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1. Introduction

Almost all the coal mining processes produce airborne respirable dust,
identified as one of the major occupational health hazards impacting
workers' health. Coal mine workers work in a condition where they have
prolonged interaction with coal dust, and chronic inhalation of coal dust
could cause several lung diseases such as coal workers' pneumoconiosis
(CWP), progressive massive fibrosis (PMF), chronic bronchitis, lung func-
tion loss, and emphysema (RP and PJ, 1999). Recent observations show
an increased incidence of CWP or other lung diseases, particularly among
young miners in the Appalachian basin. The CWP prevalence in Appalachia
is four times higher than the national age-adjusted prevalence rates in the
US (5.9 %) (JB et al., 2018). Even with tighter regulation for permissible
mine dust limits, the resurgence of such disease among coal miners
demands further and detailed efforts to enhance our understanding of the
possible facets of coal dust toxicity, taking insights from current interdisci-
plinary research efforts. The proportion of nano-size coal dust in the mine
atmosphere is comparatively higher than micron sized coal dust particles
in terms of number (Fan and Liu, 2021). Recently, there is a
growing concern in the mining community about the contribution of
nano-particulates to miner's health because of their specific characteristics.
Although nano-scale particulates with complicated physiochemical proper-
ties and contributes enormously in quantity, they have been drawing atten-
tion only in recent a few years because of the advancement of nano-science
discipline. Hence, it is necessary to understand the complete fate of coal
dust from its production to deposition.

To summarize the process, coal dust is released during the cutting/ex-
traction of coal. From there, coal dust gets released into the mining environ-
ment. Depending on the particle size, these particles could stay in the
environment. Then finally, these particles will be inhaled by the
mineworkers. Several amounts of research have been done to understand
and control the dust generation process in the mining industry (Fan and
Liu, 2021; Kossovich et al., 2020; Zhang et al., 2021). Similarly, much
work has been done to protect mineworkers from coming in contact with
and inhaling coal dust. However, it's almost impossible to find any work
which tries to understand the middle and the longest of the whole coal
dust generation to inhalation process, which is the stay and transport of
coal dust in the environment after generation and before inhalation by
workers. It is well known that particulates can stay floating in the environ-
ment for months. At the same time, their transport and deposition will be
governed by both coal dust and environmental characteristics. One of the
key properties that will determine the stay and transport of coal dust parti-
cles is their size. It is well-documented that nano-size coal particulates can
stay in the environment longer than larger micron-sized particles (Fan and
Liu, 2021). The longer they stay, the more they interact with the environ-
ment; their primary characteristics will change correspondingly. It is to be
noted that most of the lab or toxicity studies consider that the mine workers
are inhaling the coal dust generated in the mine while not accounting for
the changes they undergo during their stay and transport in the environ-
ment before inhalation. This assumption might only be true for larger par-
ticles that do not stay in the environment longer. Conversely, nano-size coal
dust particles could stay in the atmosphere longer. During their stay, they
could interact with the atmosphere. The nano-sized coal dust particles are
comparatively more susceptible to the external environment because of
their increased pore volume, surface area and, more importantly, an in-
creased proportion of surface atoms (Zhang et al., 2021). It indirectly sug-
gests that the nano-size coal dust particles which are released into the
environment are different from what is being inhaled by workers. Hence,
we must understand the interaction of coal dust nanoparticles and the envi-
ronment in which they are released.

As discussed, both environmental and particle characteristics will play
an important role in governing the transport and modification of particles
in the underground mine environment. Among all the components of
mine environment, the moisture content or relative humidity (RH) seems
to be one of the critical components. The effect of RH in modifying the over-
all characteristics of dust particulates released into the underground mine
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environment has never been understood. However, research conducted in
atmospheric sciences in the past decade makes it clear that moisture in
the atmosphere can significantly alter the behavior of mineral dust (Chen
et al., 2020; Courtney R. Usher et al., 2003; Ibrahim et al., 2018; Joshi
et al., 2017; Michel et al., 2003; Seisel et al., 2005; Tang et al., 2016).
Thus, the interaction of coal dust with moisture in underground mines
should be characterized and quantified. Although moisture is prevalent
and dynamic in a mining environment, limited efforts have been devoted
to understanding the role of aerodynamic properties of dust (size, shape,
specific gravity, surface roughness, etc.) in terms of the dust transport pro-
cess in the mine air. Indeed such an understanding will go a long way in
solving some of the dust-related critical issues in the mining industry.
Mine ventilation is well known as one of the costliest affairs of any under-
ground mining company (Grau and Krog, 2008; Oching and Ghomshei,
2019; Pritchard, 2010; Wei et al., 2020). Understanding the transport and
interaction behavior of coal dust nanoparticles in the dynamic humid envi-
ronment could help optimize the ventilation system and reduce the finan-
cial burden on the mine operators. In addition, these secondary particles
(nano-size coal particles that have stayed and interacted with the environ-
ment) might have undergone changes that significantly differ from primary
particles. Correspondingly, their health impact might be different. At the
least, the interaction of nano-size coal dust particulates with the environ-
mental moisture can significantly change flow dynamics, which will defi-
nitely impact the mine ventilation and the inhalation of the particle by
the workers (Londahl et al., 2010; Tu and Knutson, 1984; Varghese and
Gangamma, 2009). Moreover, the moisture interaction of coal dust
particles in the environment could change how they interact with the
dust-suppressing agents (Yu et al., 2022). This will further affect the health
impact of these particles.

From these interdisciplinary insights, a fundamental understanding of
the moisture sorption behavior of different types of coal dust is extremely
important. Different types of coal dust will interact differently with mois-
ture, depending on their primary properties and composition. Hence, as
the first step, it is extremely important to understand how much moisture
different coal dust produced from different coals can take or, in other
words, the sorption and retention behaviors of moisture on different coals.

2. Background and literature review

As discussed above, it's very important to understand the interaction of
coal dust nano particulates released into the environment and its associated
dynamics of flow behavior in a dynamic humidity environment. A study
showed the growth of water film on hydrophilic mineral nanoparticles
from water vapor by using infrared nano spectroscopy, amplitude-
modulated atomic force microscopy, and molecular simulations (Yalcin
et al., 2020). Relative humidity changes could enhance the agglomeration
rate of particles because of the increased aqueous liquid bridging force.
This can dynamically affect the size distribution of particulate matter in
the atmosphere, impacting the mechanism of haze formation, whether in
open or underground mines, which could further impact the visibility of
workers (He et al., 2019). Some laboratory-scale experiments have demon-
strated that the interaction of aerosols with moisture significantly influ-
ences the adsorption properties, heterogeneous reactivity and
photoreactivity of several mineral dusts (Bedjanian et al., 2013; Crowley
et al., 2010). Interested readers may look into comprehensive reviews on
the water and dust interactions (Rubasingheghe and Grassian, 2013;
Vaida, 2011). Although the interaction behavior of several mineral dusts,
such as clay, oxides, nitrogen oxides, carbonates, etc., have been well stud-
ied (Hudson et al., 2008; Rubasingheghe and Grassian, 2013). However,
similar studies for coal dust are missing or only limited to the mining indus-
try and the researchers. It is well-known that coal dust is much more com-
plex than other single-component mineral dust (Castro-Marcano et al.,
2012; Cheng et al., 2017). This means that the interaction of coal dust
with moisture is expected to be an even more complex process and thus in-
fluences dust transport behaviors. Also, coal dust is not only a problem of
the mining industry or workers involved in it; it has also been found to be
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prevalent in the neighboring urban population (He et al., 2003;
Triantafyllou et al., 2006).

Even the characteristics of coal dust could play a major role in their
moisture uptake and interaction behavior. It has been demonstrated that
coal dust with higher inherent moisture content is much more easily moist-
ened than dust with lower moisture (Xu et al., 2017). Particle size distribu-
tion also impacts the moisture interaction of coal dust. Generally, with a
decrease in size, the surface area and pore volume increase and the average
pore size decrease leading to an increase in surface roughness. Another
study also found that reducing oxygen content will increase the hydropho-
bicity of coal dust and thus reduce the tendency of moisture to interact with
the coal dust (Yang et al., 2010).

