mixtures of two or more components,

p

From the environment

Fig.4 Dust suppression mechanism of microbial dust suppressants (Wu et al. 2020a; Shi et al. 2022)
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which are usually polymerized using physical and chemical
methods.

Li et al. (2023) introduced Gemini surfactants into dust
suppressants prepared from water absorbent resins and
carboxymethyl starch sodium, improving the flowabil-
ity and permeability of cohesive agglomeration dust sup-
pressants. Nie et al. (2023b) added surfactants, permeate
agents, hygroscopic inorganic salts, and other components
to dust suppressants to improve wetting ability, permeabil-
ity, and water retention properties (Yan et al. 2021). Zhang
et al. (2020) added wetting agent and hygroscopic agent to
hydroxypropyl guar gum, and developed a composite type
dust suppressant with wetting, hygroscopic coalescence
and cohesive agglomeration actions. Li et al. (2022b) syn-
thesized a composite type dust suppressant by free radical
polymerization using xanthan gum as a graft substrate. The
surface tension of the dust suppressant is 29 mN/m, and the
compressive strength of the consolidated body is 1.58 MPa.
Ding et al. (2020) used hydroxyethyl cellulose as the main
component to obtain a composite type dust suppressant with
a gel structure and self-healing ability. The biological mac-
romolecules, initiators, and cross-linking agents involved
in the dust suppressant can form some network structures
through free radical polymerization and other reactions.
These network structures can form a denser consolidation
layer with coal dust. Dong et al. (2023b) created a compos-
ite type dust suppressant featuring a gel network structure
by glycosylating soy protein isolate with xanthan gum. Wu
et al. (2020b) developed a composite type dust suppressant
with a semi-interpenetrating network structure using a mix-
ture of sodium alginate, polyvinyl alcohol and glycerol as
substrates to control open-pit mine dust. Zhu et al. (2021b)
synthesized a composite dust suppressant characterized by
a porous three-dimensional network structure, using potato
starch and modified sodium bentonite as the principal con-
stituents. Xi et al. (2023a) created a three-dimensional cross-
linked network composite type dust suppressant by grafting
carboxymethyl starch, polyvinyl alcohol, and caprolactam.

Considering the high cost of grafting substrates men-
tioned above, low-cost basic materials with a wide range
of sources are favored. Wang et al. (2023f) utilized pectin
sourced from natural plant skins as the primary raw mate-
rial. It was found that the pectin-modified dust suppressant
can effectively suppress and consolidate coal dust. Zhou et
al. (2021, 2023a) successively extracted substances such as
chitosan and sugarcane bagasse cellulose from discarded
shrimp shells and sugar making waste, and used them as
a matrix to prepare composite type dust suppressants with
agglomerating and wetting effects. Zhao et al. (2021b) syn-
thesized a dust suppressant with a gel structure by recycling
Enteromorpha prolifera near the sea area. The raw materials
of composite type dust suppressants are widely available,

but the complex processes involved in the preparation will
lead to high costs, which is not conducive to the promotion
and use of dust suppressants. At the same time, the envi-
ronmental compatibility of these materials still needs to be
verified.

Due to the evident size benefits, elevated surface
energy, and potent adsorption properties of nanomaterials,
researchers attempt to introduce nanomaterials into the dust
suppressants field to prepare nano-composite type dust sup-
pressants. In 2020, Feng et al. (2020) prepared a degrad-
able dust suppressant composed of nanocellulose through
aqueous solution polymerization. The nanocellulose used
showed high hydrophilicity and biodegradability. Zhao et
al. (2024) investigated the impact of SiO,-H,O nanoflu-
ids on the wetting behavior of coal dust and observed that
these nanofluids can augment the wetting properties of coal
dust. Shao et al. (2022) formulated a cohesive agglomera-
tion type dust suppressant with low viscosity and high con-
solidation capacity using lignin-Ag nanoparticles (NPs).
The stable agglomeration mechanism of lignin-AgNPs
improved the consolidation performance. Li et al. (2022a)
introduced a nano-composite dust suppressant comprising
Al,O nanomaterials along with highly absorbent polymers,
carboxymethyl starch sodium, and polyacrylamide as its
key components. The incorporation of nanomaterials nota-
bly enhanced the dispersion, permeability, and agglomera-
tion properties of the dust suppressant. Wang et al. (2023c)
added modified hydrophilic SiO, nanoparticles to the foam-
ing agent, and added silicone surfactants on this basis. It
was found that the combined action of nanoparticles and
surfactants resulted in the formation of long-lasting and
stable foam, along with the rapid deposition of coal dust.
The findings offer insights into utilizing nanoparticles and
silicone surfactants for dust suppression purposes. How-
ever, the mechanism of nano-modification should be further
explored to provide theoretical support for the research and
application of nano-composite dust suppressants.

