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Abstract: This study aimed to determine the influence of ashes produced in the combustion of hard
coal and eco-pea coal in individual household furnaces on the air quality in the region under anal-
ysis. To achieve this objective, we analysed the chemical and mineral composition of ashes, sus-
pended and respirable dusts with particular attention being paid to phases containing potentially
toxic elements (PTE) (As, Cd, Pb, Se, Ni, Ba, T1, S, Th and U), and sulphur. The research methods
used included powder X-ray diffraction, scanning electron microscopy and inductively coupled
plasma mass spectrometry. Measurements were taken for PM concentrations, total suspended par-
ticulate matter (TSP), gaseous TVOC pollutants (volatile organic compounds) and soot at various
altitudes and a mobile laboratory with measuring apparatus placed in the basket of a manned hot-
air balloon was used for the analysis. The use of Poland’s unique laboratory allowed us to obtain
real-time measurements up to an altitude of 1200 m above sea level. Measurements using un-
manned units such as drones do not enable such analyses. The research confirmed that PTE con-
centrations in ash and its mineral composition are varied. The PM10 and PM2.5 ashes are dominated
by sodium chloride, particles containing C, and a substance composed of S+C+O+N+Na. Trace
amounts of Pb and Zn sulphides are also present.

Keywords: individual domestic furnace; ash; mineral composition; potentially toxic elements;
emission of pollution; atmosphere

1. Introduction

Hard coal is used for energy generation in many countries [1-3]. In addition, a sig-
nificant quantity of resultant emissions is released during combustion into the atmos-
phere and can have negative impacts on the environment, including human health [4-6].
Hard coal is used in the commercial power sector, in the municipal sector and various
industries [7-9].

About 2.8-3 billion people use hard coal for heating and cooking meals in their
households [10,11]. Pollution from individual household furnaces emitted in the process
of hard coal combustion is not recorded. Combustion of hard coal causes emissions of
significant amounts of CO2, NOx, SOz and PM2.5 into the atmosphere, and mainly consists
of organic carbon, elemental carbon, polycyclic aromatic hydrocarbons and toxic elements
[12-16]. Combustion of hard coal in individual household furnaces is also a common prac-
tice for residential heating during the heating season in Poland. In 2018, approximately 12
million ton of hard coal was burned for this purpose [17]. The percentage of households
consuming solid fuels fell slightly between 2002 and 2018. We observed a decrease in the
percentage share of households burning hard coal and firewood, which is the most readily
available and relatively cheap fuel in many regions in Poland. Analysis of the structure of
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total energy consumption in households broken down into individual energy carriers in-
dicates that Poland was the leader in hard coal consumption in this sector and differed
significantly from other EU countries. The share of hard coal in total energy consumption
in Polish households is about 32% [18]. For the European Union (EU-28) in 2017, the av-
erage share was 2.6%.

Polish cities such as £.6dz, Katowice and Krakéw were listed among the 20 most pol-
luted cities in the EU in 2020 [18]. The ranking only covers large agglomerations in Poland,
but if it were to include pollution levels in smaller towns it would be even worse. In 2020,
the town of Pszczyna recorded the highest number of days (106) in which daily PM10
exceeded the permissible level (the norm being 35 days), and a high average annual
benzo(a)pyrene concentration (7 ng/m3—target level 1 ng/m?3) [17]. Air pollution levels in
Pszczyna are very high in the winter season and are mainly connected with the use of
hard coal and wood in technologically old boilers for heating buildings. Residents breathe
heavily polluted air for almost one-third of the year. Among all the sources in the Silesian
Voivodeship emitting pollutants into the air, individual heating devices using solid fuels
are responsible for more than 51% of the total PM10 emission, about 44% of the total PM2.5
emission and 94% of the benzo(a)pyrene emission [18].