Respirable-size coal dust is usually less hygroscopic, emphasizing that
hygroscopicity can even be weakened for nano-sized coal dust particles
(Wang et al., 2017). As mentioned above, the exposed area of coal dust in-
creases with a decrease in size. Hence, if the coal dust is dominated by
carbon-containing groups such as aromatic hydrocarbons containing ben-
zene rings, aliphatic hydrocarbons with methyl, methylene, etc., then the
amount of carbon in the surface layer of coal dust increases, decreasing
the tendency of coal dust to interact with moisture or making it hydropho-
bic tendency. However, coal dust with oxygen-containing functional groups
(represented by the hydroxyl and carboxyl groups, silicate and carbonate
minerals) can be hydrophilic and better interact with environmental mois-
ture (Wang et al., 2017). Another study found that coal with higher volatile
content is less hygroscopic due to its ability to release volatile matter to
form a gas film around the particle (Li et al., 2013). It was also found that
coal dust with simple and few aromatic structures and long side chains
have strong hydrophilicity due to the high contents of oxygen-containing
functional groups (-COOH and -OH) (Yao et al., 2017). With a decrease in
the oxygen-containing functional group, the hydrophilicity decreases. The
side chains detach, and only some oxygen-containing functional groups
are included in the coal dust, which is dominated by intense aromatic struc-
tures of several rings (anthracenes and Phenanthrenes), making them more
hydrophobic. Rather surface hydroxyl is the main factor in deciding the hy-
drophilicity of the coal dust particles (Xu et al., 2017). Overall, the moisture
interaction potential of coal dust is extrinsically controlled by the particle
size distribution and agglomeration state while intrinsically influenced by
the distribution of hydrophilic and hydrophobic functional groups. Mois-
ture present in the environment significantly impacts nano-size coal dust's
characteristics, flow behavior, and hygroscopicity.

Several studies have shown that the surface reactivity and free radical
properties of mineral dust particles could change because of moisture inter-
actions (Rubasingheghe and Grassian, 2013). The 2018 National Academy
of Sciences (NAS) report mentions the changes in the typical dust-size dis-
tribution for silica and coal dust due to changes in mining practices, condi-
tions, and technologies (National Academies of Sciences, 2018). These
changes in the characteristics of coal dust produced and the realization of
the existence of nano-scale coal dust could have several impacts (Fan and
Liu, 2021; Liu and Liu, 2020). This could have led to changes in the disease
epidemiology, the impact of which might be reflected in the near future.
Also, volumes of research on the activity potential of nano-sized material
unanimously agree that the activity at the nano-scale is much higher than
at the micron scale. Recently, a study characterized micron to nano-sized
coal dust using several techniques, including proximate/ultimate analyses,
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), laser dif-
fraction, and low-pressure CO5 and N, adsorption (Zhang et al., 2021).
They found that the nano-sized coal dust is much more chemically and
physically active than its larger counterpart. Nano-sized coal dust has re-
duced oxygen-containing functional groups, suggesting a weaker hygro-
scopic behavior suggesting potentially higher adverse health effects.
However, it could happen that due to certain interactions in the atmo-
sphere, the hygroscopicity could increase, and nano-sized dust already
has increased pore volume and surface area, which could make them
much more reactive.

Nevertheless, based on the discussion above, several hypotheses could
be made that might need further investigation. We discussed that the

Science of the Total Environment 889 (2023) 164095

finer-sized coal dust is less hygroscopic and could potentially reach the
lung's deepest regions as their particle size distribution will not change
much due to less vapor uptake. In contrast, larger-sized coal dust particles
could have much more tendency to deposit in the upper region of the respi-
ratory airways. More hydrophilic coal dust particles, even nano-size, could
interact intensively with the respiratory tract's relative humidity and grow
in size. They could get deposited in the upper region through impaction or
sedimentation. In the introduction, we already discussed that the issues re-
lated to coal dust in the mining region are getting worse for hot coal mining
regions, such as the central Appalachian basin. Modern much-advanced
coal extraction practices could have changed the particle size distribution
of the production-induced coal dust. Nano-sized coal dust particles are
much more active than their larger counterparts (Fan and Liu, 2021; Liu
and Liu, 2020; Zhang et al., 2021).

The present study especially focuses on understanding the moisture in-
teraction behavior of nano-sized coal dust. To our knowledge, this is the
first attempt at applying several adsorption models to water adsorption to
understand the moisture interaction behavior of nano-sized coal dust parti-
cles. We quantified the coal dust-specific moisture interaction behavior
based on the DVS data. We discussed the implications of such results re-
garding their effect on the flow behavior of the coal dust and toxicity.

3. Materials and method
3.1. Coal dust preparation

Moisture interaction behavior of coal dust was performed using nano-
sized coal dust prepared in the lab from 4 different coal samples. Two bitu-
minous and two lignite coal samples were selected for the study. All four
coal samples were obtained from the Pennsylvania State University coal
sample bank. The lignite coal samples, labeled as Ligl and Lig2, were col-
lected from Beulah Seam (Mercer County, North Dakota) and Pust seam
(Richland County, Montana). The two Bituminous coal samples, BitI and
Bit2, were collected from Sewell Seam (Greenbrier County, West Virginia)
and Upper Kittanning Seam (Barbour County, West Virginia), respectively.
Each coal sample was initially hand-crushed by a pestle and mortar to a par-
ticle size of <80 mesh (<177 pm), which was suffixed as a hand-crushed
(HC) sample. Each HC sample was further pulverized to get nano-sized
coal dust through the cryogenic ball-milling using CryoMill (Retsch Inc.)
at the lab. During the Cryomill processing, liquid nitrogen was continuously
circulated through the autofill system to keep the temperature at 196 °C
during the ball-milling. Using a liquid nitrogen environment prevents the
heating of the powder sample, which makes the process faster and main-
tains the original nanopore structure of the coal dust. A maximum of
20 ml of the HC coal dust powders were put into the sample cell. 5 Hz of vi-
brational frequency was used for pre-cooling, and four cycles with 2 min of
each cycle and 30 Hz of vibrational frequency were used. One minute of in-
termediate cooling time was kept between each cryo-milling cycle. Such
coal dust samples were suffixed as Cryomill 4 cycle (Cr4) samples.

3.2. Characterization of chemical properties of all coal samples

Each coal sample's petrophysical and petrochemical properties were ob-
tained from the coal sample bank datasheets. Some important properties
used throughout the paper were presented and discussed here.

3.2.1. Proximate, ultimate, and elemental analysis

Table S1 shows the proximate, ultimate and elemental analysis data of
the coal samples as obtained from the coal sample bank. Two lignite sam-
ples, Ligl and Lig2, have low carbon content, 22.89 % and 30.5 %, respec-
tively, for the as-received samples as determined from proximate analysis.
In comparison, two Bituminous coal samples have much higher carbon con-
tent than the two lignites, 69.77 % and 56.06 %, respectively. Another im-
portant feature is that the proximate analysis shows heavy moisture content
in these two lignites at 33.38 % and 34.91 %, compared to the two bitumi-
nous coals with 1.45 % and 1.46 %, respectively. Similarly, the ultimate
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analysis of the samples shows a much higher oxygen content of 12.40 %
and 10.50 % for the two lignites compared to the two bituminous coal,
which only has 4.44 % and 5.17 %, respectively. In terms of elemental car-
bon and oxygen, we again observe the same trend that the lignite coals have
lower elemental carbon and higher elemental oxygen content. Several
other elements, such as Nitrogen and Sulfur, are present in the coal samples.
The amount of nitrogen is slightly higher in the Bit1_Cr4 and Bit2_Cr4 sam-
ples at 1.44 and 1.3 compared to the Ligl _Cr4 and Lig2 Cr4, which has 0.9
and 0.94 %, respectively. The difference in the carbon and oxygen content
of the bituminous and lignite coal samples is expected because of the coal
rank difference. Bituminous coal has undergone more maturity, and be-
cause of the longer coalification process than lignite, it has become more
dense, dry and rich in carbon (Liu et al., 2021).

3.2.2. Atomic ratios and reflectance

Table S2 shows the important atomic ratios and vitrinite reflectance of
the coal samples. As mentioned by the previous studies, the O/C ratios
could represent the surface hydrophilicity of the coal matrix of three coal
samples (Buchner et al., 2016; Kovtun et al., 2019). In general, lignites
have higher atomic H/C and O/C ratios than the two bituminous coal
dust samples, except Bit2 coal, which has a higher H/C ratio (H/C =
0.77) than Ligl (H/C = 0.732). More maturity of the bituminous coal is
depicted by their higher reflectance values of 1.35 and 1.07 compared to
the two lignites, 0.35 and 0.23, as mentioned in Table S2. As per the Van
Krevelen diagram, the rank of the studied coal samples is Ligl is lignite-
A, Lig2 is lignite-A, whereas Bit1 is medium volatile bituminous and Bit2
is high volatile-A bituminous.