3 Evaluation of dust suppression
performance

After spraying the dust suppressants on the storage and
transportation coal pile, wetting, permeation, consolidation
and other phenomena will occur. Studying these processes
in coal particles is the key to controlling the spray quality
and dust suppression effectiveness. Conducting a scientific
and effective evaluation to the key performance of dust
suppressants holds significant importance in determining
parameters like spray thickness and uniformity. The per-
formance evaluation results are helpful to put forward the
optimization scheme. The key properties that affect the dust
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suppression effect include wettability, permeability, mois-
ture absorption and water retention, and consolidation.

3.1 Wettability evaluation

Wettability performance refers to the ability of dust suppres-
sants to spread and wet on the dust particles surface. It is
the key performance to determine the effectiveness of wet-
ting type dust suppressants, and it is also a crucial metric
for evaluating the wetting components action within these
suppressants. At present, the wettability evaluation on coal
surface primarily involves experimental approaches such
as measuring liquid surface tension. The other methods
involve testing pertinent characteristic parameters during
the gradual contact wetting between the liquid and coal.
This includes measurements like surface tension, contact
angle, sink tests, and more, as illustrated in Fig. 5.

v — sinking rate, g/s
m — mass of coal, g
{ — sinking time, s

Sink test

Fig. 5 Wettability evaluation methods
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Generally, lower surface tension indicates a greater pro-
pensity for effective wetting on the solid surface. When the
surface tension is lower than 45 mN/m, it can spontaneously
wet on the coal surface (Chen et al. 2019). The Wilhelmy
plate method is commonly used in the surface tension mea-
surement to determine the capillary rising force generated
by liquid wetting on the plate. It was found that fluorocarbon
surfactants exhibit a greater affinity for forming hydrogen
bonds with water compared to hydrocarbon surfactants. At a
concentration of 0.06% OBS, the surface tension decreases
to as low as 17.6 mN/m, providing a new approach for the
development of novel wetting dust suppressants (Niu et al.
2023). The surface tension measurement is highly reliable
at low concentrations and the experimental operation is con-
venient. However, once the critical micelle concentration is
exceeded, the surface tension will stabilize and no longer
change significantly, making it difficult to assess the wetting

Impact wetting experiment
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ability. Additionally, surface tension is an inherent physi-
cal property of the solution and cannot be used to evaluate
the wetting ability on different coal samples. The contact
angle measurement generally records the gas-liquid-solid
three-phase contact image through an optical recording
system and measures its contact angle (Erbil 2014). Liu et
al. (2024a) screened surfactants with contact angle as the
key index, and found that 0.4wt % dodecyl glucoside could
reduce the contact angle of dust suppressant to 27.75+0.7°
after 5s. The contact angle experiment can capture the
slow wetting process of liquid droplets on the coal surface.
However, when the droplet permeates quickly, the contact
angle may not be captured in time. Additionally, the sink
test mostly characterizes the wettability by testing the time
required for quantitative dust to fully immerse in the test
solution. The accuracy of the sink test results is influenced
by both the particle size distribution and the uniformity of
the powder. To enhance the precision, it is necessary to con-
duct the test repeatedly, typically ranging from three to five
repetitions (Copeland et al. 2009; Zhao et al. 2021a). Chang
et al. (2021) introduced a standardized sink test procedure
and utilized both sink time and surface tension measure-
ments to assess the wettability of pulverized coal in surfac-
tant solutions. Yan (2019) used the sink time as the response
value to analyze the different surfactants response surface
to find the optimal combination of surfactant compounding.
Hu (2014) employed the sink test to examine the impact of
coal sample composition on coal wettability, and found that
this method was not strong enough to distinguish coal dust
with similar wettability, and could only make a rough judg-
ment. During the dust control process, the reagent solution
often impacts the coal surface at a certain speed through
nozzles, exhibiting significant impact kinetic characteris-
tics. Due to this limitation, the author’s team has proposed
a dynamic wetting evaluation method in recent years. This
method uses high-speed camera technology to capture the
droplets wetting behaviors impacting the coal surface. The
characteristic parameters such as droplets dimensionless
wetting length and dimensionless wetting area are extracted
to effectively evaluate the wettability of dust suppressants
(Han et al. 2022, 2023, 2024).

