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ABSTRACT

The rising cases of coal worker’s pneumoconiosis since the early 2000s have driven research into respirable coal
dust. Prolonged quartz dust exposure is deemed to be the primary cause of the resurgence in pneumoconiosis.
This study examines how quartz present in coals of various ranks produces hydroxyl radicals (eéOH), a reactive
oxygen species linked to particle toxicity. This study evaluates the ability of safe chemical additives to reduce
eOH production of the coal-quartz samples at various pH levels. Promising chemicals were investigated in
different solutions, including tap and process waters and simulated lung fluid (SLF). We combined insights from
electrokinetic measurements, infrared and X-ray photoelectron spectroscopies, and ab initio atomistic simulations
to study the quartz particle surfaces. The study also explored how surface aging impacts quartz ¢OH production.
The results reveal that eOH generation of the quartz varies and is enhanced by iron contamination, as also
confirmed by ab initio simulations. Iron also enhances hydroxamic acid adsorption, leading to stronger inter-
action of the reagent on the quartz surface. Fresh quartz surfaces are particularly prone to generating more ¢OH
in alkaline conditions. Carboxymethyl cellulose was notably effective in inhibiting quartz ¢OH by about 91 % at
pH 7 in deionized water. The production of ¢OH was minimal in SLF compared to other tested solutions. The
negative charge on quartz surface in various aqueous solutions was found to impact eOH generation. Quartz
surface aging results in a gradual decrease in ¢OH generation due to the decay of surface siloxyl radicals.
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1. Introduction

Despite being nearly eradicated in the 1990s, the prevalence and
severity of Coal Worker’s Pneumoconiosis (CWP) resurged in the early
2000s, especially in central Appalachia [1,2]. Coal mining activities
produce dust containing ultrafine particles of coal and its associated
components, including crystalline silica (quartz) and pyrite, among
others, and sometimes diesel particulate matter (DPM) [2-4]. These
particles, due to their small size (d80 <10pm, d50 <4pm), can reach the
deeper regions of the lungs where breathing functions take place [5].
The fresh surfaces of these particles can form reactive oxygen species
(ROS) like hydroxyl radicals (¢OH) upon exposure to the biological
fluids inside the respiratory system [6,7]. Hydroxyl radicals are widely
recognized as the most reactive ROS and are primary contributors to
dust toxicity and its associated harmful effects [8]. In the lungs, ¢OH
from dust particles causes significant tissue damage by seeking electrons
from lung tissues [6,9], which can be described as the dust toxicity [7,
10]. The generation of eOH radicals has also been linked to CWP
[11-13], which remains a major issue in the coal mining industry,
especially in central Appalachia [2, 4, 14]. Biological responses and
toxicity of dust depend on its physical and chemical properties, making
it essential to study coal dust components [7,10].

Quartz (SiO3) is a major mineral component in coal dust [7,15]. It is
well established that intensive exposure to quartz dust can lead to res-
piratory and autoimmune diseases including silicosis, rheumatoid
arthritis, and lupus [16-19]. Excessive exposure to quartz has been
identified as the primary cause of the resurgence in pneumoconiosis [ 20,
21]. An analysis of federal dust monitoring data from 1982 to 2017
shows that respirable quartz levels in mines in central Appalachia have
consistently exceeded permissible exposure limits [22,23]. This has
contributed to an increased prevalence of silicosis-related lesions in
miners [24,25]. Furthermore, pathological studies of miners with severe
forms of CWP, such as rapidly progressive pneumoconiosis (RPP) [26]
and progressive massive fibrosis (PMF) [27], have highlighted features
of accelerated silicosis and mixed-dust pneumoconiosis [21]. These
findings indicate a more aggressive disease process than traditional CWP
[2]. The new rule by the Mine Safety and Health Administration (MSHA)
limits quartz dust exposure to 0.05 mg/m? (8-h time-weighted average
concentration). This regulation indicates the maximum concentration of
quartz dust that a worker can be exposed to for up to a 10-h workday
during a 40-h workweek [28,29].

Quartz dust can also promote lung cancer [30,31]. The International
Agency for Research on Cancer (IARC) [32] has classified quartz and
cristobalite (a polymorph of crystalline silica) as Group 1 carcinogens,
meaning that there is sufficient evidence that they cause cancer in
humans. Experimental in vitro studies have shown that quartz dust
exposure can damage cell membranes and DNA in alveolar macrophages
[33], form ROS in lung epithelial cells, and release inflammatory cyto-
kines [34]. According to IARC [32], the carcinogenicity and biological
activity of crystalline silica may depend on the type of silica or on other
factors including crystal defects, chemical functionalities, and associa-
tion with other substances. The exact mechanism of ¢OH production on
the quartz surface is not fully understood, but there are proposed
mechanisms, including through the formation of SiOe radicals from
disorganized silanol groups (Si-OH) on the freshly fractured quartz
[35-37], in a dry oxygen environment [18,38], and through mechanical
fracturing, which disrupts the arrangement of non-radical moieties on
the surface leading to cellular toxicity [39,40]. Studies by Sarver et al
[2, 41-44] showed that quartz dust, primarily sourced from rock strata
drilled for roof bolting or mined alongside coal, poses significant health
risks, especially in thin-seam mining operations common in Central
Appalachia. The finer silica particles identified near drilling and cutting
activities exhibit higher surface reactivity, penetrating deeper into the
lungs.

Much of the occupational exposure to quartz dust involves mixed
dusts, such as coal dust, where the quartz surface might be altered by the
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presence of substances like coal, clays, iron, or aluminum [45]. Coal dust
from various locations within a single mine such as the coal seam, rock
dust, floor, and roof sources can exhibit different surface areas with
distinct physicochemical properties and varying levels of toxicity [46].
The synergistic effects of transition metallic elements with quartz par-
ticles have been linked to high lung cancer mortality, which may be due
to the enhanced carcinogenic activity of quartz dust in the presence of
these elements [47]. This underscores the need to investigate the surface
chemistry properties and eOH generation of quartz from various coals,
which have not yet been investigated or compared in prior research.
Additionally, the effects of solution pH and atmospheric surface aging on
quartz particles, which could further influence their surface chemistry
and health impacts, remain underexplored areas.

In this study, quartz was evaluated as a component of respirable coal
dust. The generation of ¢OH by quartz particles can be directly related to
their surface oxidation. Hence, it can be hypothesized that preventing or
minimizing surface oxidation of quartz dust could lead to a reduction or
elimination of eOH production in biological environments. To test this
hypothesis, the surface chemistry of quartz was assessed with the aim of
reducing eOH generation by applying various non-hazardous chemical
additives as surface-modifying agents to both freshly generated and
aged quartz dust particles. Tests were performed using deionized (DI,
18.2 MQ-cm) water, tap water, process plant water (to simulate the
water used in mine dust sprays), and simulated lung fluid (SLF) to assess
the impact of ions on eOH generation. Combining the predictive power
of ab initio molecular dynamics (AIMD) simulations with experimental
observations is highly valuable for assessing surface chemistry and
interfacial interactions. In this study, AIMD simulations based on density
functional theory (DFT) were conducted to gain insights into atomic-
level interactions on the quartz surface.

