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Abstract: Fugitive dust is a serious threat to unpaved road users from a safety and health point of
view. Dust suppressing materials or dust suppressants are often employed to lower the fugitive
dust. Currently, many dust suppressants are commercially available and are being developed for
various applications. The performance of these dust suppressants depends on their physical and
chemical properties, application frequency and rates, soil type, wind speed, atmospheric conditions,
etc. This article presents a comprehensive review of various available and in-development dust
suppression materials and their dust suppression mechanisms. Specifically, the dust suppressants
that lower the fugitive dust either through hygroscopicity (ability to absorb atmospheric moisture)
and/or agglomeration (ability to cement the dust particles) are reviewed. The literature findings,
recommendations, and limitations pertaining to dust suppression on unpaved roads are discussed at
the end of the review.
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1. Introduction

In the United States, unpaved or gravel roads constitute about 33.1% of the complete
road network [1]. A significant portion of these unpaved roads serve as a connection be-
tween rural farming communities and urban areas, and the rest of them facilitate pathways
to forests, mining fields, and timber hauls [2]. On unpaved roads, fugitive dust emanates
from the mechanical interaction between the moving vehicles and the crushed aggre-
gates [3]. Fugitive dust primarily comprises soil minerals (e.g., oxides of silicon, aluminum,
calcium, and iron) with particulate material sizes lower than 10 um (PMjg) [4]. According
to the National Transportation Statistics (NTS) report [1], approximately 18.5 million short
tons of PMjj and 5.34 million short tons of PM; 5 particulates (size lower than 2.5 pm) are
entrained into the air annually. About 35% of this particulate material comes from unpaved
roads [5]. From the health, economic, and safety points of view, the generation of fugitive
dust poses a serious threat to road users and people living in the vicinity of unpaved roads.

The presence of PMjy and PM, 5 in the fugitive dust is found to significantly impact
the health of the public, livestock, vegetation, and aquatic life in the premises of unpaved
roads by promoting the transport of allergens, spores, and microorganisms [6,7]. While
some researchers reported a positive association between PM; 5 particulates and the car-
diovascular and respiratory complications [8-14], other researchers reported a positive
association between PM;g and higher rates of hospitalization due to ischemic heart disease
and carcinoma [15-17]. A more detailed literature review on various chronic diseases
resulting from the fugitive dust can be found elsewhere [18-21]. In a recent data analysis
carried out by Wu et al. [22] using data from the United States, a positive association
between the long-term exposure to PM; 5 and the increased risk of COVID-19 (Coronavirus
disease 2019) was reported, i.e., an increase of only 1 pg/ m3 in PM, 5 is associated with
an 8% increase in the COVID-19 death rate in the United States. In the case of children
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and elderly people, the finer dust particulates were noticed to aggravate heart and lung
diseases such as bronchitis, pneumonitis, wheezing, cardiac artery disease, and cardiac
arrhythmias, which can increase the risk of death [23].

When spread in air in higher concentrations, fugitive dust not only adversely impacts
the air quality but also obscures the road visibility, leading to the increased risk of accidents,
fatalities, and disruption of smooth flow of traffic [4,24,25]. The rate of fatalities on unpaved
rural roads in the United States was reported to be more than double when compared
to paved urban roads, i.e., for 100 million vehicle miles traveled, the rate of fatalities on
unpaved rural roads is 1.8, and the rate of fatalities on paved rural roads is 0.7 [1,26].
The probability of wind-related accidents was determined to contribute to low visibilities,
indicating fugitive dust as one of the possible reasons for this increased accident rate on
unpaved roads [6]. Examples of some accidents that occurred in the past due to fugitive
dust include a chain of vehicle crashes on I-39 Wisconsin [27]; accidents on Interstate 5 in
Coalinga, California; a fatal ATV rollover crash in Carlton country, Minnesota [28]; crashes
in the intersection of Conejo Avenue and Highway 41, California [29]; crashes on U.S.
Highway 87 between Great Falls and Fort Benton [30]; and accidents in Butler County,
Missouri [30]. Numerous individual car crashes and mortalities were also recorded in the
past on unpaved roads due to the low visibility and dust storms.

Keeping in view the dreadful impacts of fugitive dust on human health and safety,
state departments of transportation (DoTs) and local (county/city/rural) agencies often
employ maintenance techniques on these unpaved roads, such as paving, blading, speed
control, and chemical stabilization to circumvent the entrainment of fugitive dust and to
ensure the safety of unpaved road users [24]. Among these techniques, dust suppressants
or chemical stabilizers are most widely adopted in practice due to their ease of application
and low cost. The commonly employed dust suppressants to control the fugitive dust
include water, calcium chloride (CaCl,), magnesium chloride (MgCl,), and other chloride
salts. However, the performances of the dust suppressants vary depending on their
physical and chemical characteristics, application rates, soil type, wind speed, atmospheric
conditions, etc. Presently, there are more than 200 dust-suppressing products available on
the market [31].

To the best of our knowledge, a comprehensive review of contemporary research
into the dust-suppressing materials and their working mechanisms is not available in
the literature. While it is necessary to understand the characteristics and the working
mechanism of dust-suppressing materials from the field application perspective, it is also
important to be informed about the process involved in synthesizing the material briefly
that would be of interest for many practicing environmental, structural, and transportation
engineers. The current review paper not only focuses on describing various working
mechanisms involved in suppressing dust using dust suppressants but also provides a brief
overview of the process involved in their synthesis. The rest of the manuscript is organized
as follows. Description of the dust suppression mechanisms is provided in Section 2;
a review of various categories of dust suppressants, their synthesis, and advantages are
described in Section 3; and the highlights from the review and the recommendations are
provided in Section 4.

2. Dust Suppression Mechanisms

The efficiency of dust suppressants is based on one or both of two underlying mecha-
nisms, namely, hygroscopicity and agglomeration. In this section, a brief description of
these two mechanisms is provided.

2.1. Hygroscopicity

Hygroscopicity refers to the ability of a solid substance to absorb or adsorb moisture
from the surrounding atmosphere [32,33]. Owing to their affinity to water, hygroscopic
substances can retain moisture and maintain a dampened, hard, and compact road surface,
which subsequently prevents the erosion of fugitive dust. On the basis of the mechanism
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of water absorption, one can categorize the hygroscopic materials into two classes, namely,
chemical and physical hygroscopic materials [34-36]. While chemical hygroscopic ma-
terials absorb water via a chemical reaction that converts their entire nature (e.g., metal
hydrides), the physical hygroscopic materials imbibe water vapor through the follow-
ing four mechanisms: (i) surface adsorption, (ii) condensation in capillaries (e.g., soft
polyurethane sponge), (iii) reversible changes of the crystal structure (e.g., silica gel and
anhydrous inorganic salt), and (iv) combination of capillary forces and hydration of func-
tional groups (e.g., hydrogels and superabsorbent polymers). The detailed description
of these mechanisms can be found elsewhere [37]. Interestingly, a hygroscopic substance
may deliquesce if its critical relative humidity (CRH) is lower than that of the surrounding
atmosphere, i.e., the water adsorbed on the surface of the hygroscopic substance starts to
solvate molecules to an extent that the complete substance is liquified [32,38,39]. Often,
deliquescent substances (e.g., CaClp, MgCly, FeCl, etc.) are employed in practice for dust
suppression [40]. The mechanism of dust suppression through hygroscopicity involves
four stages (see Figure 1a), namely, Stage 1: the deliquescent dust suppressant is sprayed
or mixed with the dust particles; Stage 2: deliquescent substance starts to absorb moisture,
and water molecules start to accumulate around the deliquescent substance; Stage 3: the
outer layer of the deliquescent substance gets dissolved in the absorbed water; and Stage 4:
most of the deliquescent substance gets dissolved in the absorbed water that also contains
the dust particle in the formed solution, thereby capturing the dust.
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Figure 1. Schematic of dust suppression mechanisms: (a) hygroscopicity and (b) agglomeration.