The mineral and chemical composition of household ash depends on the physical
and chemical parameters of the hard coal burned and the combustion technology, because
in many cases waste (e.g., plastic, kitchen waste and varnished wood) is additionally
burned [19-21]. The mineral composition of ashes from individual domestic furnaces is
dominated by silicates, aluminosilicates (quartz, feldspar, plagioclase), and clay minerals,
carbonates, sulphates and iron oxides [21,22]. Depending on the hard coal burned, Pb and
Zn sulphides have also been found in the ashes [22,23]. The chemical composition of ashes
from household coal combustion varies, as do the pollutants emitted into the atmosphere
[15,20,21,24]. Restrictions concerning fuel combustion were introduced together with re-
placement programmes of old boilers in households to reduce the negative impact on hu-
man health and the environment of the released pollutants. In 2012, an international
standard (PN-EN 303-5:2012) [25] was introduced for central heating boilers, which covers
criteria relating to issues such as carbon monoxide emissions (must not exceed 500 mg/m?)
and tar and dust emissions. In the Silesian Voivodeship, from January 2028 it will no
longer be possible to use class 3 and 4 boilers that meet the emission requirements of the
PN-EN 303-5:2012 [25] standard. Households should be equipped with boilers that meet
the requirements of Commission Regulation (EU) 2015/1185 of 24.04.2015 [26].

This study aimed to evaluate the chemical and mineral composition of ash generated
in the process of burning hard coal, in household furnaces in Pszczyna-Piasek (Silesian
Voivodeship, Poland) and dust pollutants released into the atmosphere in this process.
Using a mobile laboratory with measurement equipment placed in the basket of a manned
hot-air balloon, we determined the concentrations of particular PM dusts emitted to the
atmosphere and their mineral composition. The use of Poland’s unique laboratory al-
lowed us to obtain real-time measurements up to an altitude of 1200 m above sea level.

2. Samples and Methods
2.1. Samples Collection

The test samples included ashes from the combustion of hard coal and eco-pea coal.
Eco-pea coal, in Polish, is a trade name for solid fuel produced from hard coal or lignite
for the generation of heat in automatically-powered retort boilers. It is produced from coal
having a high calorific value (224MJ/kg) and low sulphur content (21%) (max 3.5%; own
information). The optimum eco-pea size varies between 5 and 25 mm. Samples were taken
from two household boilers of classes 4 and 5, located in Pszczyna-Piasek district (Figure
1).
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Figure 1. Sampling location (Pszczyna—Piasek).

Hard coal was burned in a household furnace equipped with a class 4 boiler (feeding,
lower combustion boiler; point A), and eco-pea coal was burned in a class 5 boiler (point
B). The combustion temperature in the households was 270-300 °C (maximum 420 °C in
a class 5 boiler). Ash samples were collected during the 2019-2020-2021 heating seasons.
A total of 16 samples were collected, including two samples for hard coal and eco-pea,
and 12 ash samples (6 samples from each household furnace) (Figure 2).

© (D)

Figure 2. Research material: hard coal (A), ash from hard coal (B), eco-pea coal (C), and ash from
eco-pea coal (D).
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The hard coal combusted in individual home furnaces comes from the coal mines in
the Upper Silesian Coal Basin (USCB). The calorific value of hard coal was 21.5 M]/kg and
the ash content was 25.3%, whereas the calorific value of eco-pea was 25 MJ/kg with an
ash content of 11%. On average, about 45 kg of hard coal was burnt per day, which yielded
almost 4 kg of ash. Total combustion of a full load of eco-pea coal (100 kg) in class 5 boilers
takes about one week, depending on the outdoor temperature. Each load of eco-pea coal
in the furnace feeder yields about 8 kg of ash per week. The maximum determined sul-
phur content was 2.3% for eco-pea coal and 4.7% for hard coal. The ashes feature a large
share of unburnt coal, i.e., combustible matter which has not been burnt completely and
most often takes the form of degassed carbonised material. The higher the calorific value
of the coal, the more unburnt fuel present in the ash. This is caused primarily by poor
quality fuel, unskilful combustion, and incorrect boiler operation.