Chemical characterization of coal samples suggests that the molecular
structures of the two lignites are much more heteroatomic and aliphatic
or have more side chains. In contrast, the two bituminous coal samples
are much more aromatic and less heteroatomic. We will discuss the impli-
cations of these observations in subsequent sections.

3.3. Analysis techniques

3.3.1. Particle size analysis of the crushed coal dust samples

As described earlier, each of the four coal samples was initially hand-
crushed and then cryo-milled for four cycles. Two measurement techniques
were used to confirm the dominating presence of the nano-sized coal dust
in the samples. The particle size distribution for these samples was mea-
sured by both Mastersizer 3000 and Zetasizer Nano ZS located at the Mate-
rials Characterization Lab of Penn State. Mastersizer 3000 is based on the
Dynamic Light scattering technique, whereas Zetasizer Nano ZS is based
on the laser diffraction technique.

Before each measurement, each coal dust sample (dispersant) and
isopropanol (solvent) were mixed inside a small beaker and put in an
ultra-sonic oscillator for about 5 min for preliminary dispersion purposes.
The solvent with dispersant was then put into a flow cell containing pure
solvent only for the measurement. Mastersizer 3000 software (v3.81) was
used for data collection and particle size analysis. Non-spherical particle
type was chosen for data analysis to obtain accurate size distributions for
all the hand-crushed and milled samples. The same procedure was followed
to measure particle size distribution using Zetasizer Nano ZS; however, less
sample quantity was required. The samples were put in a 12 mm OD (outer
diameter) square polystyrene cuvette for aqueous solvents for measure-
ment. Zetasizer software (v8.01) was chosen for data collection and particle
size analysis.

3.3.2. Dynamic vapor sorption analysis and ad-/desorption isotherm

The moisture interaction behavior of the coal dust samples was studied
with the help of the DVS method. Water sorption experiments were per-
formed using the DVS intrinsic Plus instrument Surface Measurement Sys-
tems Ltd. The Dynamic Vapor Sorption (DVS) Intrinsic accurately
measures the mass changes of the sample under different relative humidity,
the water vapor ad/desorption isotherms and kinetics at each relative hu-
midity step. The DVS sorption and desorption isotherm was obtained for
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each coal dust sample at 30 °C. A gas flow stream with a fixed flow rate
of 200 standard cubic centimeters per minute (sccm) was continuously sup-
plied into the sample chamber for each experiment. The relative humidity,
equivalent to the partial pressure ratio of water vapor, was adjusted by two
mass flow controllers by mixing a dry N, stream with a wetting N, stream
containing 100 % humidity. Dynamic changes in mass under different rela-
tive humidities were measured by microbalance with a sensitivity of
0.1 pg * 1 %. Dry purge gas constantly flowed through the balance cham-
ber at a rate of 70 = 10 sccm and a temperature of 40 °C to avoid potential
vapor condensation in the balance chamber and ensure optimal microbal-
ance performance. Once the conditions of the DVS instrument were set as
described above, a coal dust sample weighing between ~20-50 mg was
loaded onto a small pan suspended on the microbalance. The experiments
started at ~0 % RH, at which it is assumed that the residual water desorbs
to reach an equilibrium state. The mass of the sample at the end of this stage
is considered the mass of the dry sample. Further changes in the mass dur-
ing the adsorption and desorption cycle are evaluated from this reference
mass. Further Experimental details are provided by Sang et al., 2019;
Seemann et al., 2017.

4. Results and discussions
4.1. Particle size analysis of coal dust samples

As described, we carefully prepared the nano-sized coal dust particles to
understand the moisture interaction. Isopropanol was used as the solvent
per a previous study's recommendation (Zhang et al., 2021). Particle size
distributions were obtained using Malvern Panalytical Mastersizer, and
Zetasizer, shown in Fig. 1. The particle size measurement range of the
Mastersizer is 0.01-3500 pm. The operating principle of the Mastersizer al-
lows it to provide better particle size distribution information for the larger
particles in the sample as they scatter more light than the smaller particles.
The number distribution in Fig. 1 shows that most large particles that dom-
inate the laser diffraction are smaller than 1000 nm (1 pm). This means the
samples are dominated by <1000 nm (1 pm) sized particles. Although some
>1000 nm (1 pm) particles are measured by the master sizer, their numbers
are insignificant. It is clearly understood that these few large particles will
occupy most of the volume, and hence not surprisingly, the volume distri-
bution for all four coal dust samples is mostly >1000 nm (1 pm). Another
key feature is a single and sharp peak for number distribution at <1 pm
for all the coal dust samples, whereas the volume distribution shows a
broad distribution range. The details of the observations are also presented
in Table S1 for the Mastersizer.

The inner graphs in Fig. 1 for all four coal dust samples show the particle
size distribution measured using Malvern Zetasizer in the range marked by
the arrows. The typical measurement range of a zeta-sizer is 0.3 nm to
10 pm, and it is considered a crucial instrument for measuring the particle
size of nano-scale particles. The particle size measurement of the Zetasizer
is based on the principle of dynamic light scattering (DLS). A small amount
of the sample was dispersed in the isopropanol solvent and left undisturbed
for 2 min to stabilize the dispersion. Thermally-induced collisions between
solvent molecules and the dust particles cause the suspended coal dust par-
ticles to undergo Brownian motion. As per the principle of DLS, when these
randomly moving particles are illuminated with a laser, the intensity of the
scattered light fluctuates over time at a rate dependent upon the particle
size. As can be understood, the smaller particles are displaced by the solvent
molecules more than the large particles because of Brownian motion and
hence move more rapidly.

Analysis of these intensity fluctuations yields the Brownian motion's ve-
locity and particle size using the Stokes-Einstein relationship. Note that the di-
ameter measured in DLS is termed the hydrodynamic diameter and refers to
how a particle diffuses within a fluid. Therefore, it can be understood from
the working principle of the Zetasizer that it is more sensitive toward smaller
particles than the larger particles in the coal dust samples. Number distribu-
tion in the inner graphs of Fig. 1, we again observe that maximum particles
are <1000 nm for all four coal dust samples. Also, the number distribution
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has sharp peaks. The volume distribution for the Ligl_Cr4 and Lig2_Cr4 sam-
ples also has a single peak at a value <1000 nm, whereas the Bitl_Cr4 and
Bit2_Cr4 samples have broad and multiple peaks. Here again, not surpris-
ingly, a small number of particles have occupied most of the volume, and
hence we see such a volume distribution measured by the Mastersizer.
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4.2. Moisture ad-/desorption and diffusion measurements

4.2.1. Dynamic vapor sorption measurements on nano-sized coal dust

All ad-/desorption data for the nano-sized coal dust samples were col-
lected using the DVS method. Fig. 2 shows typical sorption plots obtained
using the dynamic water vapor system. Initially, the experiments started
at 0 % RH which was kept for around 3 h to remove any residual water
from the coal dust. Based on the ad-/desorption cycle, hysteresis plots
were created for all the samples shown in Fig. 2.

It is apparent from Fig. 2 that all the coal dust took up significant quan-
tities of water vapor, and the measured water content increases with in-
creasing Ry. The two lignites have higher water uptakes, taking >0.20 g
(moisture)/g (coal dust) of humidity at 99 % RH. In comparison, Bitl_Cr4
and Bit2_Cr4 only take approximately 0.02 g (moisture)/g (coal dust) of
moisture at 99 % RH. However, there is a slight difference in the adsorption
pattern and maximum adsorption of Ligl_Cr4 and Lig2_Cr4 and similarly
between Bitl_Cr4 and Bit2_Cr4. Also, we see that even at 99 % RH, no pla-
teau is reached. Looking at Fig. 3 and Table S4, it can be roughly observed
that the water adsorption for Ligl_Cr4 and Lig2_Cr4 is approximately ten
times higher than the Bitl_Cr4 and Bit2_Cr4. (Jiang et al., 2020; Xu et al.,
2017). Fig. 3 also demonstrates that the water uptake increases initially at
low RH in a non-linear convex fashion, followed by an upward concave in-
crease at high R.H. Overall, the total water uptake differences are signifi-
cant for the two bituminous and two lignite coal dusts.