2. Materials and methods
2.1. Sample collection and preparation

Bulk samples of spiral refuse (-16M+100 M) were obtained from
three coal preparation plants. They represented a High Volatile A Bitu-
minous (HVAb) from Upper Freeport and Upper Kittanning seam coals,
Medium Volatile Bituminous (MVb) from Lower Kittanning, Brookville,
and Upper Kittanning seam coals, and Low Volatile Bituminous (LVb)
from Upper Kittanning and minor amounts of Upper Freeport seam
coals. The spiral refuse samples were processed on a laboratory
concentrating table in the Penn State Mineral Processing Laboratory to
provide a middling sample that contained quartz and a heavy fraction
containing pyrite. Optical microscope photographs of the middling/
refuse samples acquired under ambient conditions indicated that quartz
particles in the samples are fully liberated, as shown in Fig. S-1-a. With
such liberation and the coarse size, we were able to handpick sufficient
quartz particles using laboratory thumb forceps, as shown in Fig. S-1-b.
The obtained quartz samples were subjected to mineralogical phase
identification characterizations using the X-ray powder diffraction
(XRD) method.

Quartz dust samples were prepared using a Rocklabs® benchtop ring
mill, equipped with a chrome alloy and tungsten carbide grinding bowl
and media, as illustrated in Fig. S-2. For each batch, one gram of pul-
verized sample with an initial dgog of approximately 250 um was used.
The total grinding duration for each batch was 25 min, divided into 5-
min intervals, with a 1-min cooling period between intervals to pre-
vent the grinding bowl and media from overheating.

2.2. Chemicals

To investigate the effect of chemical additives in eliminating or
reducing the toxicity (generation of eOH) of the quartz dust particles,
nine non-hazardous chemical additives were examined. The chemical
additives were selected based on their diverse mechanisms of action and
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Table 1
Details of the chemical reagents examined in the current study.

Chemical Category Concentrations (mol.
L
Octanohydroxamic acid (OHA) Chelating agent 1.40 x 1073
2.80 x 1072
Carboxy methy] cellulose (CMC) Polyanionic 0.76 x 1073
polymer 1.53x 1072
Hydroxypropyl cellulose (HPC) Nonionic polymer 0.62x107°
1.24x10°°
Poly(1-vinylpyrrolidone) (PVP) Nonionic polymer 1.25x107°
2.50 x 107°
Commercial Dust Suppressant A Dust suppressant 0.10 vol%
(CDS-A) 0.20 vol%
Commercial Dust Suppressant B Dust suppressant 0.10 vol%
(CDS-B) 0.20 vol%
Polyethylene glycol (PEG) Nonionic polymer 1.95 x107*
3.90 x 107
Commercial Dust Suppressant C Dust suppressant 1.00 vol%
(CDS-C) 2.00 vol%
Commercial Dust Suppressant D Dust suppressant 0.15 vol%
(CDS-D) 0.30 vol%
Table 2
Composition of the simulated lung fluid used in this study.
Chemical CAS
Sodium bicarbonate 144-55-8
Sodium acetate 127-09-3
Calcium chloride dihydrate 10,035-04-8
Potassium chloride 7440-09-7
Magnesium chloride 7786-30-3
Sodium Sulphate 7757-82-6
Sodium chloride 7440-23-5
Sodium citrate dihydrate 6132-04-3
Disodium hydrogen phosphate (Na,HPO4) 7558-79-4
Deionized water 7732-18-5

potential to interact with the quartz surface. Specifically, additives with
capabilities for polymer coating, metal chelation, and effects of com-
mercial suppressants were selected because literature review and pre-
liminary experiments indicated that these mechanisms might effectively
reduce the generation of eOH radicals by quartz particles. The tested
chemicals include octanohydroxamic acid (OHA), carboxy methyl cel-
lulose (CMC), hydroxy propyl cellulose (HPC), poly(1-vinylpyrrolidone)
(PVP), polyethylene glycol (PEG), and four commercial dust suppres-
sants with assigned code names of CDS-A, CDS-B, CDS-C, and CDS-D.
Details and the examined dosages of these chemicals are listed in
Table 1. For each additive, two dosages were tested: a low dosage (D7)
and a high dosage (D3). The initial dosage for each reagent was deter-
mined from both literature sources and preliminary trials, with careful
consideration of occupational exposure limits based on the Workplace
Environmental Exposure Levels (WEELs)™, as specified in the respective
safety datasheets. These chemicals were primarily tested in DI water and
the promising candidates for each dust sample were also evaluated in
process water, tap water, and SLF.

2.3. Characterization

2.3.1. Particle size analysis

For particle size distributions (PSD) analysis of quartz dust samples,
0.1 g of the sample was first thoroughly mixed in a 10 mL glass beaker
containing DI water, using a magnetic stirrer. A small portion of the
resulting suspension was then transferred into the sample dispersion
unit of a Malvern Panalytical Mastersizer 3000 laser diffraction analyzer
using a micropipette. The dispersion unit was operated under controlled
conditions to prevent particle settling and agglomeration. Three repli-
cate measurements were performed to ensure reproducibility, and the
average PSD was reported.
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2.3.2. Elemental characterization

Inductively coupled plasma (ICP) mass spectroscopy was used to
analyze the elemental compositions of the quartz samples and both tap
water and process water. The SLF solution used in this study was ob-
tained from Biochemazone™ (Alberta, Canada), with its composition
listed in Table 2.

2.3.3. Surface area analysis

Surface area is a key surface chemistry property of respirable dust
particles, significantly affecting their reactivity, oxidation rate, and in-
teractions with lung tissues. For coal-quartz dust samples, the Bru-
nauer-Emmett-Teller (BET) method using nitrogen gas as the
adsorptive was used. The analysis was carried out over 125 min at a bath
temperature of 77.35K, with a relative pressure (p/p°) between 0.05
and 0.25. The absolute pressure ranged from 5.47 kPa to 24.39 kPa,
while the adsorbed quantity varied between 0.05mmol/g and
0.08 mmol/g at a saturation pressure of 97.78 kPa. Automatic degassing
was utilized throughout the process.

2.3.4. Electrokinetic measurements

Zeta potential, which measures the effective electric surface charge,
helps predict interactions between particles and reagents, as well as
between particles themselves. This leads to various interfacial phe-
nomena, such as reagent adsorption, film formation, and surface coating
[48]. Particle zeta potential reveals the fundamental mechanisms
behind various experimental observations. In this study, the zeta po-
tentials of coal-quartz samples were measured across different solution
pH levels. Details of the experimental procedure are provided in the
supplementary material.