3.2 Permeability evaluation

When the dust suppressants are applied to the coal pile, it
undergoes permeation. Permeability performance refers
to the ability to permeate through the dust particle layer,
thereby indicating the permeation difficulty level through
the dust layer of dust suppressants. The dust suppression
effect is significantly affected by the permeation speed and
depths. The current methods for testing the permeation
ability mainly include capillary rise experiments, droplet

permeation experiments, CT scanning experiments, nuclear
magnetic resonance experiments, etc., as shown in Fig. 6.

The capillary rise experiment assesses permeability by
observing the upward movement of liquid in a glass tube
containing dust particles (Galet et al. 2010; Dai et al. 2024;
Zhao et al. 2011). Although this method is simple and intui-
tive, there are often problems such as uneven dust particle
size and powder loading compactness, which seriously
affect the use of this method. The purpose of the droplet
permeation experiment is to measure the rate at which the
solution can permeate the powder bed under gravity. Gener-
ally speaking, the shorter permeation time and the greater
permeation depth means the better the permeability. Cheng
et al. (2012) considered factors such as coal permeability
coefficient and porosity to study the permeability effect of
water injection reagents in low-permeability coal seams.
Meanwhile, Zhou et al. conducted forward permeation
experiments to compare the permeability of eight surfac-
tants in lignite dust. The results showed that the permeation
time after adding surfactants was less than 2347s of pure
water, offering valuable insights for selecting appropriate
surfactants (Zhou et al. 2019). CT scanning technology also
provides an effective means to study the permeation and
distribution of solution in the coal pile (Yin et al. 2018).
Oostveen et al. (2015) evaluated the permeation effect of
droplets on a dust bed using droplet permeation time and
characterized the internal structure using CT scanning.
Similarly, Wang et al. (2020a) conducted CT scanning
experiments to characterize the multi-scale pore structure
and examine the seepage characteristics of water within
the coal samples. Furthermore, nuclear magnetic resonance
experiments can also be used to study the permeation of lig-
uids in coal particles. Based on low-field nuclear magnetic
resonance experiments, Zhang et al. (2021b) and Yang, et
al. (2022b) found that surfactants containing sulfonic acid,
amino, and carboxyl groups readily formed hydrogen bonds
with hydroxyl groups present in lignite, which is conducive
to solution permeation.

3.3 Moisture absorption and water retention
evaluation

Moisture absorption and water retention performance per-
tains to the ability to absorb water and resist evaporation
after application. Dust suppressants that possess effective
moisture absorption and water retention properties are able
to capture coal dust more efficiently. As depicted in Fig. 7,
swelling experiments and water retention experiments are
commonly employed methods for assessing the moisture
absorption and water retention characteristics of dust sup-
pressants (Liu et al. 2021a, b; Guo et al. 2023; Gharekhani
etal. 2017).