The results show that the Ligl_Cr4 and Lig2_Cr4 samples could take
>0.1 g (moisture)/g (coal dust) at 50 % RH Comparatively, Bitl_Cr4 and
Bit2_Cr4 samples take even <0.015 g (moisture)/g (coal dust) of moisture
at the same RH Also measured values were the adsorbed water contents
on coal dust upon decreasing the RH to probe for any hysteresis in the ad-
sorption and desorption branches of the water content curves. According
to the IUPAC classification, all the nano-sized coal dust samples exhibit
an H4-type hysteresis loop suggesting the process of capillary condensation
in mesopore structure (Sing, 1985). The H4-type loop is often associated
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with narrow slit-like pores (Sing, 1985). Earlier studies have shown that
the monolayer adsorption on primary adsorption sites and further second-
ary adsorption on them governs the shape of the isotherm (Du and Wang,
2021; Liu et al., 2021). This is because the water molecule is polar, and
they are inclined to form hydrogen bonds with other molecules or func-
tional groups (Du and Wang, 2021). This hydrogen bonding tendency of
the hydrogen molecule leads to the development of secondary adsorption
sites. In the coming sections, we will discuss various models and their fit in-
tegrity as described by Hatch and coworkers, suitably describing nano-size
coal dust ad-/desorption behavior (Hatch et al., 2012).

4.2.2. BET sorption analysis

Brunauer-Emmett-Teller (BET) theory which was developed by
Brunauer et al., extends the Langmuir mechanism from a localized mono-
layer model to multilayer adsorption and obtains an isotherm equation
(the BET equation), which has the Type II character (Brunauer et al.,
1938; Rouquerol et al., 2013). It is the most frequently applied method to
understand the sorption properties of many materials. Monolayer capacity
(Q,,) and the specific surface area (SSAggr) can be calculated using the BET
equation given as follows:

o Clo/p") W
On (1 =p/p°)(1 = p/p°+Cp/p°))
Eq. (1) can be written in the usual linear form:
P 1 C—-1\p
- £ 2
o —p) QmC+(QmC>P" @

where Q is the adsorbed amount (mmol g ~ ), Q,, denotes the monolayer
capacity (mmol g ~ 1), C is the BET empirical constant which indicates the
order of the magnitude of the attractive adsorbent-adsorbate interactions.
It is related to the enthalpy of adsorption for the first molecular layer of
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water and the enthalpy of adsorption for subsequent layers described as
(Hatch et al., 2012):

0 Aps0
] ®

C:eXp{ RT

where R (J/mol.K) is the universal gas constant, T (K) is the temperature,
AH(I) (J) is the enthalpy of adsorption of the first layer, AHg (J) is the stan-
dard enthalpy of adsorption on subsequent layers and is taken as the stan-
dard enthalpy of condensation. As per Eq. (2), a linear plot between

ﬁ and 1% should provide the BET plot of experimental isotherm data

and corresponding Q,, and C. For DVS experiments 1% denotes relative hu-
midity Ry. Specific surface area is given by

SSAper = Q,,An0 (€]

where A, is the Avogadro's constant taken as 6.022 x 10%, and o is the so-
called cross-sectional area of water taken as 10.5 A%(the average area occu-
pied by each water molecule in a completed monolayer). An improvement
in the accuracy and reproducibility of the BET calculations can be obtained
by constraining the fitting interval because the BET equation must be ap-
plied to a straight part of the BET plot. For this, the present study used a
self-consistency criterion known as the Rocquerol plot method (Rouquerol
et al., 2007; Rouquerol et al., 2013). With the help of the Rocquerol plot,
the best region where the BET plot is linear is located, and that region is
used for the subsequent calculation. Also, the BET model was applied to
both sorption and desorption data collected from the DVS analysis for com-
parison. The best-fit equation was used to get the slope and intercept for the
linear fit on adsorption and desorption data. Monolayer coverage Qpszr) (8
(moisture)/g (coal dust) of moisture) and parameter Cggr was derived from
the slopes and the y-intercepts of the fit lines. Finally, the RH at which
monolayer adsorption occurs was determined from the model fit and calcu-
lated Qpger) values. Table S5 reports the BET-derived parameters, includ-
ing specific surface area (SSAgsr, cm?/g), monolayer water content
(QmsEr)> g (moisture) /g (coal dust)), % RH at monolayer coverage, and
correlation coefficient (%R?) for the linear BET region for all the coal dust
samples. Fig. 4 demonstrates the corresponding Qpggr) and Cger values.
It was found that the BET predicted monolayer capacity of the Ligl_Cr4
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and Lig2_Cr4 is 0.0697 and 0.0658 (g (moisture)/g (coal dust) of moisture),
respectively. Whereas for Bitl_Cr4 and Bit2_Cr4, monolayer capacity is only
0.0085 and 0.0079 (g (moisture)/g (coal dust)) of moisture. Also, there is a
large difference in the estimated Qpggr) from adsorption and desorption
isotherm, which is more pronounced for the lignite coal dust (see yellow
arrows in Fig. 4).

That is another reason which makes it extremely important to account
for the moisture interaction of ultrafine particles to understand better
their flow and deposition properties in the mine environment. Since the lig-
nite coal dust particles adsorbed more moisture, their characteristics may
get altered more compared to the bituminous coal dust particles. This will
lead to a decrease in porosity at higher RH (99 %). Hence, some moisture
will be permanently inaccessible during desorption due to the closing of
pores. Because of this the Qpgsr) calculated from the desorption isotherm
is higher than the adsorption isotherm (Fig. 4). The ratio of maximum ad-
sorption at 99 % RH to the monolayer capacity is 3.23, 3.25,2.76 and
2.85 for Ligl_Cr4, Lig2_Cr4, Bitl_Cr4 and Bit2_Cr4, respectively. Interest-
ingly, although the maximum adsorption capacities of the two-lignite
dust are approximately ten times higher than the two-bituminous coal
dust, the ratios of the max adsorption to the monolayer capacity are not
far from each other. Also, there is a slight difference in the monolayer
values calculated from the adsorption and the desorption data for each
coal dust. The monolayer values are generally higher for those calculated
using desorption than the adsorption data for all the coal dust, as shown
in Fig. 4. Similarly, Cggr are also higher for the desorption data, with only
one exception for Bitl_Cr4 coal dust, for which the desorption Cggr is
slightly lower than the adsorption Cggr. It was also observed that the differ-
ences in the desorption and adsorption Cgpr values are proportional to the
ratio of maximum adsorption (Q me (ser)) and monolayer adsorption
(Quper)) capacity for nano-sized lignite and bituminous coal dust.
Q max (er)/Qmeeery is in the order of Lig2 Cr4 > Ligl Cr4 and
Bit2_Cr4 > Bitl_Cr4, corresponding to the differences in the desorption
and adsorption Cggr as can be examined in Fig. 4 and Table S5. It was
found that the Cpgr values are >1 for all the four-coal dust for both the ad-
sorption and desorption cycle, which means that the nano-sized coal dust
has type II multilayer water adsorption behavior (Hatch et al., 2012). An-
other interesting observation is that the estimated specific surface area
(SSAggr) calculated using the adsorption and desorption cycles is notably
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Fig. 4. Monolayer capacity and constant C obtained from BET fits.
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different, as reported in Table S5. Moreover, estimated SSAggr calculated
from the desorption cycle is greater for all four nano-sized coal dust sam-
ples. Also, estimated SSAggr for the two-lignite coal dust (Ligl_Cr4 and
Lig2 Cr4) is at least 10 times the estimated SSAggr for the two Bituminous
coal dust (Bitl_Cr4 and Bit2_Cr4). As mentioned above, the water mole-
cules are polar, so their adsorption on the coal surface is qualitative and
can provide us insightful information about the surface feature of the coal
dust. The discussion section will describe the correlation between the coal
dust characteristics and the adsorption tendency. However, the similar
water sorption tendency of the two lignites and the two bituminous coal
dusts signifies that the external properties of the coal dust drive their
water interaction behavior, including composition and surface area
(Hatch et al., 2012).