2.2. Agglomeration

Agglomeration-based dust suppression is obtained when binding or cementing agents
are introduced into the dust particles. Agglomeration is referred to as the process of
converting small diameter solid particles into larger diameter granules that are composed
of smaller particles. The binding or cementing agent introduces adhesive forces among
the particles to accumulate a larger number and mass of smaller particles. As the mass of
agglomerated particles increase, the constituent dust particles are less prone to become
airborne. Examples of agglomeration-based dust suppressants include corn starch hy-
drogels, guar gum, chitosan, different surfactants, and oil-based substances. Similar to
hygroscopicity, the mechanism of dust suppression through agglomeration involves four
stages (see Figure 1b), namely, Stage 1: the dust suppressant is applied on the top layer of
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the unpaved road; Stage 2: the dust suppressant starts to form an adhesive bridge among
the dust particles; Stage 3: the adhesive bridge starts to solidify between the dust particles;
and Stage 4: the lump of the agglomerated dust particles grow in size, thus suppressing
fugitive dust. However, agglomeration can take place on the top surface only where the
agglomerated particles create a protective layer that resists the particles underneath it to
become fugitive.

3. Review of Various Dust Suppressants

Dust suppressants have been categorized into three major types: (1) organic compound-
based, (2) biopolymer and chemical combination, and (3) inorganic compound-based dust
suppressants (see Figure 2). Herein, a review of various dust suppressants and their
performances, as reported in the literature, is presented. Specifically, the synthesis, appli-
cation protocol, dust suppression mechanism, advantages, and hazards of various dust
suppressants belonging to each group are described.

Dust
suppressants

Organic compound-

Biopolymer with

chemical agents Inorganic compound-

based based
H Protein-based —/Aqueous Chlorides
H Enzyme-based — Surfactant
Waste/by-products
1 Biopolymers Calcium magnesium
tat Oil
H{ Chitosan i =
[Liquid —{ Lignosulfonate Magnetized
bolymers surfactants
Aqueous

Figure 2. Flow chart of different classes of dust suppressants.

3.1. Organic Compound-Based Dust Suppressants

Organic compound-based dust suppressants primarily consist of organic compounds
that are extracted from plants, bacteria, fungi, etc., and are biodegradable in nature. Al-
though not used as stand-alone suppressants, the organic dust suppressants may intermit-
tently be coupled with synthetic polymers to enhance the dust suppression performance.
Examples of the organic compound-based dust suppressants that are commonly employed
in practice include lignosulfonate, chitosan, guar gum, xanthan gum, and corn starch.
Besides the biodegradability, the other major advantages possessed by the organic dust
suppressants include abundant availability, low flammability, less corrosivity, less tox-
icity, and increased solubility in water. In this section, a brief literature review of the
above-mentioned organic dust suppressants is provided. Specifically, the synthesis process,
their working mechanism, and the effectiveness in suppressing the dust is highlighted
(see Table 1).
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Table 1. Review of organic dust suppressants used for suppressing the dust.

Dust
Type Reference S Dust ¢ Dust Sources Mechanism Test Reduction/ Merits Demerits
uppressan Emission Rate
Jinetal. [41] SDS-SPI Coal Lab test 92.13% Eco-friendl High cost [43]
Protein- Quarries, mine Agglomeration biodeora dabilit}}:’ and
based John Usher [44] Molasses protein  sites, and building Agglomeration - - pollu’gon—free [ 4'1 1]
sites !
David 4GSﬂm0ur Bacteria-based Mine road Agglomeration Field test 0.3 mg/ m3 Safer in freeze Frequent application required; high
[45] . . condition [45], maintenance cost of unpaved roads;
Enzyme- Zhan etal. [46] CCL Otfugltlgzgu,slt, Agglomeration Lab test - environment sophisticated initial production,
based gwAa t-ouU st ¥1Cta friendliness, and preservation, and application [45];
Hamdan et al. [48] EICP sa? / r1z((i)na s; Y Agglomeration Lab test - ecologically negative impact of urea from EICP
1nfe san. 4 an compatibility [46] on wildlife [47]
mine tailings
. 68% for PM2‘5
Dang et al. [49] ocCs PM, 5 and PM; Agglomeration Lab test 79% for PMyq
Lai et al. [51] PDS Coal Ag}iorlorrr;eczatliggand Lab test 1.2% per 3h Environmental
Biopolvmers Co-polvmerized ygrocopictty friendliness, Frequent application required and
Py Bao et al. [50] Cl:()) rn};t arch Coal Agglomeration Lab test - cost-effectiveness, and fast decomposition
Mine tailings biodegradability [50]
Chen et al. [52] Guar gum (M.Ts) & Agglomeration Lab test 4g/md
Zhang et al. [53] GGTCS Coal Agglomeration Lab test -
. . o Biodegradability and -
Liu et al. [54] HTCC Coal Agglomeration Lab test 95.20% non-toxicity [55] Poor water solubility [54]
Chitosan y
Raab et al. [55] Poly (METAS)- Any sandy surface Agglomeration - -
) chitosan y y &8
Liquid 86% for PM Biocompatibility, easy ~ Risk of secondhand pollution due to
. (9 25 e crs g .
polymer Lee et al. [56] PEG PM, 5 and PM; Agglomeration Lab test 87% for PM adaptability, and decomposition of PEO-PPO-PEO

eco-friendliness [56]

and PEG
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3.1.1. Protein-Based Dust Suppressants

Protein-based dust suppressants possess the inherent ability of water retention, which
can induce agglomeration in the dust particles and create a dense matrix of dust particles,
making them less susceptible to become airborne [41]. Furthermore, they form a hardened
shell layer that adheres to the dust particles. Protein-based dust suppressants can be a viable
option for high dust areas such as quarries, mine sites, and building sites. Andrew et al. [43]
were the first to introduce protein-based dust suppressants derived from molasses. The
dust suppressant consists of water, concentrated molasses solids (CMS), and condensed
molasses solids. Optionally, a wetting agent could also be added to facilitate the application
of the dust suppressant to hydrophobic surfaces. Concentrated molasses solid is the de-
sugared molasses byproduct obtained during the refining process of sugar and molasses,
and the condensed molasses solids are obtained after the fermentation of molasses and
the distillation of alcohol. Inspired by Andrew et al., Usher [44] utilized dunder, i.e., a
byproduct of the sugar and / or molasses refining processes, to synthesize a dust suppressant
concentrate with a lower content of protein.

Jin et al. [41] investigated a dust suppressant by modifying soy protein isolate (SPI)
with an anionic surfactant, namely, sodium dodecyl sulfonate (SDS), in the presence of
other additives, i.e., carboxymethylcellulose sodium and methanesiliconic acid sodium [41].
An ideal concentration of SPI was found to enhance the ability of the protein suppressant
to cement the coal powder particles. At 3% SDS-SPI solution concentration, the dust
suppressant efficiency reached 92.13% when compared to untreated samples, and the dust
suppressant also lowered the water evaporation rate. Additionally, the viscosity of the 3%
concentration of SDS-SPI was found to be 12.96 mPa.s, which met the requirements for use
in coal mines.