@ Springer



47 Page 10 of 18

F. Han et al.

Filter

Capillary rise experiment

0 Surfactant solution
Permeated /

|

|

|

|

I -

: time

| BN
| 2
| /
|

|

|

|

|

|

|

7

Droplet permeation experiment
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The swelling experiment involves analyzing the kinetic
characteristics of swelling for a dust suppressant with a
polymerized structure, such as gel or absorbent resin. The
hygroscopicity of the dust suppressant is illustrated by
plotting the swelling kinetics curve, which is derived from
calculating the swelling rate of the film. For dust suppres-
sants with hygroscopic inorganic salts as the main compo-
nent, most researchers directly use water absorption rate to
evaluate the hygroscopic properties (Wang et al. 2020b).
The water retention experiment mainly focuses on evalu-
ating the anti-evaporation properties of the dust suppres-
sant. It employs parameters like the water evaporation rate
to gauge the water retention efficacy. The water retention
performance serves as a crucial indicator in determining the
effective duration of the dust suppressant. It is employed
to assess the impact of the water retention agent within the
dust suppressant. A lower evaporation rate corresponds to
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enhanced anti-evaporation capabilities, heightened water
retention capacity, and an extended duration of effective-
ness for the dust suppressant (Zhang et al. 2018, 2023; Chen
et al. 2023). Yu et al. (2022) assessed the water retention
efficacy by calculating the water evaporation rate per unit
area, and found that the water evaporation rate of dust sup-
pressants was less than 0.02% after 20 h. Jiang et al. (2021)
compared the water retention capacities of four inorganic
salt solutions through water retention experiments. The
results showed that after 192 h, the CaCl, sample had the
highest moisture content (8.40%), providing a reference for
selecting the optimal formula. The method of evaluating
the moisture absorption and water retention performance of
dust suppressants is relatively simple. The majority of them
are measured and calculated by the weighing method, which
is greatly affected by ambient temperature and humidity. In
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Fig. 7 Moisture absorption and water retention evaluation methods

most cases, it is used for qualitative analysis of the dust sup-
pression effect.

3.4 Consolidation evaluation

The consolidation ability of dust suppressants is another
crucial factor impacting its effectiveness in controlling dust.
After the dust suppressant with cohesive agglomeration acts
on the coal body, it will form a consolidation layer with
the surface dust. The consolidated layer is an effective bar-
rier, which can prevent the coal dust from escaping even
under external disturbances. It can be evaluated by surface
pore changes (microscopic morphology and pore struc-
ture), crystallization characteristics (XRD crystal structure,
FTIR, XPS functional group structure), consolidation layer
strength (hardness, thickness, mechanical resistance, wind
erosion resistance, rain resistance) (Du and Jiang 2005; Luo
et al. 2016; Wei et al. 2021; Wang et al. 2023 g; Jiang et al.
2024; Wang et al. 2024), as shown in Fig. 8.

Zhao et al. (2022) and Fan et al. (2018) employed scan-
ning electron microscopy to examine the surface morphol-
ogy and pore changes of the consolidated layer, and evaluate
the agglomeration effect of the dust suppressant. Sieger et

al. (2023) examined the effect of dust suppressants obtained
from 14 types of polysaccharides and proteins. The pen-
etrometer, as well as measurements of consolidation layer
weight and thickness, were used to evaluate the strength of
the consolidation layer. Sun et al. (2020) conducted wind
erosion experiments and pressure tests to evaluate the
consolidation layer performance. It is found that at wind
speeds up to 12 m/s, the wind erosion resistance remained
above 80%, with a maximum pressure of 56.35 N. Wu et al.
(2022) measured the consolidation layer hardness to be 36
HA using a Shore hardness tester and calculated its degrada-
tion rate, providing a valuable reference for selecting effec-
tive cohesive agglomeration type dust suppressants. Luo et
al. (2022) examined the reliability of assessment criteria
for dust suppressants. The analysis findings indicated that
assessing dust suppression effectiveness using solidified
layer thickness, uniaxial compression strength, and wind
erosion resistance yields poor results, whereas utilizing pen-
etration resistance provides a more accurate evaluation. In
summary, the current research on solidification performance
has not yet established standardized experiments, and most
experiments are too subjective to accurately determine the
solidification and dust suppression effects.
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4 Research results and prospects

In summary, both domestic and international researchers
have made significant progress in the field of dust suppres-
sants, particularly in the formulation and design aspects.
This paper provides an overview on the dust suppression
mechanisms and categorizes the dust suppressants into four
types. They are wetting type dust suppressants, hygroscopic
coalescence type dust suppressants, cohesive agglomera-
tion type dust suppressants, and composite type dust sup-
pressants. Regarding the performance evaluation, this
study delves into crucial methods and evaluation criteria,
including but not limited to wettability, permeability, mois-
ture absorption, water retention, and the consolidation abil-
ity. The following are prominent findings in the literature
review.