The %R? for the BET fit is >99.9 % for both the adsorption and desorp-
tion fits, as shown in Table S5. Fig. 5 shows the agreement between DVS
ad-/desorption isotherm and the corresponding values calculated using
BET theory. It was found that the ad-/desorption values modeled by the
BET model are in line with the DVS reported values till 40 % RH for all
four coal dust. BET-modeled values started deviating from the reported
value beyond 40 % RH and became irrelevant at higher R.H. Fig. 5 also
shows the % RH at monolayer coverage for the coal dust. For Ligl_Cr4
and Lig2 Cr4, monolayer coverage estimated from the adsorption data is
20.75 % and 22.03 % RH, respectively, slightly higher than that found
using desorption data which are 19.92 % and 20.43 %, respectively.
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However, no significant difference was observed for Bitl Cr4 and
Bit2_Cr4 coal dust as both adsorption, and desorption % RH at monolayer
capacity are close to 21 % and 20 % RH, respectively. Interestingly, the dif-
ferences in the RH at monolayer coverage from adsorption and desorption
DVS data are found to be correlated with the degree of hysteresis. Ligl_Cr4
and Lig2_Cr4 samples showed a higher degree of hysteresis; hence, they
have larger differences in the BET calculated monolayer coverage RH
values compared to Bitl_Cr4 and Bit2_Cr4. The differences in the adsorp-
tion and desorption can also be attributed to the swelling and shrinkage
property of coal. At higher relative humidity, if the coal dust has a tendency
to adsorb more moisture as with lignite coal dust, then many of the pores
will be blocked, as can be understood from Fig. 9.

Once the desorption process starts, it won't be possible to completely
force this trapped moisture into the inaccessible or closed pores. Because
of that, a significant amount of moisture will remain attached to the coal
dust, which is one of the reasons that cause the hysteresis between adsorp-
tion and desorption curves. The differences in the adsorption and desorp-
tion curves are also related to the total moisture sorption capacity of the
coal dust. In the present study, we see that the lignite coal dust tends to ad-
sorb more moisture, and the corresponding difference between the ad-/
desorption curves is also higher (Fig. 3). Such swelling of coal dust could
have possible implications for the flow and deposition behavior of coal
dust as will be discussed later. Overall, Fig. 5 shows that the BET model
fits the reported data well at lower RH values, after which an upward
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Fig. 5. Ad-/desorption isotherm obtained from the DVS and BET fit. (ads, des represents adsorption and desorption isotherms collected from the DVS data; BET ads, BET des
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Fig. 6. Monolayer capacity and constant C obtained from GAB fits.

curvature is observed. This deviation indicates that, at higher RH, less
vapor is adsorbed than that shown by the BET equation using the values
of the constants corresponding to the low activity range.

4.2.3. GAB sorption analysis

The GAB model (Anderson, 1946; DEBOER, 1953; Guggenheim, 1966)
is a classical extension of the BET model, which applies to a broad range of
relative humidity. BET surface area is deficient as the obtained surface area
is an effective probe-specific area rather than a true physical area
(Thommes and Cychosz, 2014). Also, BET theory assumes that the heat of
adsorption for only the first layer is higher than liquefaction energy for fur-
ther layers; it is equal to the heat of liquefaction. In contrast, the GAB model
assumes that the heat of adsorption of the second and/or higher multilayers
isless than the heat of liquefaction, implying that sorbate molecules beyond
monolayer adsorption continue to interact with the sorbent surface. Several
authors have discussed the applicability of BET theory and its limitations
(Rouquerol et al., 2007; Rouquerol et al., 2013; Thommes and Cychosz,
2014). GAB model takes an additional parameter K as expressed in the
equation

0 KC(p/p°)

0, = T KG/m)(1 — K(p/p) + CK (/o)) 2

Q, and C are similar to those in the BET equation. Additional parameter K
compensates for the assumption that the sorption state of the water mole-
cules in the layers beyond the first is the same but different from that of
the pure liquid state (Arthur et al., 2018). Specific Surface area can be cal-
culated using Eq. (4) in which Q,, is the monolayer capacity calculated
using the GAB equation. The GAB model was also applied to both sorption
and desorption data collected from the DVS analysis for comparison. The
linearized form of Eq. (5) was used to find the best-fit equation. We can
get the slope and intercept for the linear fit on adsorption and desorption
data. Monolayer coverage Qp,gap) (g (moisture)/g (coal dust) of moisture),
parameter Cgap and constant K was derived from the best-fit equation.
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Finally, the RH at which monolayer adsorption occurs was determined
from the model fit and calculated Qp,,gap) values. Table S6 and Fig. 6 report
the GAB model-derived parameters, including monolayer water content
(Qm(ap)> g (moisture)/g(coaldust) of moisture) constant Cgap and correla-
tion coefficient (%R?) for all the coal dust samples.

Table 1 shows the specific surface area (SSAgas, cm?/g), % RH at mono-
layer coverage calculated using GAB model values.

Like BET results, it was found that the monolayer capacities for the
Ligl Cr4 and Lig2 Cr4 (0.1010 and 0.0966 g (moisture)/g (coal dust) of
moisture, respectively) coal dust are much higher than the two bituminous
coal dust (0.0132 and 0.0122, respectively). Among the lignite coal dust,
Qnm(cas) for Ligl_Cr4 is greater than Lig2_Cr4, similar to the BET calculated
values. Similarly, Qncap) for Bitl_Cr4 is slightly larger than the Bit2_Cr4,
which is similar to the BET isotherm values, as shown in Table S5. How-
ever, Qugap) given by GAB isotherm are always larger than the monolayer
value Qp,pgr) corresponding to the BET isotherm. Some other studies report
similar results for different materials (Ikhu-Omoregbe, 2007; Ocieczek and
Zieba, 2020). Also, the Qngap) calculated from the desorption DVS data is
higher for the two Lignite coal dust (0.1561 and 0.1455, respectively). A
similar observation was made for BET also, and a possible reason has
been explained in the earlier section (Section 4.2.2.). Interestingly, that is
not the case with the two bituminous coal dust as the Qpgap) calculated
from the desorption isotherm is lower than those calculated from the ad-
sorption values. However, the difference is not as pronounced as for the lig-
nite coal dust. This observation is different from the BET as GAB analysis
reported that the adsorption monolayer values were notably higher for all
the coal dust, as shown in Fig. 6.

The constant Cgap from the GAB model have the same physical meaning
as that of Cggr from the BET model. From Eq. (3), we can easily see that the
large C values indicate that water is more strongly bound in the monolayer,
and the difference in enthalpy between the monolayer molecules and the
subsequent layers is larger. For the nano-sized coal dust samples investi-
gated, Cgap are smaller than the Cpgr for the adsorption. Similarly,
Cgapare smaller than Cper except for Bit2_Cr4 coal dust, for which
Cgap>Cper. This might be because of the slightly uneven desorption
curve obtained from DVS around 60-70 % RH, and the corresponding
GAB modeled values are also slightly deviating from the observed values.
Similarly, Cgap are also higher for the desorption data, with only one excep-
tion for Bit1_Cr4 coal dust, for which the desorption Cgap is slightly lower
than the adsorption Cgap. A similar trend was observed in the BET analysis,
too. Similar to the BET analysis, it was found that the Cgap values are >1 for
all four coal dusts for both adsorption and desorption cycles, meaning that
the nano-sized coal dust has type II multilayer water adsorption behavior
(Hatch et al., 2012).

It was found that there is a notable difference in the specific surface area
(SSAgap) and the RH monolayer content was calculated using adsorption
and desorption, as reported in Table 1.