When compared to lignosulfate (L.S.) dust suppressants, protein-based dust suppres-
sants are claimed to be eco-friendly, biodegradable, and pollution-free [41,42]. However,
protein-based dust suppressant materials are used in a lower number of applications
because of their high cost [43].

3.1.2. Enzyme-Based Dust Suppressants

Enzyme-based dust suppressants are a relatively new class of dust suppressants.
Gilmour [45] and Zhan et al. [46] synthesized bacterial enzyme-based organic dust suppres-
sants to lower fugitive dust. On the other hand, Hamdan and Kanazanjian used the enzyme
released by microbes to precipitate carbonates, thereby suppressing dust particles [48].
The dust suppressant developed by Gilmour [45] is composed of liquid glycerin, water, a
natural polymer, and hydrocarbon-degrading bacteria. When the hydrocarbon is degraded
by the enzymes of the bacteria, natural polymers are released from it that agglomerate
the dirt particles, binding them into bigger particles. On the basis of the pilot study, the
research concluded that the road surface treated with this dust controller using a spray bar
and a pump yielded dust emissions as low as 0.3 x 10~¢ kg/m3.

Zhan et al. employed a bacterium named Paenibacillus mucilaginosus to synthesize a
dust suppressant [46]. The bacteria under a controlled lab environment were cultivated in
a sucrose culture. After the cultivation, the bacteria were converted into a powder form by
freeze-drying and were mixed with calcium nitrate. The bacteria absorb carbon dioxide
from the atmosphere and form bicarbonate ions using an enzyme. The bicarbonate ions
eventually transform to carbonate ions that attract calcium ions in the soil and attach them
to the cell wall of the bacteria. Thus, the bacteria cell surfaces work as nucleation sites
and agglomerate more particles around it. The agglomeration suppresses the fugitive dust
by forming calcite and calcite-consolidated layers (CCL). The performance of CCL layers
after two cycles of rainfall-induced erosion was also assessed. More than 90% of residual
hardness ratio was recorded with the application of different concentration (normality (N))
of CCL, i.e.,, 1IN, 2N, and 3N, indicating good erosion resistance. A surface morphology
analysis of CCL by X-ray diffraction (XRD) and scanning electron microscopy (SEM)
characterization corroborated the formation of calcite and the cementation of the fugitive
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dust particles. Additionally, the comparison of SEM-based characterization between CCL
and biological carbonate-based cementitious materials were presented. Note that the latter
was reported to form a stronger bond between the soil particles.

Hamdan and Kanazanjian introduced a urea hydrolysis-based enzyme-induced car-
bonate precipitation (EICP) technique to stabilize fugitive dust [48]. Urease enzyme (urea
amidohydrolase) that is found in different plants and microbes is used as a catalyst in
this process. Firstly, urea (NH,-CO-NHy) is hydrolyzed in the presence of urease enzyme
to form ammonium ion and carbon dioxide. Later, the ammonium ion reacts with the
bivalent ions of the soil, such as CaZ" and Mgz*, under suitable geochemical conditions
and forms carbonate. Three different types of soils were chosen for tests: Ottawa F-60
silica sand, Arizona silty fine sand, and mine tailings. The soils were treated with the
EICP solution that comprises calcium chloride, urea, and urease enzyme. To compare
the performance, the authors applied the other three solutions on the soil samples: con-
trol sample (no treatment), water control (mixed with water before the study), and salt
control (sand mixed with calcium chloride and urea). The odor of ammonia was found
after 5-10 min of application of EICP solution on soils, which confirmed the efficacy of the
urease enzyme to promote the hydrolysis of urea. However, no odor was found from the
other samples. Wind test was performed on the sample by planetary wind tunnel to find
the threshold detachment velocity (TDV), i.e., the velocity of air at which the soil particle
becomes entrained into the air. The air velocity of the wind tunnel was increased gradually
up to the tunnel’s safe operating velocity of 25 m/s until the start of the detachment of soil
particles. It was found that for Ottawa F-60 silica sand and Arizona silty fine sand that the
1 and 2 M (molar concentration) EICP-applied soil samples were able to perform the best
withstanding 25 m/s velocity of air. In the case of mine tailings, the samples with EICP
solutions lower than 0.4 M concentration showed entrainment below 25 m/s wind velocity,
wherein the 0.4 M EICP-applied sample was the best performer, withstanding 25 m/s wind
velocity. Moreover, SEM images confirmed the presence of calcium carbonate in the soil.

The enzyme-based dust suppressants are environmentally friendly and ecologically
compatible [46]. Nevertheless, being biodegradable, this class of suppressants needs to be
applied frequently, like protein-based dust suppressants, which subsequently increases the
maintenance cost of the unpaved roads [45]. However, urea freed from the EICP process
can be detrimental to wildlife [47]. Furthermore, their initial production, preservation,
and application procedure are more sophisticated, making them less viable for large-
scale applications.

3.1.3. Biopolymers

Biopolymers are mainly extracted from plants that stabilize dust particles by agglom-
eration. Corn starch and guar gum are the most popularly used biopolymers that have
been discussed in the following section.

Corn Starch

Cornstarch is a low-cost and naturally available hydrophilic biopolymer material that
has gained a large amount of attention in recent years [57]. It controls the emanation of fugi-
tive dust by restraining the evaporation of water molecules. Retainment of water molecules
ensures the binding of dust particles [49]. Lai et al. [51], Dang et al. [49], and Bao et al. [50]
have explored the characteristics of cornstarch-based organic dust suppressants [51].

Lai et al. [51] synthesized the polymer dust suppressants (PDS) by combining acrylic
acid (A.A.), acrylamide (AAM), and oxidized starch under microwave irradiation, which
suppresses dust by using its agglomeration and hygroscopicity ability [51]. After obtaining
the PDS-based dust suppressant, the PDS solution was applied to the coal samples to
evaluate the efficacy of the PDS in suppressing the dust particles. PDS exhibited a stable
dust suppression performance under the temperature ranging between —12 °C and 50 °C.
While the loss rate of the coal in the wind corrosion resistance test carried out at wind speed
of about 4-15 m/s for 3 h was found to be 1.2%, the loss rate of distilled water was found to
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be 9.1% under the same condition. Moreover, a stable performance of the PDS solution was
noticed during the soak test while subjecting it to a water-based corrosion. The test results
strongly advocate the application of PDS suppressant in the areas with high precipitation
as its agglomeration effect can be enhanced at increased moisture. Additionally, the SEM
studies confirmed a strong bond formation between the PDS solution and the coal particles
suppressing the coal dust.

Dang et al. [49] prepared a blend of oxidized corn starch (OCS) and gelatin (Gel)-based
dust suppressant by mixing oxidized corn starch with degraded gelatin, hydrochloric
acid, hydrogen peroxide, sodium hydroxide, and sodium carboxymethyl cellulose [49].
The effectiveness of this developed OCS-Gel-based dust suppressant was studied by per-
forming lab experiments. About 68% and 79% of PM, 5 and PM; fugitive dust particle
suppressions, respectively, were observed with the application of OCS-Gel-based dust sup-
pressants. The SEM characterization of Gel and OCS-Gel demonstrated a clear difference
between their water retention capacities. The formation of a thin film on the dust surface
by the OCS-Gel combination was observed, which prevented the evaporation of water
keeping dust particles agglomerated. Moreover, the results from thermogravimetric studies
indicated that the OCS—Gel has exceptional thermal stability, and this dust suppressant
can be applied successfully in acidic, alkaline, or salty environments. Moreover, with
only a 2% concentration of OCS-Gel, the hygroscopic degree, i.e., the gain of water by a
hygroscopic substance per unit area per time, was found to reach 85%. These characteristics
make OCS-Gel-based products a suitable candidate for dust suppression. Unlike the PDS
developed by Lai et al. [51], OCS-Gel composite dust suppressant is applicable in every
environmental condition, owing to its superior water retention capacity when compared
to PDS.