2.3.5. FTIR and XPS analysis

Fourier Transform Infrared (FTIR) spectroscopy using a Bruker®
VERTEX 70 was utilized to analyze the surface functional groups of
untreated and treated quartz dust particles. Randomly chosen dried
quartz samples were used for this characterization. The IR spectra were
recorded in the range of 4000-500 cm™ with a resolution of 4cm™.
Each spectrum was obtained by averaging 32 scans to enhance the
signal-to-noise ratio. The data were processed and evaluated using
OPUS® spectroscopy software. Background spectra were collected and
subtracted to correct for atmospheric interference and instrument noise.
Pure gold was used as the reference for reflectance measurements to
ensure accuracy and consistency. To minimize atmospheric interference,
carbon dioxide gas was gently injected into the measurement chamber,
purging the system. The instrument was cooled with liquid nitrogen to
maintain optimal operating conditions, and the chamber was kept at a
controlled temperature of 25 °C for stable measurements.

To determine and quantify the surface elemental compositions of
both untreated and treated samples, x-ray photoelectron spectroscopy
(XPS) analysis was performed. Before XPS analysis, the quartz powder
samples were thoroughly rinsed with deionized water and left in a
desiccator under partial vacuum for overnight soft drying. Detailed XPS
procedures can be found in the supplementary material.

2.4. Fluorescence quantification of hydroxyl radicals

Fluorescence spectroscopy was utilized to measure eOH radicals
released from the surface of quartz particles in aqueous solutions with
varying qualities and pH. Terephthalic acid (CgHgO4, >99 %), coumarin
(CoHeO2, >99%), and coumarin-3-carboxylic acid (CCA, C;oHgOs4,
>99 %) were examined as chemical probes for ¢OH detection [49,50].
CCA proved to be the most effective chemical probe for detecting ¢«OH
across different pH levels in this study. In solution, CCA molecules react
with eOH to form 7-hydroxycoumarin-3-carboxylic acid (7-OHCCA)
[50]. This compound is a fluorescent molecule with a distinct emission
peak at Aepm, = 445nm. The fluorescence signal intensity is directly
proportional to the concentration of 7-OHCCA and the amount of «OH
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Fig. 1. Particle size distribution of the quartz dust samples.

present in the solution [50]. A calibration curve was created by pre-
paring a series of standard 7-OHCCA solutions at different concentra-
tions and transferring them into 3-mL standard polystyrene cuvettes.
The fluorescence emission spectrum for each sample was recorded using
a Shimadzu RF-6000 spectrofluorometer, with a scan speed of
200 nm/min, covering a wavelength range from 350 nm to 600 nm at
5 nm intervals, with an excitation wavelength of Ax = 387nm. The
excitation and emission bandwidths were set to 3.0 nm and 1.0 nm,
respectively, and all measurements were performed in the instrument’s
high-sensitivity mode. This spectrofluorometer is capable of detecting
concentrations as low as 1 x 107! ® mol/L with a signal-to-noise ratio of
1000:1 RMS (root mean square). The recorded intensity values were
then plotted against the concentrations of the standard 7-OHCCA solu-
tions in mol/L. A linear trend line was fitted to the data, establishing the
relationship between fluorescence intensity and 7-OHCCA concentra-
tion, as shown in Fig. S-3. The detailed experimental procedure for ¢OH
quantification is provided in the supplementary material.

2.5. Atomistic simulations

As the starting point for the atomistic simulations, a primitive cell of
quartz was obtained from the Materials Project database, as shown in
Fig. S-5-a [51]. The quartz primitive cell was fully relaxed (in terms of
ion positions, cell size, and cell shape) using a cut-off energy of 400 eV
and a k-points grid of 6 x 6 x 6. The fully-relaxed unit cell was then
employed to generate a 2 x 2 x 1 slab, as shown in Fig. S-5-b. The ob-
tained slab was then fully relaxed and was used to produce a (001)
surface of quartz, since it is the most exposed, stable surface for the
mineral [52]. The employed quartz structure has a trigonal crystal sys-
tem in the space group P3_221, with lattice parameters of a = b = 4.92 A
and ¢ = 5.43 A with « = =90 and y = 120 [51, 53]. In the crystal
structure of quartz, Si** is bonded to four equivalent O* atoms to form
corner-sharing SiOs tetrahedra. There are two shorter (1.61 A) and two
longer (1.62 A) Si-O bond lengths. Each 0> atom is bonded in a bent
geometry at 150 degrees to two equivalent Si** atoms [51]. Detailed
protocols for DFT computations, AIMD simulations, and energy and
charge calculations are provided in the supplementary material. All the
ab initio computations and simulations were performed using the Vienna
Ab initio Simulation Package (VASP) version 6.3 [54].

3. Results and discussion
3.1. Particle size, mineralogical, and elemental characterizations

The PSD results of the produced dust samples are shown in Fig. 1. As
shown, the dgg of the obtained quartz dust samples is below 10 ym, the
target particle size range for respirable dust. The XRD diffractograms are
presented in Fig. 2, which confirmed the purity of the quartz samples.
The elemental compositions of the quartz samples, and both tap water
and process water are presented in Table 3 and Table 4, respectively.
MVb quartz showed significantly higher levels of metal ions such as Fe,
Al, Mg, K, Mn, Cu, Ni, Zn, and Cr compared to the other quartz samples.
Process water had a higher concentration of Ca than tap water, while
differences in other metal ion concentrations were present but minimal.

3.2. Effect of pH on eOH generation of quartz particles

Inhaled dust can alter the pH of biological fluids, significantly
influencing particle-induced eOH formation as well as the dissolution
and uptake of toxic dust constituents [55]. The impact of solution pH on
eOH generation by coal-quartz particles was studied to understand how
pH variations affect the reactivity and potential toxicity of the quartz
samples. From Table 5, identical to all test cases, the generation of ¢OH
on the bare quartz surface is more remarkable under the alkaline con-
dition (pH 12) compared to the neutral and acidic conditions. The
reason for this observation can be explained by the surface protonation
of quartz at different solution pH conditions. In acidic conditions, high
concentrations of H* ions lead to the formation of Si-OH:*, making the
surface positively charged. At neutral pH, silanol groups primarily exist
as Si-OH, rendering the surface relatively neutral. Conversely, in basic
conditions, the abundance of OH™ ions results in the deprotonation of
silanol groups to Si-O, giving the surface a negative charge [56, 57].
Further discussion on the effects of solution pH on surface charge, based
on electrokinetic measurements, will follow in Section 3.4. The me-
chanical fracture of quartz crystals results in the breaking of Si-O-Si
bonds, which connect the SiO4 tetrahedra. This results in the formation
of surface Sie and SiOe radicals [17]. By formulating the freshly cleaved
(001) a-quartz surface hydroxylation in the presence of water molecules
(Rxns. 1-3), it is seen that the availability of surface Si-Oe radicals is
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Fig. 2. X-ray powder diffractograms of Anthracite, LVb, MVb, and HVAb quartz samples.

favorable for the generation of silanol groups on the surface, which ul-
timately catalyzes the production of ¢OH and hydrogen peroxide [37].

= SiO e + H,0— = SiOH + e OH (@9)
= SiO e + ¢ OH— = SiOOH 2
= SiOOH+H,0— =Si0e +H,0, 3)

3.3. Effect of chemical additives on eOH generation of quartz particles

The effects of various chemical additives were assessed on the ¢OH
generation of anthracite, LVb, MVb, and HVAb coal-quartz samples
under different solution pH conditions. The results for the various
chemicals are presented in Table 5, where each recorded eOH concen-
tration represents the average of three replicate tests. In the following

sections, the impact of chemical treatment on the generation of eOH
radicals on the surfaces of various quartz samples under different solu-
tion pH conditions are summarized, compared, and discussed.