Moreover, SSAgap calculated from the desorption cycle is remarkably
greater for all four nano-sized coal dust samples, and the difference is larger
than what was observed for BET analysis. Also, similar to BET observations
SSAgap for the two-lignite coal dust (Ligl_Cr4 and Lig2_Cr4) is at least ten
times the SSAgap for the two Bituminous coal dust (Bitl_Cr4 and
Bit2_Cr4). Another important term in the GAB model is the K value. The

Table 1
Specific Surface Area (SSA) and critical relative humidity(RH(ap)) for monolayer sorption calculated from GAB model.
Coal dust samples GAB model
Adsorption Desorption
SSAgas (cm*/g) RH,(Gap) (%) SSAcap (cm®/g) RH(gap) (%)
Ligl Cr4 3.5466 x 10° 38.36 5.4773 x 10° 54.10
Lig2 Cr4 3.3891 x 10° 40.15 5.1073 x 10° 52.98
Bitl Cr4 4.6335 x 10° 44.69 5.0801 x 10° 50.10
Bit2 Cr4 4.2803 x 10° 43.25 5.0939 x 10° 49.86
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value of K accounts for the fact that the sorption energy beyond the mono-
layer is smaller than that of liquefaction. It has been reported that the ob-
served differences in the calculated value of Cgap and Cpgr can be
because of the K values. The value of K reduces as more molecules are
grouped in a multilayer and are closer to unity as the difference between
the molecules in the monolayer and the bulk liquid becomes negligible
(Arthur et al., 2018). When K = 1, the GAB equation becomes similar to
the BET equation, as shown in Egs. (1) and (5). It was found that for all
the nano-sized coal dust samples examined, the K was <1. This suggests
that the water molecules within the monolayer were more strongly bound
than those in the multilayer. This goes against the hypothesis of the BET
theory, as described at the start of this section. In general, K increases
with the increasing strength of water molecules (sorbate) and the surface
of the coal dust (sorbent). Table S6 shows that for the coal dust samples,
the adsorption K values are larger than the desorption K values. Also, the
adsorption K values for two lignite coal dust samples (Ligl_Cr4 and
Lig2 r4) are larger than the two bituminous coal dust samples (Bitl_Cr4
and Bit2_Cr4). The larger K values for lignite coal dust samples could
mean stronger interactions between sorption sites and water molecules,
or the difference between the molecules in the monolayer and the bulk lig-
uid is less for the two lignite coal dust samples when compared to the two
bituminous coal dust samples.

The differences in adsorption and desorption values from GAB and BET
could be observed for several reasons. The adsorption isotherm is extremely
sensitive to the initial water content of the coal dust hydrophilicity of the
surface and is also more challenged by stronger intermolecular forces
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(Johansen and Dunning, 1957; Lu et al., 2015). However, desorption de-
pends not much on these factors as it has already undergone an adsorption
cycle.

The %R? for the GAB fit is >99 % for both the adsorption and desorption
fits, as shown in Table S6. Fig. 7 shows the agreement between DVS ad-/
desorption isotherm and the corresponding values calculated using GAB
theory. It was found that the ad-/desorption values modeled by the GAB
model align with the DVS reported values almost for the complete range
of relative humidity (0.1-0.99) for all four-coal dust.

This is significantly different from BET observations, where the
modeled values started to deviate from the observed values after 40 %
RH This shows that in terms of isotherm modeling for a higher range of
RH, GAB is superior to BET. Fig. 7 also shows the % RH at monolayer
coverage for different coal dust. For Ligl_Cr4 and Lig2_Cr4, % RH at the
monolayer coverage calculated from the adsorption (38.36 % and
40.15 % RH, respectively) is notably lower than that found using desorp-
tion data (54.10 % and 52.98 %, respectively). Similarly, for Bit1_Cr4 and
Bit2_Cr4, the % RH at adsorption monolayer coverage is (44.69 % and
43.25 % RH, respectively), which is slightly lower than that found using de-
sorption data (50.10 % and 49.86 %), respectively.

4.2.4. Freundlich sorption analysis

Freundlich's model excellently describes sorption onto a surface from
aqueous media and gas sorption of porous surfaces. Freundlich isotherm
model is suitable for heterogeneous adsorbent surfaces multilayer adsorp-
tion. Moreover, it also accounts for the intermolecular interactions between
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adsorbates (Mahmoud et al., 2021). Since coal is a heterogeneous material,
the Freundlich model was used to understand its moisture interaction be-
havior. Eq. (6) represents the mathematical form of the Freundlich model:

P\ "
(2
m P,

where X is the concentration of the adsorbed water at equilibrium; ks and ny

(6)

are the Freundlich empirical constants recovered from regression of the ad-
sorption data and representing the sorption capacity and sorption strength,
respectively. The linear form of the Freundlich isotherm model is given in
equation Eq. (7):

X 1
In (Z) = Inks+ n—[ In R, (@2

Fig. 8 shows the experimental water adsorption data on the four coal
dust samples and the corresponding values derived from the linear form
of the Freundlich adsorption model. Fig. 8 demonstrates that the Freundlich
model fits well with DVS data and also the goodness of fit (R%) are always
>98 %, as mentioned in Table 2. It is observed that, in general, a value of
ng >1, indicates a strong affinity for water vapor (Sang et al., 2019).
Table 2 shows that the values of ny are always >1, meaning a stronger affin-
ity for water vapor for all the nano-sized coal dust samples.
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Also, the k; values representing adsorption capacity (net adsorption at
RH = 99 %) calculated from the model (Table 2) are in good agreement,
although slightly lower than the observed values (Table S4). There is an in-
teresting and crucial observation that needs special mention. We found that
the SSAgap for the two bituminous coal dust samples are almost ten times
lower than the two Lignite coal dust samples, as mentioned in Table 1.
Also, while comparing the adsorption capacity observed in the DVS exper-
iment (Table S4) or that calculated from GAB (Table 1) or the Freundlich
model (k) (Table 3), it was observed that the lignite coal dust samples
have a much higher adsorption capacity.

Despite that, it was found that the adsorption strength is almost similar for
bituminous and lignite dust. This points to the fact that the SSA of coal is not
the primary determinant of water vapor sorption on coal. Rather water sorp-
tion of coal is a complex phenomenon and depends upon the surface compo-
sition of the oxygen-containing functional groups and their porosity (Liu
et al., 2021). Table S1 shows that bituminous coal has lower oxygen content
(4.01 % and 4.38 %) than the two-lignite coal (17.76 % and 15.32 %). This
means that the oxygen-containing functional group locations are the key
points where water molecules get adsorbed and form a primary layer over
which secondary layers form (Do and Nicholson, 2015; Fletcher et al.,
2007). So, more oxygen content in the lignite coal dust means more adsorp-
tion (hydrophilic) sites for water molecules. In contrast, less oxygen in the
two bituminous coal implies fewer hydrophilic sites for water molecule ad-
sorption. This reasoning can be more clearly understood in Fig. 9.
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Fig. 8. Ad-/desorption isotherm obtained from the DVS and Freundlich fit. (ads, des represents adsorption and desorption isotherms collected from the DVS data; Frd_ads,

Frd_des represents adsorption and desorption calculated using Freundlich method).
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Table 2
Freundlich Modeling parameters of adsorption and desorption isotherms (0-0.99) for different coal dust sample.
Coal dust samples Adsorption Desorption
Model values Goodness of fit Model values Goodness of fit
kr ng RZ kr ng RZ
Ligl_Cr4 0.2014 1.5051 98.17 0.2245 1.7526 99.75
Lig2 Cr4 0.1922 1.4407 98.40 0.2127 1.7404 99.79
Bit 1 _Cr4 0.0222 1.6491 99.44 0.0229 1.5940 99.69
Bit 2 Cr4 0.0212 1.6130 99.20 0.0222 1.7259 99.61

Table 3

Total specific volume of the condensed phase found using Gurvich rule.

Sample name

Vurvien (em®/g)

Ligl_Cr4
Lig2_Cr4
Bit1_Cr4
Bit2_Cr4

0.2261
0.2151
0.0237
0.0228

Fig. 9 shows that the oxygen-containing molecules are the key sites for
the adsorption of water molecules on the coal dust. Furthermore, the ad-
sorption of water molecules on coal dust surfaces is of two types. Type I
binding between water molecules and Type II binding between a water
molecule and coal dust surface. Primary bonds are formed on the surface
depending on the characteristic of coal dust. This means that despite the ad-
sorption capacity depending upon the number of adsorption sites, adsorp-
tion affinity will be similar unless the chemical structures on these
adsorption sites differ. However, this is not as simple as described here,
and it has been observed that the interaction between the adjacent water
molecules could affect the monolayer and multilayer formation (Do and
Nicholson, 2015). Nevertheless, almost similar ny values meaning almost
similar adsorption affinity observed in this study for both bituminous and
lignite coal dust seem to justify the above explanation.