In continuation of Lai et al. [51], Bao et al. [50] experimented on co-polymerized
cornstarch. A starch-grafted copolymer with acrylic acid and acrylamide was synthesized,
wherein the acrylic acid was 50% neutralized by sodium hydroxide [50]. The starch-based
dust suppressants tightly agglomerate the dust particles by filling up the space between
the dust particles. Further, the thermogravimetric test results proved the thermal stability
of the dust suppressants. Despite the co-polymerization of the cornstarch, Bao et al. [50]
achieved a fair amount of anti-evaporation rate and agglomeration effect on the dust
particles, similar to Dang et al. [49].

Cornstarch-based dust suppressants are environmentally friendly and biodegrad-
able [50]. Notably, in contrast to the efficacy of OCS-Gel composite dust suppressant in
reducing the emission of PM; 5 and PMj, the dust suppressant prepared by Lai et al. [51]
and Bao et al. [50] were efficient for coal dust. However, further research is still needed to
be carried out to develop a better understanding of the decomposition period of corn starch
and the required frequencies of application per year to achieve ideal dust suppression.

Guar Gum (G.G.)

Guar gum (G.G.) is a natural polymer derived from guar beans and is commercially
available at a low price [52]. The potential of the G.G. as a soil stabilizer and a metal chelat-
ing agent was previously demonstrated by Kim et al. [58]. Motivated by the performance of
G.G. in soil stabilization, Chen et al. [52] and Zhang et al. [53] investigated the role of G.G.
as a dust suppressant. G.G. was observed to interact with the dust particles and form a
coating around them, which in turn facilitates agglomeration of dust particles. The cement-
ing ability of G.G. was attributed to its chemical structure comprising D-mannose straight
chain with «-(1,4) bonds, wherein every two mannoses are attached to a D-galactose [53].

In the study carried out by Chen et al. [52], G.G. was compared to another dust
suppressant, namely, xanthan gum. Both dust suppressants were prepared by mixing them
with the tap water. The mixture was then continuously stirred with a hand mixer until a
homogeneous solution was obtained. The effectiveness of different weight concentrations
of G.G. solution was investigated by applying them on the mill tailing or mine tailing
(M.T.) samples at a rate of 1.9 L/m?. Two tests were carried out, namely, moisture retention
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test and wind tunnel test. On the basis of the moisture retention test results, the authors
concluded that the 1.6% concentration of G.G. and xanthan gum had excellent moisture
retention capacity even after five wet—dry cycles. Furthermore, the wind tunnel tests
suggested that a 1.6% concentration of G.G. and xanthan gum resulted in a reduced weight
loss of the M.T.s. Further, the surface morphology characterization studies of biopolymer
stabilized M.T.s through SEM analysis revealed the formation of a denser structure where
the voids were filled by biopolymer, thereby coating and binding the M.T. particles.

Unlike the studies carried out by Chen et al. [2], which included unmodified guar-
gum, the studies carried out by Zhang et al. [53] included a modified guar gum. The
modification was made to improve the viscosity of the G.G.-based dust suppressant. For
this purpose, Zhang et al. [53] used sodium sulfamate-modifying cyanuric chloride (TCS)
substance to alter the hydroxyl (-OH) hydrophilic group in G.G. to produce modified guar
gum (GGTCS)-based dust suppressant. The morphological analysis of the solidified film
on the coal powder surface exhibited the agglomeration and solidification effects of the
coal dust samples treated with GGTCS, which was able to suppress the diffusion of the
coal dust sample. The water retention test revealed a lower evaporation rate for GGTCS
concentrations within the range of 0.5-0.8%. However, the role of guar gum modification to
improve the overall viscosity was not clear from their experiment. Although Chen et al. [52]
developed the dust suppressant from guar gum as raw material, it had a similar dust
suppressant ability as GGTCS developed by Zhang et al. [53].

G.G.-derived dust suppression materials possess several advantages, such as biodegrad-
ability, cost-effectiveness, and eco-friendliness. However, there is a necessity for further
studies to be conducted on the long-term performance of guar gum-based dust suppres-
sants after application.

3.1.4. Chitosan

Chitosan (CTS) is derived from chitin, which includes the exoskeleton of chitin and
fungi [57]. It is an inexpensive degradable biopolymer [59]. CTS-based dust suppres-
sants agglomerate the dust particles and form a layer over dust particles that acts as a
shield against wind erosion [54]. Liu et al. [54] modified raw chitosan material to obtain a
quaternary ammonium salt (i.e., N-(2-hydroxyl) propyl-3-trimethyl ammonium chitosan
chloride (HTCC)) that can be used as a dust controller. Fourier transform infrared (FTIR)
spectrograph of a chitosan-based dust suppressant revealed that the hydrogen atom of
the nucleophilic center, -NHj, is replaced by -CH,CH(O.H.)CH,;N*(CHj3)Cl~. On the
other hand, the comparison of SEM characterization between the dry coal powder par-
ticles and the dust suppressant applied coal powder particles revealed an appreciable
level of agglomeration and solidification for the latter sample where the HTCC-based
dust suppressant was applied. Moreover, in the SEM images of coal dust samples treated
with HTCC, a bonding layer was found to be formed on the coal dust surface that can
significantly contribute to wind erosion prevention and water retention. However, the
desired viscosity of the dust suppressant was achieved for 0.025% (w/w) concentration
of modified HTCC, and this concentration was chosen for further evaluation as a dust
controller. Moreover, coal samples with HTCC exhibited good endurance until the wind
velocity becomes equivalent to force-8 wind, i.e., a wind of velocity 17 m/s, and at that
point, only 14.37% of the initial mass of the coal dust was lost as found from the wind
erosion resistance test.

Raab et al. [55] formulated and patented a process of obtaining a poly (METAS)-chitosan-
based polymer dust suppressant from chitosan and 2-methacryloyloxyethyltrimethyl
ammonium methyl sulfate [55]. The inventors claimed that this dust suppressant would be
able to bind the friable soil particles together into bigger particles, preventing dust from
becoming airborne. However, despite the degradability and non-toxicity of CTS similar to
cornstarch and guar gum [55], poor water solubility leaves scope for further modification
of the chitosan to achieve excellent dust suppression results [54].
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3.1.5. Liquid Polymers

Lee et al. [56] studied the effect of a liquid polymer-based organic dust controller
on PM;5- and PMjp-sized particles. To prepare a liquid polymer solution, the authors
mixed the liquid amphiphilic poly triblock copolymer (PEO-PPO-PEO) with the liquid
hydrophilic polyethylene glycol (PEG) in the deionized (DI) water. When a liquid polymer
is used as an additive in water, it will maintain moisture on the dust sources, decreasing the
emission of fine particles into the air [56]. Results from the lab-based air blown test revealed
that 7% (v/v) of PEG solution reduced the PM;( by 87% and PM; 5 by 86% compared
to the sample where water was applied to suppress dust. On the contrary, 3% (v/v) of
the PEO-PPO-PEO solution reduced PM;g by 91% and PM; 5 by 89%. However, until
5% (v/v) concentration of PEO-PPO-PEQ, the increment of concentration decreased the
concentration of PM; 5 and PM;y and then the dust concentrations started to increase if
the concentration of PEO-PPO-PEOQ is further increased. This indicates that the optimum
concentration of PEO-PPO-PEO is between 3-5% (v/v). Further, pilot test results indicate
that with liquid PEO-PPO-PEO aqueous solution, PM;g and PMj, 5 reduced by 86% and
92%, respectively, whereas PEG aqueous solution reduced the PM;g by 53% and PM; 5
by 58%.