OHA was tested at the two concentrations of 1.4 x 10”3 and
2.8 x 1072 mol.L 1. As shown in Table 5, in the case of the anthracite
quartz, OHA exhibits a notable potential for the reduction of the quartz
dust eOH generation at pH 12 at a concentration of 2.8 x 10> mol. L™%;
while it is not effective at neutral and acidic conditions. Moreover, the
LVb, MVb, and HVAD quartz dust samples exhibit a higher ¢OH gener-
ation in aqueous media as compared to the anthracite quartz in their
bare form. However, the OHA-treated LVb, MVb, and HVAb quartz
samples exhibit a lower eOH generation compared to the anthracite
quartz at the various solution pH. This could be explained by the
possible presence of iron (Fe?™/3%) as an impurity in the matrix of the
LVb, MVb, and HVAD quartz samples, which can enhance the generation
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Table 3
Concentration of main metal/ non-metal elements of the various quartz samples
obtained from ICP-MS.

Element Anthracite LVb MVb HVAb

Fe 0.53 (wt%) 0.71 (wt%) 2.30 (Wt%) 1.03 (wt%)
Al 0.16 0.20 0.40 0.16

Ca 807.00 (ppm) 578.00 (ppm) 773.00 (ppm) 734.00 (ppm)
Mg 50.00 59.00 323.00 53.00

Na 301.00 300.00 305.00 303.00

K 169.00 171.00 1001.00 144.00

Mn 14.00 15.00 113.00 17.00

Cu 4.00 7.00 30.00 11.00

Ni 13.00 16.00 77.00 26.00

Zn 20.00 20.00 30.00 22.00

P 93.00 92.00 89.00 91.00

Ti 109.00 111.00 141.00 106.00

Cr 322.00 348.00 1850.00 444.00

of eOH through a Fenton-like reaction, according to Rxn. 4 [60, 61].

Fe’* +H,0, — Fe**4+ eOH+ OH &)

Contamination of the coal-quartz with trace levels of iron is possible
due to the natural association of quartz with iron sulfides such as pyrite
(FeSy) in the coal deposits [60, 61]. Iron is the best-known transition
metal capable of producing oxidants through Fenton, Haber-Weiss, or
autoxidation reactions [62]. More discussion about the effects of iron
will follow later in this study. On the freshly fractured (001) surface of
a-quartz, the formation of siloxyl radicals leads to the generation of
silanol groups and e¢OH when exposed to aqueous media (Rxns. 1 and 2)
[37]. Such interactions lead to the production of hydrogen peroxide
(H202) on the surface of quartz (Rxn. 3).

Hydroxamic acid (OHA) refers to a group of reagents capable of
chelating with metallic atoms [63]. The adsorption of this reagent on
mineral surfaces is known to be a frontier—orbital—controlled reaction,
accompanied by charge transfer or covalent/coordination bond forma-
tion [64]. Considering the pK, value of OHA at ~9.5 [65], at pH 12,
OHA is present in its anionic form, while at pH 7 and 5 its protonated
form is dominant. This can begin to explain the effective adsorption of
OHA on the quartz surface at the alkaline condition, so that at pH 12 the
anionic hydroxamate moiety chelates the surface silicon (Si) atoms
preventing their role in the formation of surface silanol groups.

PEG was tested at the two concentrations of 1.95 x 10~* and
3.9 x 10"*mol.L ™. As a hydrophilic polyether compound, PEG shows a
notable potential for the reduction of quartz dust-induced ¢OH gener-
ation at the various solution pH (e.g., 85.2 % reduction at pH 7 on
average), as shown in Table 5. The results indicate that PEG is effective
at its initial dosage so that a higher dosage of the reagent does not offer a
considerable benefit. Change in surface functional groups via coating
seems to be the possible mechanism for the reduction of ¢OH on PEG-
treated quartz surface [66]. The effectiveness of PEG is also enhanced
as the solution shifts from acidic to neutral and then to basic conditions.
PVP was tested at the two concentrations of 1.25 x 10~ and 2.5 x 10~
mol.L™!. Comparing the results for the different quartz samples in
Table 5, PVP brings about an average of 88.7 % reduction in the quartz
«OH at pH 7. The higher dosage of PVP (2.5 x10~° mol. L™!) did not
offer a notable benefit at pH 7 and 12, except a slight improvement at pH
5. Like most of the tested chemicals, the effectiveness of PVP in reducing
the quartz eOH favors the solution pH increase from acidic to neutral
and basic. HPC was tested at the two concentrations of 0.62 x 107> and
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1.24 x 107> mol.L 1. HPC carries considerable potential in reducing the
quartz eOH at the various pH conditions with an average reduction of
86.2% at pH 7 at 0.62 x 107> mol. L™!. The higher dosage of HPC
(1.24 x10° mol.L ™) did not provide a remarkable benefit compared to
its initial dosage. The performance of HPC also favors the solution pH
elevation from acidic to neutral, and basic.

Commercial dust suppressants CDS-A and CDS-B were tested at the
two dosages of 0.1 and 0.2 vol%. CDS-A, a synthesized blend of alkanes
and alkylated organic compounds, offers a promising potential for the
reduction of the quartz dust ¢OH at various solution pH especially at pH
7 and 12, as presented in Table 5. The optimum effective dosage for this
chemical compound was found to be 0.2 vol%, at which CDS-A causes an
average of 86.7 % reduction in the generation of ¢OH at pH 7. It is also
evident that the effectiveness of this compound increases as the solution
shifts from acidic to neutral and then to basic conditions. Treatment of
quartz dust samples with CDS-B dust suppressant resulted in an average
of 85.3 % reduction in their ¢OH at pH 7 at 0.1 vol% concentration. The
effectiveness of the chemical compound enhances with an increase in
solution pH.

Commercial dust suppressant CDS-C was tested at the two dosages of
1.0 and 2.0 vol%. The results in Table 5 indicate that this compound
brings about a slight reduction in the quartz ¢OH at pH 5 and 7 using
both 1 vol% and 2 vol% concentrations. A remarkable reduction in the
generation of eOH is obvious under the alkaline condition especially at
2 vol% concentration. Moreover, this reagent offers a similar and better
performance at pH 5 in the cases of the anthracite and HVADb quartz
samples, compared to the LVb and MVb samples. However, a similarly
better performance is evident at pH 7 in the cases of the anthracite, MVb,
and HVAD quartz at 2 vol% concentration with an average of 83.64 %
reduction in the ¢OH production.