4.2.5. Gurvich volume

Gurvich rule is commonly used to derive the (total) specific pore volume
of an adsorbent from the maximum sorption capacity (i.e., where p/p° =1).
Gurvich's rule is based on the assumptions that: (a) the entire pore system is
filled at relative pressures close to saturation pressure; (b) the adsorbate has

Water molecules

the same physicochemical properties as its liquid-like state at operational
temperature. In other words, the isotherm approaches a limiting plateau be-
cause the entire pore space is occupied by condensed adsorbate (Seemann
et al., 2017). The mathematical expression for the Gurvich rule is as fol-
lows:

®

0
V Gurvich = ﬁ Vin

where, Vgumich <%> is the total specific volume of the condensed phase,

Quax ("";"’) is the maximum sorption capacity, Vi, (%31) is the liquid

molar volume of water at the operational temperature. In this work
Vunich was derived at p/p® = 0.99. Table 3 shows the Vg, for different
coal dust calculated using DVS isotherm data. It can be seen that the Vgypnich
is at least 10 times higher for the two-lignite coal dust samples when com-
pared to the two bituminous coal samples. It implies that the lignite coal
dust has a much higher potential for water adsorption partically because
of more oxygen containing surface sites in it. On these oxygen containing
sites on the surface the water molecules mainly attaches. This can be
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Fig. 9. Schematic representation of the water adsorption on coal dust. There are two different type of binding: Type I binding between water molecules and Type II binding
between a water molecule and coal dust surface. Primary bonds are formed on the surface depending on the characteristic of coal dust.
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partially explained by Fig. 9. However, there is a caveat because the water
molecule is polar and hence adsorption sites of water molecules are selec-
tive, mainly oxygen-containing functional groups. So, the Vg, calculated
using water vapor connects to the quantity of those specific water adsorp-
tion sites rather than providing the actual surface area for which non-
polar molecules are better options.

4.2.6. Model selection and applicability for water vapor and coal dust interac-
tions

Coal dust has a complex internal structure that changes from coal to
coal. The mineral matters and pore size distribution in coals also influence
water vapor sorption. This section will compare the three adsorption
models (BET, GAB and Freundlich) used in the present study to calculate
the water sorption isotherms for the nano-sized coal dust samples. Fig. 10
demonstrates the ad-/desorption values observed in the DVS compared to
those estimated from the three models. It clearly shows that the BET
model does not adequately describe the water ad-/desorption behavior of
nano-sized coal dust considered in the present study. The deviation from
the observed values started beyond the relative humidity of 40 % for all
four samples. At high relative humidities (>70 %), BET values become ex-
cessively out of line with the observed values. Thus, the BET model does
not represent the experimental results for any coal dust studied at high
RH values.

Fig. 10 indicates that the GAB and Freundlich adsorption modeled re-
sults agreed well with the experimental data for all three coal dust samples
studied, particularly at the higher RH values where the BET model fails. The
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differences may be because of the excessively simple approach of the BET
model and the underlying assumptions on which it is based. Coal dust has
a microporous structure (Qi et al., 2017; Zhang et al., 2020). It has been ob-
served that the BET method is not straightforwardly applicable to materials
with micro-porosity (Thommes and Cychosz, 2014). It is extremely difficult
to distinctly identify the monolayer-multilayer adsorption and micropore
filling processes (Thommes and Cychosz, 2014). BET model follows a
layer-by-layer water uptake approach for any material. Thus, it misses
other crucial aspects, such as capillary filling of wedge-shaped meso- and
macropores.

In comparison, the GAB model is a modified version of the layer-by-
layer approach of the BET model. As discussed, it introduces an additional
term, k, characterizing the state of the sorbed molecules beyond the first
layer. This explains the upswing systematically found in the BET plots
after the initial (pseudo) linear range. Timmermann systematically checked
whether BET or GAB values are physically realistic (Timmermann, 2003).
His detailed study showed that there are mathematical and physical reasons
for the differences in the multilayer values predicted from the two models
and that the GAB values are more realistic. This means that the GAB con-
stants must be taken as the representative multilayer sorption parameters
unless it can be experimentally shown that the value of k is almost unity.
In our case, the value of k is never unity as calculated from the GAB
model analysis (Table S6). Also, coal dust is a heterogeneous material.
This adsorption heterogeneity is not considered in the BET model, whereas
Freundlich models account for the heterogeneity of the adsorption sites and
intermolecular interactions. Overall, the above discussion and Fig. 10
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Fig. 10. Comparison of DVS sorption data with calculated BET, GAB and Freundlich model.
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suggest that there is no appreciable difference between the calculations of
the GAB and Freundlich model. The GAB model could provide physically
realistic values for the multilayer sorption parameters. In contrast, the
Freundlich model can provide adsorption potential and adsorption capacity
at both low and high relative humidities. Therefore, it is recommended that
both the GAB and Freundlich model can be used to define the water vapor
uptake of nano-sized bituminous and lignite coal dust.

5. Discussion and implications of dust transport in underground mine
environments

One of the most critical implications of coal dust and moisture is its flow
behavior in the moisture environment. Several processes determine the
flow and the interaction of the particles suspended in a fluid involving mo-
mentum, mass and energy. All these processes simultaneously depend on
how fluid views and particle or equivalently how the particle views the
fluid that surrounds it. It is understandable that the way how fluid and en-
vironment looks into each other will be significantly different under a less
and high moisture conditions (Seinfeld and Pandis, 2016). Moisture dy-
namics of mine environment will affect particle and environment and si-
multaneously their interaction with each other.

Similarly, the presence and the dynamics of moisture in the flow envi-
ronment could impact the flow of coal dust. If the water is absorbed, it
can lead to a physicochemical change in the coal dust particles. These phys-
icochemical changes will be dependent on the physical (size, porosity etc.)
and chemical (hydrophilicity, oxygen containing functional groups etc.)
characteristics of the coal dust. Moreover, water adsorption onto the sur-
face of the coal dust particles will depend on the hydrophilic properties of
the powder. Adsorbed surface water can change the interparticle forces
by changing the distance between the particles and finally, the van der
Waals forces, and by formation of liquid bridges. This will lead to the ag-
glomeration of coal dust particles leading to the change of flow behavior
of coal dust particles in a humid environment (Sandler et al., 2010). Also,
while transporting in a humid environment moisture can also simply be in-
tegrated into the coal particle which will affect the overall specific gravity
of the particle.

Some of the key components of particle flow modeling are particulate
dust properties, drag forces exerted on the fluid by the particles, the specific
gravity of the particles, and the motion of the coal dust particle through the
air due to an imposed external force resulting from the bombardment of the
particle by the molecules of the air and moisture (Seinfeld and Pandis,
2016). This section briefly discusses how the water vapor uptake of coal
dust will impact the fate of dust transport behaviors in the underground
mine environment.

It has been observed that the size of the particles in the atmosphere
could depend upon the atmosphere's moisture and the particles' hygroscop-
icity (Jung et al., 2021; Zhang et al., 2010). Table 4 shows the surface cov-
erage (0) of the Ligl_Cr4, Lig2_Cr4, Bitl_Cr4, and Bit2_Cr4 coal dust
samples calculated from the adsorption and desorption isotherms. Surface
coverage was calculated using Eq. (9).

o Qm(GAB) NaAy,

0= SSAcaB ©)

where 6 is the surface coverage, Qngap) is the mmol/g of moisture of the
adsorbed water calculated using the GAB model for each relative humidity
step, N, is the Avogadro's constant (6.023 X 1023), A,, is the surface area
of each molecule of water (1.015 x 10 ~ '3 cm?).

The surface coverage calculated from the adsorption isotherm is always
higher than those calculated from the desorption isotherm for every RH
step. This is the reason that the SSAgap calculated from the adsorption is
lower than those calculated from the desorption values, as shown in
Table 1.

We see that surface coverage keeps on increasing as the RH increases. It
suggests that whenever there are humidity changes in the environment, the
size of the individual aerosols will be affected, as shown in Fig. 11. The
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Table 4
Surface coverage calculated from the GAB model (0-0.99) for different coal dust
sample.