The liquid polymers were selected because of their biocompatibility, easy adaptability,
and eco-friendliness [56]. However, there is a risk of secondhand pollution due to the
decomposition of PEO-PPO-PEO and PEG.

3.2. Hybrid Dust Suppressants Using Bio-polymers Combined with Chemical Agents

Biopolymers can be combined with different chemical agents to obtain hybrid dust
suppressants. The list of hybrid dust suppressants synthesized by various researchers
in the past is summarized in Table 2, and a brief discussion on each dust suppressant is
provided in this section.
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Table 2. Review of biopolymer combined with chemical agent dust suppressants used for suppressing dust.
Type Reference Dust Suppressant Dust Sources Mechanism Test DuSt. R?dudwn/ Merits Demerits
Emission Rate
Soft polymeric Mini . 1 High adsorption of dust particles, I . ¢
Fan et al. [60] composition (Tg 1NINg suriace, s?l or Agglomeration Lab test - less likelihood of the norganic parts can
Polymer-based <-20°C) construction surfaces re-entrainment of dust to air, poseas al
Inyang et al. Polymer-based Na-montmorillonite and Acelomeration Lab test _ higher performance than water el’lVE;);;l:gn 2
[61] aqueous kaolinite soil 88 and surfactants [61]
Combination of Inorganic compound
Devi et al. [62] phospholipids, Sand Agglomeration Lab test - used can be liable to
surfactants, and environmental
Surfactant- . .
based additives hazard and corrosion
87.7% respirable dust
Liao et al. [63] SSC Coal mines Agglomeration Field test and 89.2% total
suspended dust
Norman et al. PMy of .. . o
[64] CMA Scandinavian road Hygrocopicity Field test 35%
Calcium Barrefgtg] etal. CMA PM;g of roads in London Hygrocopicity Field test 31-59 4/109_1((&;‘[21?;()1) and Limited to certain
mtag;ne(scitli/[n;) No serious environmental issue lotc}?tlons. atffected;y
acetate . e moisture an
Amato et al. PMj of unpaved road in .. . L .
[65] CMA Castellon, Spain Hygrocopicity Field test No significant effect solar radiation [65]
Amato et al. PM, 5 and PM; of .. . C
[67] CMA Barcelona, Spain Hygrocopicity Field test No significant effect
Sanders et al. Lignosulfonate Unpaved road Agglomeratl.opand Field test 50-70%
[68] hygrocopicity
Breum et al. . Agglomerationand o
[70] Lignosulfonate Chopped straw hygrocopicity Lab test 15%
Sanders et al. . Crushed ?lluVI.a gr.avel Agglomerationand . Emission rate: 0.7 g of Frequ.e nt apphca.tlon
(71] Lignosulfonate and native soil with hygrocopicity Field test dust per 0.8 km L ¢ 28-429% reducti ¢ required, corrosive
Lignosulfonate clay-wearing surfaces fnv;ii\izr;ance COosiea :Ccl ;f;rg\ho to aluminum,
(LS. Du Plessis L.S.-based dust Agglomerationand . PM; reduced to ' 05t d decolorization of
etal. [72] palliative PMyp of haulage road hygrocopicity Field test 0.244 mg/m3 efﬁcacy 11: ?(l;;sd@] vehicle paints,
o o environment [68, S
Gotosa et al. . Agglomerationand . 7% a nd 83% dust negative impact on
Molasses stillage Gravel roads .. Field test reduction at steep and aquatic life [69]
[73] hygrocopicity .
gentle terrain roads
Modified L.S. (SLS Acelomerationand
Fan et al. [74] crosslinked with Coaldust 88 .. Field test -
hygrocopicity

AAM and MAB)
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3.2.1. Polymer-Based Aqueous Dust Suppressant

Fan et al. formulated and patented a soft coating polymer-based dust suppressant [60].
The formulation of coating polymer is mainly comprised of water-based polymers such
as polyacrylate (e.g., an acrylic emulsion polymer), synthetic rubber and natural rubber,
polyurethane, and silicone polymers that are able to agglomerate dust particles. Unlike
other polymer-based dust suppressants such as polyvinyl acetate and vinyl acrylic poly-
mer latex, which possessed glass transition temperatures (Tg) greater than 0 °C and were
adequate to sustain only static conditions of traffic, the authors aimed at developing a dust
suppressant that has low glass transition temperature that can sustain under dynamic con-
ditions such as moving and tumbling of heavy traffic. Both static and dynamic dust control
tests demonstrated a correlation between the Ty of the polymer and its dust suppression
performances. Lower Tg polymers exhibited increased dust suppressant performance.

Inyang et al. [61] investigated the performances of three different polymer-based
aqueous dust suppressants, namely, sodium carboxymethyl cellulose (CMC A), poly-
acrylamide (PAM B), and polyethylene oxide (PEO A), on sodium montmorillonite (Na-
montmorillonite) and kaolinite (K) soil samples. Specifically, the authors carried out the
desiccation tests in an environmental chamber that was maintained at 25 °C, and relative
humidity of 30%, wherein the weight loss of dust suppressant-treated soil samples was
measured at regular time intervals. In their study, each dust suppressant was mixed with
distilled water to form a solution of different concentrations. In addition to the desic-
cation tests, the authors also performed a cost analysis study to determine the optimal
concentrations of dust suppressants for both soil samples. While desiccation tests revealed
that CMC at concentrations ranging from 4 to 6 g/L (w/v) would be optimal for both
Na-montmorillonite and kaolinite samples, cost analysis studies revealed that PAM with
concentration below 1 g/L (w/v) and PAM with concentration up to 2 g/L (w/v) are
optimal for Na-montmorillonite and kaolinite, respectively. SEM images showed myriad
pores in the cross-linked product, which created an agglomeration effect to capture coal
dust particles and stabilize them.

The hybrid dust suppressants have more advantages over water- and surfactant-based
suppressants. Moreover, they exhibit appreciable adsorption to dust particles, reducing
the likelihood of the re-entrainment of dust into the air [61]. However, the inorganic
compounds used here can be a threat to the environment.

3.2.2. Surfactant-Based Dust Suppressants

Devi et al. [62] introduced a patented process to form biodegradable aqueous-based
dust suppressants from phospholipids, surfactants, and additives. The additives were
selected from polyhydric alcohol, urea, monosaccharide, polysaccharides, polyacrylic acid,
polyethylene glycol, polysiloxane, lignosulfonate, and macrocrystalline wax. However, no
performance metrics were provided for this patented biodegradable aqueous-based dust
suppressant. Liao et al. [63] developed a dust suppressant that consisted of surfactants and
celluloses (termed combinedly as SSC), wherein several inorganic salts, i.e., sodium chloride
(NaCl), calcium chloride (CaCly), sodium sulfate (NaSOj), and hydrated magnesium
chloride (MgCl,#6H,0), were used as synergists to create a better dust suppression effect.
They are hygroscopic by nature. Hence, they can create moisture tension between the fine
particles [75]. The optimal material combination for SSC was determined on the basis of
the standard sedimentation experiments and viscosity tests. Moreover, the efficiency of the
dust suppression of the respirable and the total dust concentration in coal mine roadway
by the SSC-applied sample was found to be 65.6% and 44.5% more, respectively, than the
cases where the conventional water curtain method was used, involving a curtain of water
to suppress dust.