Interestingly, as can be seen from Table 5 for CDS-A, -B, and -C
commercial dust suppressants and PEG, the LVb quartz behaves differ-
ently in terms of inducing the production of ¢OH at pH 5 and 7 in its
treated form compared to the three other quartz samples. This is not the
case for the OHA-treated LVb quartz, which was discussed earlier. Such
a discrepancy could be due to the presence of iron, which when treated
with OHA, helps further reduce eOH generation through mediating the
interaction of OHA molecules with the mineral surface (as a metal
chelator). Otherwise, iron contributes to the enhanced eOH generation
of the LVb quartz (Rxn. 4). Such an observation reveals that the presence
of a metal-chelating ingredient in the composition of the chemical
candidates does play an important role in their capability to suppress the
contribution of iron to the ¢OH generation of the quartz.

Commercial dust suppressant CDS-D was also tested at the two
dosages of 0.15 and 0.30 vol%. The results in Table 5 indicate that this
compound does not show an effective performance at pH 5 and 7, while
at pH 12 a remarkable reduction in eOH content is evident. This
chemical compound offers an average of 65.5 % reduction in the ¢OH of
the various quartz samples at pH 7. Moreover, comparing the results
corresponding to the quartz samples treated with CDS-D at various so-
lution pH, it is seen that moving from the anthracite quartz towards the
LVb, MVb, and HVAb quartz, the effectiveness of the reagent drops
significantly at pH 7 as well as for most cases at pH 5. The optimum
effective concentration for this chemical compound was found to be
0.15 vol%. It is also worth noting that for the commercial dust sup-
pressants evaluated in this study, no information is available with
regards to their chemical composition, molecular weight, density, etc.
Therefore, we were not able to further elaborate on the mechanisms of

Table 4
Concentration of main metal/ metalloid elements of the tap water and process water samples obtained from ICP-MS.
Water Distribution of main elements (ppm)
Fe Ca Mg B K Sr Cu Si Zn
Process 0.08 259.10 14.40 2.00 12.20 4.00 0.00 6.00 0.00
Tap 0.02 36.80 16.00 0.80 1.00 0.00 0.25 3.00 0.30




Table 5

Chemical additive test matrix for the quartz samples associated with coals of various ranks.

Quartz pH  Hydroxyl radical concentration (10~° mol.L™%, 95 % CI)
Bare OHA PEG PVP HPC CMC CDS-A CDS-B CDS-C CDS-D
D, Dy D, Do D, Dy D, Dy D, Do D, Dy D, Dy D, Dy D, D,
Anthracite 5 48.5 45.0 33.9 16.4 17.0 20.2 17.8 25.0 16.2 6.6 5.8 20.6 17.8 20.6 16.4 31.5 33.9 28.4 15.8
+ 5.2 + 4.7 + 3.5 + 2.9 + 3.5 + 2.9 + 3.2 + 3.4 +29 +1.9 +2.2 + 2.9 + 3.4 + 3.2 + 3.4 + 6.4 + 5.9 + 3.7 + 2.4
7 65.4 63.3 58.7 10.3 9.1 8.2 8.2 13.2 9.8 6.2 6.2 10.6 9.0 7.9 6.2 23.6 15.2 12.2 12.0
+6.7 +6.7 +5.7 +1.7 +1.5 +2.2 +24 +3.4 +27 +1.9 +1.7 +4.7 +3.4 +22 +1.9 +4.7 + 3.4 +4.2 + 4.4
12 1562.0 121.0 26.0 20.6 9.1 4.8 4.4 5.0 4.4 9.2 9.0 4.7 4.2 4.0 5.2 41.2 21.2 4.2 4.0
+ 47.2 +29.8 +3.9 + 4.4 +1.7 +1.2 +1.5 +1.9 +22 +2.7 +24 +1.9 +22 +1.4 +1.9 +8.4 + 4.9 +1.7 +2.2
LVb 5 56.6 28.6 23.2 32.8 25.4 29.8 22.6 32.6 22.6 7.2 6.8 37.2 28.6 36.2 27.4 52.6 48.6 38.6 29.6
+5.9 + 3.7 + 3.4 +5.7 + 4.5 + 4.4 + 3.7 + 4.7 +5.2 +1.9 +22 +5.5 +4.7 +4.2 +3.4 +9.4 + 8.6 +6.7 + 4.4
7 74.8 14.0 12.0 19.8 13.6 10.2 9.0 14.2 13.2 6.8 5.8 21.4 14.8 20.8 15.4 60.2 55.4 17.4 16.2
+9.2 +2.7 +25 + 4.2 +27 +1.9 +27 + 3.4 +3.9 +1.9 +1.9 +3.9 + 2.7 + 4.4 +3.2 +10.4 + 9.6 +3.2 +4.7
12 1588.0 92.3 10.2 9.4 4.2 9.4 9.4 9.6 9.0 9.2 9.2 10.2 4.6 11.2 3.8 102.8 15.2 19.0 10.8
+ 44.7 + 14.4 + 3.2 +1.2 +1.5 + 2.2 +1.9 + 2.5 +29 + 2.4 +2.2 + 3.2 +2.2 + 2.4 + 1.4 +13.1 + 4.7 +29 +1.9
MVb 5 64.4 21.3 14.1 19.2 15.0 18.9 16.5 21.9 18.9 6.4 6.2 24.9 19.2 18.6 16.2 63.9 38.1 37.6 31.1
+ 5.9 + 3.4 +22 +4.2 + 3.2 + 3.9 +29 + 4.5 +5.2 +1.7 +19 + 4.4 +5.2 +5.2 + 3.2 +10.7 +7.1 +6.2 +6.9
7 96.6 7.2 6.3 8.1 6.9 9.3 7.2 7.9 6.8 7.0 6.6 8.1 7.2 8.1 7.5 14.1 13.2 42.0 40.8
+ 8.9 +2.0 +1.7 +22 +1.2 +1.9 +1.9 +2.2 +1.2 +1.9 +22 +1.7 +22 +2.2 +1.9 +29 +2.7 +9.1 +7.9
12 1682.0 65.1 13.8 14.1 14.1 15.6 12.6 14.7 14.4 9.6 9.6 13.8 13.5 13.8 14.1 15.3 15.6 15.0 15.0
+57.1 +10.7 +29 +2.9 + 2.7 +2.9 + 3.4 + 4.2 +3.2 + 2.7 +2.4 + 29 +4.2 + 29 + 4.2 +22 + 2.7 +29 + 2.7
HVADb 5 59.8 20.0 18.8 15.2 13.2 17.0 14.2 21.4 18.6 7.8 6.8 33.2 22.0 25.8 21.0 42.2 27.0 36.8 34.2
+77 + 4.0 + 4.2 + 3.4 +22 + 4.7 +3.2 + 4.5 +3.2 +29 +2.2 +7.6 + 4.2 +4.9 +3.7 +6.4 + 4.4 +72 + 6.4
7 89.5 8.6 7.4 7.8 7.5 8.3 7.5 7.1 6.0 10.0 7.0 12.5 10.8 9.5 8.7 11.5 10.9 47.0 44.2
+10.4 +22 +1.9 +1.4 +1.5 +2.2 +27 +2.7 +29 +2.9 +27 +3.7 +3.2 +2.7 + 2.4 +24 +2.9 +7.6 +7.4
12 1625.0 74.2 17.6 9.2 9.2 8.6 8.2 9.2 8.4 10.4 9.2 9.6 9.6 10.9 8.6 20.6 13.6 10.2 10.2
+52.1 +129 + 3.9 +1.7 +1.4 +1.9 +1.7 +22 +2.4 +3.2 +3.2 + 2.7 +2.2 +22 +1.7 + 3.4 + 3.9 +2.4 + 2.4

PIOULy °[°d pup nojuvysy 'y

£48L€1 (S20T) 06% SIPLIDI SNOP.DZDH fo [pwimnof



A. Eskanlou and B.J. Arnold

Table 6

Journal of Hazardous Materials 490 (2025) 137873

Effect of aqueous solution quality and composition on the quartz ¢OH in bare and CMC/OHA-treated forms; pH 7-8.