Relative humidity  Ligl_Cr4 Lig2_Cr4 Bitl_Cr4 Bit2_Cr4
ads des ads des ads des ads des
0.1 0.47 0.40 0.44 0.40 0.433 0.39 0.44 0.42
0.2 0.68 0.57 0.65 0.57 0.63 0.57 0.63 0.59
0.3 0.85 0.70 0.82 0.72 0.79 0.72 0.79 0.73
0.4 1.013 0.83 0.986 0.84 0.93 0.86 0.95 0.86
0.5 1.18 095 1.15 096 1.07 0.997 1.09 0.997
0.6 1.35 1.07 1.33 1.08 1.21 1.13 1.23 1.13
0.7 1.53 119 1.52 1.20 1.32 1.26 1.37 1.25
0.8 1.73 1.29 1.72 1.30 1.46 1.38 1.51 1.35
0.9 1.96 1.37 1.95 1.40 1.60 1.51 1.69 1.46
0.99 2.22 1.44 2217 1.47 177 1.63 1.86 1.56

relation between the particle size of the coal dust and moisture is complex
because it involves both physisorption and chemisorption with the complex
coal molecule. Overall, moisture adsorption on coal dust can be understood
as a two-step process, i.e., primary and secondary adsorption. Primary ad-
sorption is mainly dependent upon the characteristics of coal. Hydrogen
bonds formed on coal dust surfaces with hydrophilic sites are termed pri-
mary adsorption. Further attachment of water molecules on the primary ad-
sorption sites is termed secondary adsorption (Fig. 9). The primary
adsorption depends mainly on the hydrophilicity of the coal dust. Hence,
coal dust with a more hydrophilic nature will adsorb more moisture than
coal dust with a less hydrophilic nature. In this study, we discussed that lig-
nite is more hydrophilic in nature. Hence, it will have more potential sites
for physical- and chemisorption, whereas bituminous is comparatively hy-
drophobic in nature.

Although it seems like a subtle change of dust mass, it can significantly
modify the mean free path and collisions while these particles are traveling
in the dynamic humid environment. Davis showed that the effective mean
free path of “A” particles A4z, in a binary mixture of “A” and “B” can be
given by (Davis, 1982):

1

Aag =
V273N + (1 +2)*Npody

(10)

where, 145 is the mean free path of the particles, 04 and 045 are the colli-
sion diameters for binary collisions between molecules of A and between
molecules of A and B, respectively, N, Is the number of the particle ‘A’
per unit volume, N is the number of particles ‘B’ per unit volume, z is
the ratio of molecular masses of A and B. In Eq. (10), we observe that the
mean free path of the particles is inversely proportional to the collision di-
ameters. Adding more layers of water molecules on the nano-sized coal dust
particles with the increase in the RH An extremely large amount of these
particles per unit volume will have a more pronounced effect on their
flow than the equivalent large-size coal dust particles. Large coal particles
will have larger collision diameters; hence, the overall mean free path
will decrease and vice-versa. Consequently, there are increased odds of col-
lisions at higher humidity among the coal dust particles, further impacting
the agglomeration and deposition rate during their transport. Based on the
above explanation, it is clear that the coal dust particles could undergo mul-
tiple changes in their structure because of adsorption mechanisms along
with the development of water film and swelling, as explained earlier. In
the present study, it was observed that lignite adsorbs comparatively higher
moisture than bituminous. This means that the dynamic moisture in the en-
vironment will have more impact on the physical characteristics of lignite
coal dust, including particle size. Also, the surface adsorption of moisture
will affect the flow behavior of particles by increasing the drag force. It
will also cause an increase in the agglomeration state of coal dust particles
in the environment. This will lead to an increase in the deposition rate of
the coal dust particles in the environment.

The changes in the size of the particles because of RH will also affect the
drag forces exerted on them. Drag forces are always present if the particles
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Effective particle size
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Relative humidity

Fig. 11. Schematic representation of the impact of the RH on the particle sizes of (a) lignite and (b) bituminous coal dust, respectively.

are not moving in the vacuum. One needs to solve particle motion equa-
tions for the fluid to find actual drag forces on the coal dust particles,
which involves solving the complex Navier-Stokes equation. However, to
provide an understanding and if we assume that the coal dust particles
are uncharged and the only driving force is the gravitational force, then
the 1D momentum equation in the vertical direction for a single particle
can be written as (Mallios et al., 2020):

mpEp =mpg — Fd.rag - Fbuayancy (1mn
where, m, is the particle mass, u, is the relative velocity of the particle in
the fluid, g is the acceleration due to gravity, Fg4q; and Fpuoyanc, is the mag-
nitude of the drag force and buoyant forces acting on the particle, respec-
tively. Now the Fy is proportional to the radius of the particle (Seinfeld
and Pandis, 2016) and the Fpyyancy is proportional to the volume of the par-
ticle (Mallios et al., 2020). It can be easily understood that any changes in
the particle diameters and volume because of changes in the RH will impact
drag and buoyant forces on the particles. Consequently, it will affect the
fate of coal dust transport in the air, as shown in Fig. 12.

Another key component of Eq. (11) is the mass of the coal dust particle
is “m,”. We can set m, = p, V), where p, is the specific gravity V, is the vol-
ume of the particle, respectively. It was already discussed how the volume
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of the coal dust particles would change due to moisture dynamics. Another
way the humidity in the air could impact the coal dust particles is by
impacting their specific gravity. It is well known that particle size and
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Fig. 12. Effect of relative humidity on the drag forces on individual coal dust
particles.
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Fig. 13. Impact of the change in the relative humidity of the atmosphere on the porosity of the individual coal dust particles.

porosity are the key factors influencing the hygroscopic behavior of mineral
particles (Kumar et al., 2002). Further, the porosity and particle size
could evolve depending on the RH of the environment in which the
coal dust particles are transported within and through. The water mole-
cules can penetrate inside the pores of the coal dust particles, capillary
condensation will occur, and higher humidity will certainly fill up
some of the pores. As a result of filling the pores accessible to the
water molecules, the specific gravity of the coal dust particles will
change as a factor of the RH of the environment, as shown in Fig. 13.
The filling up of pores and attachment of more and more water
molecules with the increase in the humidity of the flow environment
will increase the density of the individual coal dust particles in the at-
mosphere. Also, the changes will be observed more for the lignite coal
dust particles than the bituminous coal dust particles.

So far, we have discussed how the properties of coal dust particles in the
moisture would change because of the humidity dynamics in the environ-
ment. Another key point is that the flow of the coal dust particles is also im-
pacted by the fluid molecules (air). The fluid molecules keep colliding with
the dust particles, and such collisions are more prominent when the size of
the aerosol particles is comparable to the fluid molecules. So, the air and the
aerosol particle motion need to be accounted for simultaneously when the
air is in motion. It can be observed that as the humidity of the flow environ-
ment increases, there is the addition of water molecules in it. This means

that the coal dust particles will have an increased number of collisions
per unit volume of the flow environment, as shown in Fig. 14. Because of
an increased number of collisions between the coal dust particles and
other molecules around, there will be comparative changes in the flow of
coal dust particles. So, on one side, the properties of the particles, such as
the particle size, specific gravity, and drag forces on the particles. Con-
versely, the flow environment is getting modified because of the humidity
changes. These changes can potentially change the flow and deposition dy-
namics of the coal dust particles in the humified environment.

Thus, it will be crucial to account for the humidity while modeling the
dust transport behavior in the underground mine environment to suppress
the dust. The variations in the properties of the particles and the environ-
ment because of relative humidity can intrinsically impact the flow and de-
position behaviors of coal dust particles. Further dust transport research
needs to be conducted by considering the environmental variables and
dust-water interactions.

6. Summary and conclusions

In this study, we conducted nano-sized coal dust and water vapor inter-
action experiments to understand the dynamics of water vapor uptake be-
haviors. We also employed different vapor sorption models to define
water uptake behaviors. Four nano-sized coal dust samples were prepared

Increasing Relative humidity in the atmosphere

Fig. 14. Increasing quantity of water molecules in the atmosphere around the coal dust particles due to increasing RH.
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from different bituminous and lignite coals. Using dynamic water vapor up-
take measurements, the following conclusions can be made:

(1) Itwas found that there is a large difference in the water adsorption ten-
dencies for the prepared coal dust. The two lignite coal dust samples
were found to be adsorbing moisture around 10 times the bituminous
coal dust samples.

Three well-known adsorption models were employed to describe the
water uptake behavior: BET, GAB and the Freundlich isotherms
model. GAB and Freundlich models are superior to BET models for de-
fining water uptakes.

The oxygen functional group (indicated by oxygen content) plays a
major role in water uptake and holding capacity on nano-size coal dust.
There will be significant changes in the physical characteristics of
nano-size coal dust because of interaction with atmospheric moisture,
particularly because of swelling, adsorption, moisture retention, and
particle size changes. This will affect the transport and deposition be-
havior of coal dust in the mine atmosphere.

(2

—

3

(7

(4

—

The water uptakes can determine the fate of dust transport in an under-
ground dynamic humidity environment. The properties of the coal dust par-
ticles could be passively altered by water uptake such as particle size, drag
forces and the particles' specific gravity. This study implies that future dust
transport modeling should not ignore the moisture-dust interactions to-
ward the dust suppression application.
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