As SSC contains celluloses that are biodegradable, this portion of SSC is environmen-
tally friendly and does not cause any secondary pollution [59]. However, synergist ions
used in this kind of dust suppressant, such as NaCl, CaCl,, NaSO,, and MgCl,e6H,0, are
harmful to certain plant species and toxic to the environment [69].
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3.2.3. Calcium Magnesium Acetate (CMA)

Calcium magnesium acetate (CMA) is popularly used as a deicer. However, the use of
CMA to stabilize fugitive dust particles has been suggested by the literature. This type of
dust suppressant can form hygroscopic coating on a road surface that keeps it moist and
thus the dust can be barred to be entrained in the air. Norman and Johansson demonstrated
CMA-based dust suppression method to reduce PMjj in the Scandinavian region [64].
They formulated a solution of CMA and sprayed it on roads. They conducted the test
for 21 days and observed an average reduction of 35% of the initial PM;y concentration.
However, the level of reduction varied on the basis of the different time of day, relative
humidity, wind velocity, and load of traffic on the road. From a similar study, Barrette
et al. were able to reduce road dust emission by 31-59% and 41% from Hornland and
Manor roads in London, respectively, by applying CMA daily [66]. However, the efficacy
of the dust suppression is strongly dependent on the pavement types, solar radiation and
moisture of a location, and the dustiness of a road [65]. They conducted their experiments
in the southern part of Europe where road dust and emission strength are higher [76].
Amato et al. assessed the effect of CMA on unpaved industrial roads within a quarry at
Castellon (Spain) [65]. Three types of tests were performed on roads: (a) water spray, (b)
CMA mixed water spray, and (c) CMA spray on watered road. They found street washing
by water spray was the most effective way of suppressing dust particles, which can reduce
more than 90% of initial PM;( level up to the first hour where no significant change in
PMjg level was observed for CMA-applied roads. A similar result was found in another
study conducted by Amato et al. in Barcelona city, wherein the effect of CMA was found
insignificant in PMjy and PM; 5 reduction [67].

Although CMA can be a good solution to address fugitive dust problem in some
sites with no serious environmental issue, frequent application is required. Moreover, the
performance of CMA is greatly affected by the relative humidity and solar radiation.

3.2.4. Ligno-Sulfonate Dust Suppressant

L.S. is an organic compound-based dust suppressant derived as a byproduct of the
sulfite pulping process of the plant material. Plant material mainly comprises lignin, which
is a natural polymer and acts as a cementing agent. Lignin has a molecular chain struc-
ture with three repeated phenylpropane units (monolignols), namely, p-coumaryl alcohol,
coniferyl alcohol, and sinapyl alcohol [70,77]. The monolignols undergo a biosynthesis re-
action involving dehydrogenative polymerization reaction forming macromolecular lignin
by random coupling. During the sulfite pulping process of wood, the breakage of bonds
occurs between the lignin and polysaccharides. Consequently, this phenomenon results
in the reduction of the molecular weight of the total lignin structure, which transforms
into a water-soluble form [77]. During this process, lignin polymers and wood sugars are
released into the sulfite processing wastewater, which is referred to as L.S. [75]. L.S. can
induce the retardation in water evaporation owing to its hygroscopic properties and can
form agglomerates by cementing the soil or dust particles. Both these aspects of L.S. can
combinedly help in suppressing the fugitive dust from the unpaved roads.

L.S. has been used in the past as a stand-alone dust suppressant in diluted form or
mixed with other materials to suppress the dust. The dust-suppressing capability of L.S.
was first demonstrated by Sanders et al. [68] through an initial field test on unpaved roads.
The field test data indicated a reduction in the emission of the dust from the unpaved road
ranging between 50 and 70% after applying L.S. at a rate of 2.3 L/m?. In another study,
Breum et al. [70] investigated the effect of the L.S. as a dust controller on the dustiness of
the chopped straw. A mechanical dust separator was coupled with different concentrations
of L.S., and the quality of dust suppression was assessed. On the basis of the experimental
results, the researchers concluded that the 27% concentration of L.S. solution with an active
dust separator can reduce 15% of the airborne dust. Nevertheless, any further increment
in the concentration of the L.S. solution was not found to have any improvement in dust
suppression. The efficacy of L.S. on the crushed alluvia gravel and native soil with clay-
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wearing surfaces was assessed by Sanders et al. [71]. On the basis of the field test results,
the authors concluded that the L.S.-treated surface generated 0.7 g of dust per 0.8 km on
an average.

Du Plessis et al. formulated and studied an L.S.-based dust palliative on a haulage
road and compared the result with water-applied road [72]. They found a drastic change in
PMy after the application of the L.S.-based dust palliative, and the concentration of PMjg
was found as 0.244 mg/m3, which is 47.3% less that of water-applied roads. Moreover,
the researchers evaluated the financial impact of their dust suppressant. In total, 30%
more savings is possible in the cost of maintenance, operation, and fuel if L.S.-based dust
palliative suppressant is chosen instead of water. Gotosa et al. developed an L.S.-based dust
suppressant from molasses stillage that contained magnesium L.S., sugar, humic acid, and
fulvic acid, which was applied on steep and gentle terrain roads [73]. Similar to L.S., it can
also create an agglomeration effect in soil by binding the particles by physical and chemical
interaction. Moreover, the sugar part of this suppressant can show hygroscopicity in the
humid zones. They authors have experienced 77% and 83% reduction of the accumulation
of settleable road dust in steep and gentle terrain roads, respectively, by applying this
dust suppressant.

Although the L.S. dust suppressants exhibited promising results, as reported by
Sanders et al. [68] and Breum et al. [70], one of the major limitations is that the bind-
ing capability of L.S. has been noticed to reduce significantly by heavy rain. This has
been attributed to the water solubility of L.S. [75]. To overcome the challenge of water
solubility, Fan et al. [74] synthesized a modified L.S. dust suppressant by crosslinking
sodium-lignosulfonate (SLS) with acrylamide (AAM) and methylene diacrylamide (MAB).
For assessing the effectiveness of the synthesized dust suppressant, the authors carried
out a single-factor experiment on the coal dust [74], i.e., the mass was manipulated ev-
ery time in the experiments with varying amounts of SLS, AAM, MAB, to AAM ratios,
and temperature ranges. The subsequent scanning electron microscope-based character-
ization of agglomerates confirmed agglomeration effects on the coal particles with the
crosslinked product with strong adsorption to the dust. The thermal stability of the product
under the TG-DSC (glass transition—differential scanning calorimetry) experiment was also
additionally characterized.

While the advantages of the L.S. includes low-cost and relatively high effectiveness
in treating dust under dry conditions, the limitations include the necessity for frequent
application, being corrosive to aluminum, its decolorization of vehicle paints, and its
negative impact on aquatic life, which leaves ample scope for further investigations [69].