Quartz  eOH concentration (10~° mol. L™, + 95 % CI)
DW ™ PW SLF
Bare CMC OHA Bare CMC OHA Bare CMC OHA Bare CMC OHA
Anth.  654+67  62+20 587+57 544+89  46+25 320+28 18.0+54 88+22 11.8+22 166+47 58+17 7.0+27
LVb 748+92  68+19  120+25 587+104 61+20 120+19 192+67 82+27 100+27 162+34 53+25 62+24
MVb 9.6 +89 70+18 63+17 678+97 86+30 98+15 254+59 84+27 82+22 184+47 58+22 7.2+24
HVAb  895+104 10.0+29 7.4+19  692+102 92+24 78+09 241+77 98+24 88+27 168+29 88+22 88+32
interactions of these chemical reagents with the mineral dust surface.
In the current research, the potential of CMC (used as its sodium salt) 10 ' '
was also evaluated as a chemical additive to reduce/inhibit the quartz )
dust eOH. CMC was evaluated at the two concentrations of 0.76 x 10> 0: —=&— Anthracite quartz .
and 1.52 x 1072 mol.L™L. The results in Table 5 indicate that CMC is : ;\\I/ib quatrtz
remarkably effective in inhibiting the quartz ¢OH at various pH condi- . -10 . 1Vb qii?:zz )
tions. At pH 7, the quartz ¢OH is reduced by ~91 % when treated with >
0.76 x 1072 mol.L ™! of CMC. CMC exhibits a consistent effectiveness at E 20}
the various solution acidity so that the elevation of pH does not notably E
affect its performance in reducing the quartz ¢OH. Compared to the § =30
other chemical additives examined in the current research, CMC showed 2
the highest effectiveness in inhibiting the quartz dust ¢OH. Also, CMC is £ a0}
effective on all the four different coal-quartz samples investigated in the N
current study. This indicates that the possible difference between the 50 | .
various quartz samples with regards to the trace-level presence of
certain metal ions, such as Fe?*/3% in their matrix, does not influence the 60 - y
capability of CMC in suppressing the ¢OH generation. p
Based on the elemental compositions of the different quartz samples 70 ‘ ‘ ) ‘ r
in Table 3, MVb quartz contains significantly higher amounts of certain 2 4 6 8 10 12

metal ions in comparison to the other quartz samples. This is in con-
formity with the highest ¢OH generation induced by MVb quartz at
various solution pH in comparison to the other quartz samples. This
confirms the importance of certain metal ions (present as impurity) in
the generation of eOH by quartz dust.

To summarize, the results in Table 5 demonstrate that eOH genera-
tion of coal-quartz samples is influenced by both their composition,
particularly the presence of metals like iron, and the solution pH. The
study identified key chemical additives, such as CMC, that effectively
inhibit quartz eOH generation and potentially reduce its toxicity across
all samples and pH levels. Some commercial dust suppressants were also
effective in reducing eOH generation, especially under alkaline condi-
tions, though performance varied across different quartz samples.

Different aqueous solutions, i.e., tap water (TW, pH 7.8), process
water (PW, pH 8), and SLF (pH 7.4) were also evaluated for the quartz
samples in their bare form and treated with CMC (0.76 x 1073 mol.L™H)
and OHA (2.8 x10 2 mol. L) using the fluorescence values for eOH.
The results were compared with those obtained using DI water (DW) to
investigate how the quality and composition of aqueous media affect the
surface-coating capability of CMC and metal-chelating capability of the
hydroxamic acid on the quartz surface. As shown in Table 6, for all
quartz samples, the generation of eOH in various aqueous media fol-
lowed the sequence: DW > TW > PW > SLF. The varying quality and
composition of the aqueous media did not remarkably affect the effec-
tiveness of CMC in reducing the quartz dust eOH.

The results indicate that the varying quality and composition of the
aqueous media remarkably affects the effectiveness of OHA in reducing
the anthracite quartz dust ¢OH. However, in the cases of the LVb, MVb,
and HVAD quartz samples, the varying solution quality and composition
do not notably affect the quartz—OHA interaction while slight differ-
ences are evident. This might be because the iron in the matrix of these
quartz samples outcompetes the other metal ions present in TW, PW, and
SLF solutions in mediating the OHA—quartz interaction through acti-
vating the quartz surface (i.e., being a more favorable hydrolyzed metal
ion to adsorb on the quartz surface) [63, 67]. In other words, this can
also be explained by the possible higher affinity of OHA for Fe?*/3* ions

pH

Fig. 3. Zeta potential of the quartz samples as a function of solution pH (STD
< 2mV).

in solution as compared to the other metal ions. Moreover, the ¢«OH
inhibiting capability of OHA on the quartz surface is improved for the
cases of the LVb, MVb, and HVAb quartz as opposed to anthracite quartz
in tap water as well as in DI water. The capability of OHA does not vary
significantly in the process water and SLF when comparing the corre-
sponding cases of the four different quartz samples.

3.4. Surface characterization

3.4.1. Surface area analysis

The BET results were identical for the different coal-quartz dust
samples, indicating a specific surface area of 4.5 m?/g with a pore size
and volume of 11.8 A and 0.001 cm® /g, respectively.

3.4.2. Electrokinetic measurements

The variation in zeta potential with solution pH for different coal-
quartz samples in DI water is illustrated in Fig. 3. The isoelectric point
(IEP) for quartz is observed around pH 2, indicating that quartz surfaces
are typically negatively charged in biological environments (pH 7.4),
which may contribute to disease development [56, 68]. In an aqueous
environment, the Sie and SiOe radicals on the freshly fractured quartz
surface tend to form silanol groups [69]. The silanol groups, due to their
Brgnsted acidity, play a crucial role in the quartz surface charge devel-
opment by either accepting or donating protons (H" ions) depending on
the pH of the surrounding medium [56]. At low pH, silanol groups tend
to accept protons, leaving the quartz surface with a positive charge
(SiOH3). At alkaline pH, silanol groups donate protons, resulting in a
negatively charged surface (SiO") [57].