The balloon flights were organised in the winter season with the air temperature be-
ing 0-3 °C, atmospheric pressure 987 hPa, humidity between 54% and 72%, and minimal
wind speed (2 m/s). PM10 and PM2.5 samples were collected using appropriate heads on
MILIPORE Teflon filters with a diameter of 37 mm and pore diameter of 1um. Onelife
aspirators with a flow rate of 26 dm3/min were used. Dust samples were taken above
ground level and altitudes of 200 to 500 m above ground level using the balloon. The sam-
pling period averaged about 30 min. Analysis of particulate concentration was performed
at 10 measurement spots in Pszczyna—Piasek (Figure 1; white line). Measurement of the
concentration of suspended dust, gas measurements, and analysis of air pollutants were
performed with the use of apparatus from the University Laboratories of Atmospheric
Survey at University of Silesia in Katowice. Concentrations of air pollutant dusts were
measured using the Optical Particle Sizer (OPS) model 3330 (TSI, Shoreview, MN, USA),
which analyses particles in the range from 0.3 to 10 um. Airborne soot concentrations were
also measured using an AE 51 aethalometer (AethLabs, San Francisco, CA, USA).

2.2. Mineral Composition

The ash mineral composition was determined by X-ray diffraction using an X'Pert
Pro MPD (multi-purpose diffractometer) PW3040/60 X-ray diffractometer from the PAN-
alytical company, Almelo, Holland. Measurement conditions were lamp power of 40 kV
voltage and 40 mA current, analysis range from 3° to 75° 20, meter stroke of 0.01° ® and
pulse count time of 100 s. The crystal structure models were calculated using the ICDD
database. Information on the quantitative, relative content of crystalline phases (the
method does not take into account the amorphous phase) was obtained based on the
Rietveld method. A Quanta 250 scanning electron microscope was used for detailed stud-
ies of the phase composition of ashes and dust. Analyses were performed in a high vac-
uum using a voltage of 15 keV to accelerate ashes and dust. Analyses were undertaken in
the Laboratory of Scanning Microscopy at the Faculty of Earth Sciences of the University
of Silesia.

2.3. Chemical Composition

Concentrations of potentially toxic elements (As, Cd, Pb, Se, Ni, Ba, Zn, T1, S, Th and
U) in household ash were determined using the ICP-MS method in Canada (Bureau Ver-
itas), using a Sciex-Elan 9000 spectrometer (Perkin Elmer Inc.,, MA, USA). The method
detection limits (MDL) for the elements in question were: As—0.2 ppm; Cd—0.02 ppm;
Pb—0.02 ppm; Se—0.2 ppm; Ni—0.1 ppm; Ba—1.0 ppm; Zn—0.2 ppm; T1—0.05 ppm;
Th—0.1 ppm; U—0.1 ppm; S—0.04%. Ash from individual domestic furnaces was ana-
lysed based on the STD OREAS 45H and STD OREAS 501D reference materials.
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3. Results and Discussion
3.1. Mineral Composition of Ashes

Table 1 presents the mineral composition of coal and ash determined using X-ray
powder diffraction (XRD). X-ray diffractive analyses show that the amorphous phase
makes up about 66% (vol.) of the coal ash from both individual domestic furnaces.

The following minerals (listed in the order of decreasing contents) occur among the
identified mineral phases in the examined hard coal ash: gypsum, mullite, quartz, calcite,
magnetite, hematite, cristobalite, corundum, feldspars (albite-anorthite), bassanite and sil-
limanite. Quartz, mullite, spinel, hematite, feldspars (albite-anorthite), gypsum, diopside
and cordierite were identified in the ashes from eco-pea coal combustion.

Table 1. Mineral composition of coal and ash from individual domestic furnaces on the basis of XRD
analyses.