3.3. Inorganic Dust Suppressants

Inorganic compound-based dust suppressants are derived from inorganic compounds,
i.e., sources that are not directly associated with living bodies, microbes, or plants. Almost
75-80% of the dust control materials are derived from inorganic sources [78]. This class
of dust suppressants covers a wide gamut of materials, including chloride salts, silicates,
and surfactants. In this section, different inorganic dust suppressants and studies on their
performance to control fugitive dust are reviewed (see Table 3).
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Table 3. Review of inorganic dust suppressants used for suppressing dust.

Name of Dust

Dust Reduction/

Type Reference Suppressants Dust Sources Mechanism Test Emission Rate Merits Demerits
Sanders etal. [68] MgCly and CaCl,  Unpaved road  Hygroscopicity ~ Field test 50-70% Less;oxm and COSt,l y, high Negative impact on
. . ust suppression aquatic life, concrete, and
Chlorides Sanders et al. [71] MgCl, Unpaved road  Hygroscopicity =~ Field test 0.4g/0.8 km steel infrastructure [79,80]
.. i PMio ergussmn: frequent applications
Edvardsson [81] MgCl, and CaCl, PMyg Hygroscopicity ~ Field test 0.6 mg/m (1\3/[gC12) required [69]
and 0.2 mg/m?” (CaCly)
Byproducts .
and waste Cotter et al. [82] Expired beverages Const.ructlon Agglomeration - -
site Low cost and scopes of Risk of polluti
products ; sk of pollution [83]
Di Hardv etal.  Petrol i recycling of wastes
pon-tlardy etal. - retroleum retnery Coal mine Agglomeration Lab test 1.5 mg/m?3
[83] waste
Synthetic Mineral .
Hey etal. [84] triglycerides substrates Agglomeration i )

.Inorgan'n: Medeiros et al. Glycerol Iron ore Agglomeration Lab test 92% High eff1F1ency and less Costly, noxious effect of
oil-chemical [85] requirement of oil impurities on nature
combination Gillies et al. [86] PE, PEF, and Unpaved Agglomeration  Field test Siﬁc%l;?’} 4(411\1/;-1((1;81)3)’ pplication

' NHCO roads &8 0
efficiency
Magnetized Economical, readily
& Ding et al. [87] Surfactant Coal mine Agglomeration Lab test - available, and Limited to coal mine dust
surfactants
water-soluble [87]
Xi et al. [88] Foam-sol Coal mine Agglomeration Lab test 2mg/L Foam—sol—based products’ Limited feasibility and

Aqueous- being able to penetrate harmful i tonh

based O’ Brien et al. [89] Aqueous - Agglomeration - - dust particles’ crack and armiulimpact on human

fill voids in them [88]

health and environment
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3.3.1. Chlorides

The potential of various chloride-based salts, e.g., sodium chloride (NaCl), magnesium
chloride (MgCl,), and calcium chloride (CaCly), as dust suppressants were investigated by
various researchers in the past [78]. All the chloride-based salts share a common working
principle for suppressing the dust, i.e., they draw the moisture from the atmosphere onto
the aggregate surface due to their inherent hygroscopic nature and hence bind the particles
together [75].

Initially, Sanders et al. [68] experimented with the efficacy of chloride-based dust
suppressants on the unpaved road sections. Application of calcium chloride (CaCl,) and
magnesium chloride (MgCl) indicated a reduction of dust emission by 50-70% at an
application rate of 0.5 gals/yd? [68]. Goodrich et al. [90] studied the performance of MgCl,
dust suppressant on the surface water chemistry next to the treated unpaved road in
Colorado, USA. The water samples for chemical analyses were obtained from the selected
upstream and downstream sample sites. The study revealed that the MgCl, ions did not
affect the surface water characteristics significantly. However, magnesium and chloride
ions from MgCl, are leached through water streams. The seeping of magnesium and
chloride ions from the chloride-based dust suppressants into surface water bodies limits
the application of chloride-based dust suppressants.

Another study by Sanders et al. [71] examined the efficacy of magnesium chloride
(MgCly) and a proprietary blend of MgCl, and lignin on the crushed alluvia gravel and
native soil with clay-wearing surfaces. On the basis of the field test performed, the authors
concluded the surface treated with MgCl, generated an average of 0.4 g of dust per 0.8 km.
Both of their studies performed in 1997 and 2014 showed a successful suppression of the
dust emission when chloride-based suppressants were used [68,71]. Edvardsson found
the application rate as an important parameter that influences the dust control where the
higher application rate shows more dust control [81]. They found crystalized calcium
chloride of equivalent weight-basis chloride showed higher efficiency in dust suppression
than crystallized magnesium chloride.

In a nutshell, chloride-based dust suppressants are very useful in suppressing dust
because they are less toxic and costly. Nevertheless, the adverse impact on aquatic flora and
fauna, concrete, and steel infrastructure [78,79], as well as the need for frequent applications
are some of the issues to be considered before using chloride-based dust suppressants [69].

3.3.2. Byproducts and Waste Products as Dust Suppressants

The byproducts obtained from the beverage processing industries and petroleum
refineries are explored as dust suppressant alternatives in the literature. For instance,
Cotter et al. [82] demonstrated the role of expired beverages (e.g., soft drinks and juices)
as dust suppressants by applying them on the premises of construction sites [82]. The
method of application involves filling a water truck with a mixture of expired beverages and
applying this mixture on the construction sites. However, no dust suppression performance
metrics were specified in this patent.

In another study by Dixon-Hardy et al. [83], petroleum refinery waste, such as sul-
phidic and phenolic waste, was investigated, which exhibited higher adhesion forces,
resulting in the formation of bonding layers on the dust particles, thus agglomerating
them into a larger size [82,83]. This feature of the refinery waste inspired Dixon-Hardy
et al. [83] to assess its performance as an ideal choice for suppressing coal dust. Further,
the influence of different concentrations of sulphidic and phenolic wastes was assessed on
the dust particles inside a dust chamber. On the basis of the experimental data, the authors
concluded that a 2.0% (w/v) concentration of phenolic waste with a 60-s spraying time
could generate the best result at 12 min with the least amount of dust concentration in the
air. However, the refinery waste can be noxious to the environment as well as the health
of mineworkers. Further studies are needed to explore the applications of this method of
dust suppression [83].
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3.3.3. Inorganic Oil Chemical Combination-Based Dust Suppressants

Hey et al. [84] employed triglycerides as a dust-suppressing agent in their patented
process. Triglycerides are the esters of glycerin and natural oils, e.g., soybean oil, sunflower
oil, paraffin oil, coconut oil, palmitic oil, cottonseed oil, and castor oil. However, this type
of dust suppressant falls into the category of inorganic compound-based dust suppressant
as the formulation of a triglyceride requires the combination of soyabean oil and inorganic
HCF-740, i.e., a stable foam creating a mixture of fluorosurfactants and hydrocarbon
solvent [84]. Later, Medeiros et al. [85] evaluated the performance of glycerol-based non-
organic dust suppressant. Glycerol is a co-product of biodiesel fuel and is viscous and
hygroscopic. When glycerol is applied to soil particles, it creates a thin layer, blocking the
wind from breaking through the soil particles. Glycerol was oligomerized with H3POy or
of NaOH, H,S0y,, and distilled water to derive this product. Wind tunnel tests revealed
that the products of 0.5% and 0.125% mass basis concentration combined with 2 mol %
H,SO4 were found as the most efficient and better than a commercial product as claimed
in the original manuscript. Viscosity test revealed that the glycerol with increasing catalyst
concentration produces a higher viscosity and can reach more than 160 times of that
of glycerol [85]. On the other hand, Gillies et al. studied the performance of polymer
emulsion (PE), petroleumemulsion with polymer (PEP), and nonhazardous crude oil
(NHCO)-containing material-based commercial products, applying them on unpaved
roads, which stabilized fugitive dust particles by agglomeration [86]. After a year of study,
the outcome of the experiment found the average efficiency of dust suppression of PE,
PEP, and NHCO to be 83%, 44%, and 95%, respectively. Longevity and high efficiency are
the prime advantages of using these kinds of dust suppressants. However, high cost of
the suppressants can be an obstacle to use them and impurities in the oils can affect the
environment adversely.