The point zeta potentials were measured for the quartz samples in
the different aqueous solutions (TW, PW, and SLF). The point mea-
surements were conducted at the original pH of the solutions with no pH
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Fig. 4. Zeta potentials of various quartz samples in different aqueous solutions with original pH of 7-8. Error bars indicate 95 % confidence interval.
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Fig. 5. Zeta potentials of bare and CMC- and OHA-treated anthracite quartz
samples as a function of solution pH (CMC: 0.76 x10~> mol.L ™!, OHA:
2.8 X107 mol.L ™).

adjustment (see Fig. 4; error bars indicate 95 % confidence interval).
These values were compared with the results using DI water at pH ~7.6.
For all quartz samples, the surface charge negativity, as indicated by
zeta potential values, decreases in the sequence: DW > TW > PW > SLF.
Among the tested quartz samples, anthracite quartz showed the least
negative surface charge compared to the other quartz samples, which
showed a similar surface charge in the different solutions. Comparing
these results with the corresponding eOH values in Table 6, it can be
inferred that there is a direct relationship between the negativity of the
quartz surface charge, and its potential for generation of ¢OH. In other
words, a more negative quartz surface allows production of more ¢OH,
under the conditions of the current study. From Table 6, quartz-induced
eOH in TW is higher than in PW. This might be due to the higher Ca
content of PW compared to TW, which may help mask the quartz surface
siloxyl radicals leading to a less negative quartz surface and, therefore, a

T T T T
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Fig. 6. IR spectrum of the bare and CMC/ OHA -treated anthracite quartz
samples (CMC: 0.76 %1073 mol.L’l, OHA: 2.8 x10~2 mol.L™ ).

reduced generation of eOH.

Additionally, zeta potential measurements were performed for
anthracite quartz samples treated with CMC (0.76 %1072 mol.L.™Y) and
OHA (2.8 x1073 mol.L 1) as a function of solution pH, and the results
compared with those for the bare quartz particles in Fig. 5. The
adsorption of CMC on the quartz surface shifts the zeta potentials of
quartz towards significantly more negative values compared to the bare
mineral. From pH around 5 to pH 12, the zeta potential of CMC-treated
quartz remains a constant negative value, which may indicate that the
effective adsorption of CMC on the quartz surface takes place at the pH
range of 2-5. The adsorption of CMC on the hydroxylated (001) a-quartz
surface may occur through the mediation (bridging) of certain metal
ions in the system, e.g., Na®, Fe?’3*) and Ca?', between the COO~
moieties of CMC and the quartz surface. Except at pH 2 and pH 9, the
adsorption of OHA on the quartz surface results in a slightly more
negative zeta potential over the range in pH compared to the bare
mineral. The sharp change in the behavior of OHA on the quartz surface
at pH ~9 could be due to the pK, of this reagent occurring at ~9.5.
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Fig. 7. XPS survey spectrums of the bare and CMC-treated quartz samples
(CMC: 0.76 x1072 mol.L ™}, OHA: 2.8 x10~3 mol.L™1).

3.4.3. FTIR analysis

To further understand the behavior of the quartz surfaces with CMC
and OHA reagents, FTIR spectra were obtained for selected quartz
samples. The IR spectra for the freshly ground bare, OHA- and CMC-
treated anthracite quartz samples are presented in Fig. 6. On the bare
quartz surface, the sharp IR band at 1340 cm ™! is characteristic of Si-Os.
Comparing this band for the bare and treated samples, it is evident that
because of treatment by CMC, the Si-Oe sites are masked on the quartz
surface. This is in line with the results of the eOH quantification ex-
periments for CMC-treated quartz samples; the amount of eOH diffused
by the quartz dust at various solution pH is reduced, e.g., by ~91 % at
pH 7 [70]. The adsorption of OHA and CMC (organic compounds) on the
surface of the quartz dust is further supported by the appearance of two
new IR absorption peaks between 2840 cm ™! and 3000 cm ™. These two
peaks could be assigned to the -C-H stretching [70].

3.4.4. XPS analysis

The surface compositions of the selected quartz samples were
determined using the XPS technique before and after treatment with
CMC and OHA reagents. Survey spectra, and atomic concentrations of
various elements/species on the quartz surfaces are found in Fig. 7 and
Table 7, respectively. The survey spectra show the major characteristic
peaks of the elements present on the bare and treated quartz surfaces.
The CMC-treated quartz surface is higher in organic species, e.g., C-O,
C=O0, and CHy, compared to the bare mineral, as shown in the high-
resolution Cls spectra presented in Fig. 8. On the OHA-treated sur-
face, there is a remarkable increase in the concentrations of CHy and
C=O0, while the concentrations of C-O and COO remain unchanged
compared to the bare quartz surface, as shown in Table 7 and Fig. 8. The
presence of Fe and Al ions on the bare quartz surface is evident from the
survey spectra shown in Fig. 7, which corroborates the surface atomic
compositions listed in Table 7. The amount of Fe and FeOy species on the
quartz surface decreases following CMC and OHA treatments, as
detailed in Table 7 and depicted in Fig. 9, respectively. Similarly, the
concentrations of other metal ions, including Si and Al, decrease on the
quartz surface due to these treatments.

Journal of Hazardous Materials 490 (2025) 137873

Name Pos. FWHM %Area (a)
CHx 28461 157 5505
350 c.o 28613 181 3138 CHx 1
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Fig. 8. Cls spectra for (a): bare, (b): CMC-treated, and (c): OHA-treated quartz
samples (CMC: 0.76 x10~3 mol.L ™!, OHA: 2.8 x10~3 mol.L™1).

3.5. Effect of surface aging on eOH generation by quartz particles

Freshly generated coal-quartz dust samples were spread as a thin
layer on a clean, flat surface and left in open air at room temperature for
eight hours in a laboratory environment to obtain the aged samples. The
aged samples were evaluated for their ¢OH generation in DI water at pH
7. The results are presented in Fig. 10 (error bars indicate 95 % confi-
dence interval), which show that the atmospheric surface aging results
in a slight decrease in the ¢OH generation of the quartz particles. This
agrees with various experimental studies in which freshly ground min-
eral quartz samples have shown a higher degree of toxicity than the aged
quartz samples [58, 71, 72]. The reason for this is that the availability of
surface siloxyl radicals on the surface of freshly cleaved quartz is
essential for the generation of silanol groups and ultimately ¢OH in
aqueous media [37]. However, studies involving electron paramagnetic
resonance (ESR) spectroscopy have shown that siloxyl radicals on the

Table 7

Concentration of elements and species on the surface of bare and treated coal-quartz samples (at%), CMC: 0.76 x 10~> mol.L ™!, OHA: 2.8 x 103 mol.L %,
Quartz Cr CHy C-0 Cc=0 COO0 Al Fe K Na (0] Si
Bare 8.5 4.7 2.7 0.3 0.8 4.5 1.3 0.8 - 59 26
CMC-treated 19.8 6.5 9.6 2.5 1.1 3.7 0.9 0.5 2 52 21
OHA-treated 24.3 19.3 2.7 1.2 1.0 3.7 0.7 0.7 47.1 21.6

10
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Fig. 10. Effect of surface aging on the generation of eOH by the coal-quartz
dust samples associated with coals of various ranks. Error bars indicate 95 %
confidence interval.

freshly cleaved quartz surface decay as function of time on exposure to
the atmosphere, with a half-life of about 36 h [73, 74]. The presence of
water (moisture) may accelerate this decay process [38]. In experi-
mental in vivo studies, freshly ground silicas have shown a higher degree
of toxicity than aged ones [75, 76]. Fig. 11 compares the IR spectra for

11
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Fig. 11. IR spectrum for freshly ground and aged anthracite quartz samples.

both freshly ground and aged anthracite quartz samples, in which the
disappearance of the -OH characteristic peak at 3622 cm ™" on the sur-
face of aged quartz is evident.