4.1 Development of new functions coal
suppressants

Traditional coal dust suppressants pay greater attention to
their actions such as wetting, hygroscopic coalescence, and
cohesive agglomeration. However, due to the constantly
changing application scenarios, it is necessary to develop
more dust suppressants with new functions (Ren et al. 2022;
Liu et al. 2022b). Coal suppressants have gradually devel-
oped from the initial single wetting component to complex

@ Springer

components today, and their functions have also developed
from single to diversified. For example, coal dust accumu-
lation and spontaneous combustion are concurrent issues
during storage and transportation. However, existing multi-
functional coal inhibitors that can address both dust suppres-
sion and spontaneous combustion have not met engineering
needs. At present, the research on the synergistic inhibition
mechanism is insufficient. In order to reduce the safety risk
and environmental pollution during the coal transporta-
tion and storage process, further research should be carried
out on the synergistic inhibition mechanism and materials
development for dust suppression and spontaneous combus-
tion. For another example, coal dust suppressants in alpine
regions need to have a certain degree of weather resistance
while meeting the dust suppression function. Currently,
China stands as one of the prominent coal-producing nations
globally, with its primary coal-producing regions situated
predominantly in the northwest. In this area, the tempera-
ture is high and dry in summer, and the temperature is low
in winter. If the dust suppressant cannot have good weather
resistance, it will greatly limit the application.

4.2 Development of biobased environmentally
friendly coal suppressants

Most of the existing dust suppressants rely on petroleum or
oil-based chemical products as the main component of wetting
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agents, but these chemical reagents are usually incompatible
with the ecological environment, and can lead to varying
degrees of harm to human health during both their prepara-
tion and application processes. Guided by the principles of
promoting green, low-carbon and sustainable development,
the novel coal suppressants should prioritize the utilization of
bio-based materials. These materials, typically biodegradable
in nature, play a significant role in easing environmental bur-
dens throughout the coal mining, storage, and transportation
processes. Compared with traditional chemical reagents, bio-
based materials produce fewer harmful substances during use,
which not only contributes to an enhanced working environ-
ment but also mitigates potential health hazards for workers.
In the face of complex climate change, some biosurfactants
can still maintain good surface activity, which is conducive to
the popularization and application of bio-based materials in
the dust suppression field (Wang et al. 2011; Arora et al. 2019;
Dong et al. 2024). Despite the rapid development of enzymatic
calcium carbonate precipitation technology and microbial dust
suppression technology, the production of such dust suppres-
sants generally has complex and harsh preparation processes
and a wide range of material composition, which will lead
to high costs. The production cost can be reduced through
strategies such as selecting more economical raw materials
(Taowkrue et al. 2024; Sen et al. 2021) or improving produc-
tion processes (Liu et al. 2024b; Luo et al. 2024).

4.3 Comprehensive evaluation of coal suppressant
performance

The scientific application of dust suppressants benefits
from the effective evaluation. At present, most studies have
separately evaluated the wetting and permeability, moisture
absorption and water retention, as well as the consolidation
performance of dust suppressants individually, ignoring the
interrelations among these various performance parameters.
A comprehensive dust suppression performance evaluation
system has not yet been established, making it difficult to
accurately estimate the amount and effectiveness of appli-
cation. Therefore, it is necessary to establish a quantitative
evaluation standard for the wetting, permeation and consoli-
dation performance of dust suppressants. This will enable
to explore the intrinsic relationships among various perfor-
mance parameters, contributing to the scientific application
of dust suppressants. In addition, it is necessary to evaluate
the environmental safety and economic cost of dust sup-
pressants. By selecting appropriate evaluation methods, a
scientific and effective multi-dimensional comprehensive
evaluation system is established to choose coal suppressants.
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