3.3.4. Magnetized Surfactants as Dust Suppressants

Magnetized surfactants are hydrophilic substances with magnetic properties that
possess the ability to attract water molecules, which can be organic or non-organic. As
a consequence, they dampen the dust particles and bind them together to form agglom-
erates [87]. Ding et al. [87] examined the efficacy of magnetized surfactant solutions on
the basis of a non-organic material for coal dust controllers. Four different non-organic
surfactants were investigated in their study, namely, sodium dodecane sulfonate (SDS),
sodium dodecyl benzenesulfonate, sodium dodecyl sulfate, and Triton. Among the four
surfactants, Triton solution was found to outperform other surfactants owing to its ability
to decrease surface tension quickly as the concentration increases. It was diluted into the
water at different concentrations, and the solutions were magnetized using TYU-2000H
equipment. Contact angle experiments concluded that the Triton solution with a concen-
tration of 0.02-0.03% (w/v) yielded the best results. Moreover, a pH test showed that
magnetized Triton has neutral pH values, making it appropriate for capturing coal mine
dust. In general, this kind of surfactant is advantageous for being economical, readily
available, and water-soluble [87].

3.3.5. Aqueous-Based Dust Suppressants

Foam-sol is a type of emulsion that can be created by grease, acetate, and a byproduct
of a slow cross-linking reaction where a crosslinking agent and a surfactant water-based
foam solution are used [88]. Foam-sol possesses high viscosity and cohesion, which in
turn facilitates binding the fugitive dust particles, whose performance as suppressant was
investigated. The wettability experiment showed that the foam-sol could permeate through
the soil particles and adhere to the surface, binding the soil particles into larger particles.
Xi et al. developed a foam-sol-generating system and found foam-sol, with the volume
and mass ratios of 37.1% and 30.54%, respectively, to have higher cohesion and viscosities,
thereby incorporating the capability to capture airborne dust [88]. It was concluded from
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the study that foam-sol and aqueous dispersion methods could reduce the generation of
soil particles in the air.

O’Brien et al. [89] patented a technique to form a dust suppressant by mixing the
aqueous dispersion stream. One of the methods to develop an aqueous dispersion stream is
the transportation of surfactant compositions on the aqueous liquid stream using sufficient
pressure to cover the surface. The stream creates surface tension in the dust particles and
thus agglomerates them. The surface tension of the dust suppressant is measured by using
a tensiometer. On the basis of the surface tension measurements, the authors adjusted the
formation of the aqueous dispersion stream to maximize its effect.

Foam-sol developed by Xi et al. has the advantage of being able to penetrate the
dust particles’ crack and fill the voids in them, enhancing the action of the foam-sol [88].
Nevertheless, further investigation should assess the feasibility and the impact of foam-sol
dust suppressants on the environment and human health.

4. Findings, Limitations, and Recommendations
4.1. Findings from the Literature Review

This paper systematically reviewed the dust suppressants belonging to three broad
categories: organic compound-based, a combination of biopolymer and chemical, and
inorganic compound-based dust suppressants. Additionally, the general mechanisms
involved in suppressing the dust is also discussed. The following are the important
findings in terms of the literature review:

e  Most of the dust suppressants capture the dust particles either through their hygro-
scopic nature or agglomeration ability. Some dust suppressants exhibit a combination
of both mechanisms to suppress dust. Hygroscopic dust suppressants adsorb/absorb
moisture from the surrounding atmosphere and block the entrainment of dust into
the air by wetting the dust particles. On the other hand, the agglomerative dust
suppressants cement smaller dust particles to form a bigger mass by virtue of their
adhesive nature and can also form a protective layer at the top surface that in some
cases blocks dust particles from being entrained into the air.

e  Organic dust suppressants are produced from the organic compounds extracted from
flora and fauna. Protein-based, enzyme-based, biopolymer, chitosan, and liquid
polymer dust suppressants are the most commonly used organic dust suppressants
that generally use agglomeration ability to increase adhesion between the dust parti-
cles, cementing them into larger aggregates. Biodegradability, high availability, low
flammability, and toxicity are some of the advantages of organic dust suppressants.

e  The performance of biopolymers in dust suppression can be enhanced sharply by
combining them with chemical agents. Where the bio-polymer part of the combination
improves agglomeration, the addition of chemical agents, particularly hygroscopic
chemical agents, can effectively improve the overall dust suppression quality by
though hygroscopicity. The prime feature of this class of dust suppressants is their
ability to retain an appreciable level of moisture content, high dust suppression rate,
and reduction of maintenance cost. Moreover, the bio-polymer—chemical combination
can be well sustained under heavy traffic.

e Inorganic compounds, e.g., chloride salts, byproducts, and waste products of indus-
tries; natural oil-inorganic compound combinations; magnetized surfactants; and
foam-sol, can be used as dust suppressants as well. While the deliquescent chloride
salts use their hygroscopicity for dust suppression, most of the other inorganic com-
pounds improve the agglomeration among the dust particles to suppress dust. Water
solubility, availability, high dust suppression, and excellent performance are the key
features of inorganic dust suppression.

4.2. Reccommendations

On the basis of the literature review, we make the following recommendations for
future research work. In addition to this, the limitations are also provided.
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e  Organic compound-based dust suppressants can be used in rural highways, unpaved
roads, agricultural roads, dirt roads, gravel roads, and mines without negatively im-
pacting the local ecology. Low shelf-life, higher frequency of application, and leaching
due to rainwater are some of the common limitations of organic dust suppressants.
Hence, these issues should be considered while planning to use organic dust suppres-
sants, and appropriate modification of these organic dust suppressants is necessary to
address these limitations for broader applications.

e  Bio-polymer—chemical combination of dust suppressants can have a toxic impact on
nature due to the use of chemical agents in their synthesis. Certain organic dust
suppressants such as lignosulfonate are harmful to aquatic life and are corrosive to
aluminum. Therefore, the recommended sites for their application can be places such
as coal mines and industries where employees use masks. Special treatments for
the inorganic chemical agents used in the bio-polymer—chemical combination dust
suppressants should be explored to decrease their negative impact on the environment.

e  Similar to the bio-polymer—chemical combination, inorganic compound-based dust
suppressants are not environment friendly. Leaching into the groundwater and
altering the soil pH are the additional issues caused by inorganic compound-based
dust suppressants. Modification of the inorganic compound-based dust suppressants
should be investigated to minimize their harmful effects on the environment.

4.3. Limitations

The scope of the current paper is only limited to a brief overview of the aspects such
as synthesis of the dust suppressants, their advantages and disadvantages, the working
mechanism, and the environmental impacts. Details about the cost and ease of availability
of dust suppressants were not included because of the insufficient and transient nature of
the information in the literature. Further, the description of the environmental impacts of
the dust suppressants falls outside the scope of this review.
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