3.6. Atomistic simulations

The results in Table 5 indicate that quartz samples with higher iron
contamination (LVb, MVb, and HVAD) exhibit greater ¢OH production.
Interestingly, when treated with OHA at pH 7, ¢OH production of these
quartz samples is reduced by an average of 89.7 %, compared to a
10.3 % reduction for anthracite quartz, which has the lowest iron con-
tent. To better explain this contrasting effect of iron, we further inves-
tigated quartz surface interactions in the presence of iron using AIMD
simulations. First, the adsorption configuration of iron-hydroxide on the
quartz surface was simulated, followed by exposure of the iron-treated
surface to an oxygen molecule. The results of these simulations are
presented in Fig. 12. The adsorption energies calculated for various
interaction configurations are detailed in Table 8. Fig. 12-a shows that
iron in the form of Fe(OH)3 molecule adsorbs onto the hydroxylated
quartz (001) surface through the formation of a bond between the iron
atom and an oxygen atom on the surface. The energy associated with
this adsorption is —380 kJ-mol~!, and the bond length is measured at
2.0 A. In the presence of molecular oxygen (Fig. 12-b), the iron-treated
quartz surface leads to the formation of HyOy with an energy of
—264 kJ-mol ™}, and results in a deprotonated iron-treated surface, as
shown in Fig. 12-c. The produced HyO, can dissociate into eOH and
hydroxide ion (OH") in the presence of ferrous iron, following Rxn. 4
[58,59]. This explains the enhanced generation of eOH by the
coal-quartz including HVAb and MVb samples with higher content of
iron impurity.

To investigate whether the presence of iron influences the adsorption
of the hydroxamic acid molecule on the quartz surface, we compared the
adsorption energy and configuration of OHA on the bare quartz surface
with those on the iron-treated surface, as shown in Fig. 13 and Table 8.
On the bare quartz surface, OHA molecule adsorbs by establishing a
tridentate bond between a sodium cation and the two oxygen atoms and
one nitrogen atom of the hydroxamate group (Fig. 13-a). The bridging
sodium ion is adsorbed on two oxygen atoms of the quartz surface,
without substituting the corresponding surface protons. Through a
similar configuration, OHA molecule adsorbs on the two oxygen atoms
of the iron-treated quartz surface (Fig. 13-b). Comparing the adsorption
energies in Table 8, it is evident that the OHA molecule establishes
stronger and more favorable adsorption on the iron-treated (001) quartz
surface compared to the bare mineral surface. This could be explained
by the chelating affinity of hydroxamic acids towards the metallic ions
[77, 78]. A Fe-mediated surface coating of quartz particles by OHA
molecules would not only neutralize the role of Fe?*/3* itself but also
help prevent the formation of surface silanol groups via a stronger
coverage of quartz surface by the OHA molecules.
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Fig. 12. Adsorption configurations of iron-hydroxide on the (001) quartz surface, and the interaction of oxygen molecule with the iron-treated quartz surface.

Table 8
Adsorption energies for interactions of iron hydroxide, molecular oxygen, and
OHA on the quartz (001) surface.

Molecule Substrate Ads. Energy (kJ.mol ')
Fe(OH)3 (001) quartz —380
0, Fe-treated (001) quartz —264
OHA (001) quartz -75
OHA Fe-treated (001) quartz -117

The insights into chemical interactions and additive combinations
identified in this study have practical implications for coal mining op-
erations. Specifically, these findings can be applied to enhance the ef-
ficiency of dust-suppressing water sprays and improve the performance
of conventional dust control devices such as Brattice cloth and dust fil-
ters. Moreover, this research opens up the possibility of developing
tailored additive formulations that target specific coal components,
thereby reducing dust toxicity and associated health risks. Future pilot-
scale studies in operational settings are planned to validate these mea-
sures and facilitate their practical implementation in the coal mining
industry and beyond.

4. Conclusions

Prolonged exposure to quartz dust can cause severe respiratory
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diseases. In this study, quartz samples associated with coals of various
ranks were evaluated for hydroxyl radical generation in different
aqueous solutions across different pH levels. The fluorescence values
were used as a measure to quantify ¢OH concentrations. Safe chemical
additives were evaluated for their ability to inhibit ¢OH generation of
the quartz. This study offers several key insights:

e Fresh quartz surfaces favor the generation of eOH, particularly in
alkaline conditions.

e CMC in its sodium salt form significantly inhibits this ¢OH genera-

tion across various pH levels, achieving about a 91 % reduction at pH

7.

The generation of ¢OH in quartz is least observed in lung fluid (17

+ 3.9 107 mol. L™! on average), followed by process water (21.7

+ 6.5 107° mol. L™Y), tap water (62.5 + 9.8 10~° mol. L™1), and DI

water (81.6 = 8.9 10 ° mol. L™).

The negative charge on the quartz surface in different aqueous so-

lutions is directly linked to eOH generation, with the order being DI

water, tap water, process water, and lung fluid.

In all tested media, anthracite quartz exhibits the least negative

surface charge, contrasting with other quartz types.

e The exposure of coal-quartz samples to ambient air results in a slight
decrease in eOH generation over time due to the decay of surface
siloxyl radicals.
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Fig. 13. Adsorption configurations of OHA on the bare as well as on the iron-treated (001) quartz surface.

e Atomistic simulations confirm that iron catalyzes the production of
hydrogen peroxide, an essential reactant for ¢OH production, on the
quartz surface in the presence of molecular oxygen.

e Hydroxamic acid adsorption on the quartz surface is enhanced by the
presence of iron, facilitating stronger and more favorable molecular
interactions with an adsorption energy of —117 kJ.mol™!, as
demonstrated by ab initio simulations.

In summary, this study shows that eOH generation of coal-quartz
differs based on the quartz content of metal impurities including iron.
This study identifies key chemical additives, such as CMC, for effective
inhibition of quartz toxicity. Atmospheric aging gradually mitigates
eOH generation through the decay of surface siloxyl radicals.

Environmental implication

Quartz is a major component of coal and coal dust. Prolonged
exposure to quartz dust can cause severe respiratory diseases, such as
silicosis, and it is classified as a Group 1 carcinogen. Quartz is a key
factor in the resurgence of pneumoconiosis among coal miners. This
research investigates the surface chemistry of quartz samples associated
with coals of various ranks and explores surface-modifying agents to
reduce hydroxyl radical generation, thereby lowering particle toxicity.
Our findings indicate that certain additives can effectively reduce coal-
quartz toxicity, offering potential for minimizing health risks associated
with respirable quartz and coal dust exposure.
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