Component Formula Hard Coal Ash Eco-Pea Coal Ash
Quartz SiO2 X X X
Cristobalite 5102 X - -
Corundum ALOs - X - -
Sillimanite ADSiOs - X - -
Mullite Al6Si2013 X X X X
Calcite CaCOs - X -
Magnetite FesOs X X - -
Hematite Fe20s X X X X
Spinel MgAlLOs4 - X - X
Goethite FeO(OH) X - - -
Gypsum CaS042H20 - X - X
Bassanite CaSOs+% H0 - X - -
Diopside CaMg|[Si20¢] - - X X
Cordierite Mg Als[AlSisO1s] - - - X
Pyrite FeS: X - - -
Kaolinite Al4[Si4O10](OH)s X - -
Sphalerite ZnS X - X -
Galena PbS X - - -
Feldspars KAISizOs (NaAlSizOs — i « i «
(albite-anorthite) CaAl:Si20s)

The sequence of determined PTE concentrations in hard coal is as follows: Zn > Ni >
Ba>Pb > As>Th>Cd > Tl > Se > U, whereas in eco-pea it is: Ba>Zn>Pb > Ni> As > Cd
= Th > U = Se > Tl. With the exception of Ba, ashes from hard coal combustion exhibit
higher concentrations of PTEs. Zn and Ba concentrations in eco-pea coal are higher than
those in hard coal. This is mainly due to the quality of burned hard coal, combustion tech-
nology and boiler class. The results show that not all eco-pea coal can be an ecological
alternative to hard coal. High concentrations of Ba, Zn and Pb in eco-pea coal should pre-
clude it from being used in class 5 boilers. The mineral composition of ash from the com-
bustion of eco-pea coal was found to include quartz, mullite, hematite, diopside and
sphalerite (in decreasing order in terms of content). These test results are incomparable as
there is no published research on them. No diopside was determined in the studied hard
coal. The main mineral components in the studied coal, in decreasing order in terms of
their content, are quartz, mullite, cristobalite, kaolinite, magnetite, hematite and goethite.
Auxiliary components include pyrite, sphalerite and galena. In Polish hard coal, Jonczy et
al. [27] mainly found quartz, kaolinite and Fe oxides, and, in smaller amounts, dolomite
and muscovite. Parzentny and Rdg [28] definitized quartz, feldspars, sulphide minerals
(pyrite), clay, carbonate and sulphate minerals in hard coal from the Upper Silesian Coal
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Basin. The relative contents of quartz, clay minerals, calcite and feldspars (mainly albite)
in the coal mineral matter do not change significantly during the enrichment process [29].

The combustion conditions and properties of the hard coal burned significantly in-
fluence the ash mineral composition. In addition to common minerals such as silicates and
aluminosilicates (quartz, plagioclase-albite, muscovite), Kicinska [21] also found kaolinite
and high-temperature mullite, goethite, hematite, calcite, gypsum, anhydrite and di-
asporite in household ashes. In ash from individual domestic furnaces located in Silesia,
Smotka-Danielowska [22] found quartz, anhydrite, hematite, magnetite, calcite, mullite,
goethite, periclase, kaolinite, sphalerite, galena and feldspars (albite-anorthite).

The analysis of individual ash particles performed using the SEM coupled with an
EDS spectrometer allowed for the observation of the morphology and chemical composi-
tion of individual ash particles. Ashes from the combustion of hard coal and eco-pea com-
bustion are partially sintered and they do not differ in their morphology, as shown in

Figure 3. SEM images of sinter found in ash from coal combustion in individual domestic furnaces:
(a) ash from eco-pea coal; (b) ash from hard coal.

Sintered ash in a class 5 boiler burning eco-pea coal can be problematic due to its
negative impact on the hearth and thus the amount of generated heat. It is also indicative
of eco-pea being of inferior quality. Sinters are found in class 4 furnaces because the
burned hard coal often has inferior physical and chemical parameters. Figure 4 (a—f)
shows examples of SEM images taken in the analysed ashes. Mullite was observed in the
form of thin columns of various sizes. It usually crystallises into a substance composed of
silicates (Figure 4a). Very fine, irregular oxide forms composed of Cr, Ni, Fe were often
observed (Figure 4b). Iron oxides mainly occur as feathery forms adsorbed on the alumi-
nosilicate substance (Figure 4c). Gypsum found household ash most often took the form
of bars and thin needles (Figure4d). Diopside, present in ashes from the combustion of
eco-pea coal, most often co-occurs with iron oxides, and takes irregular forms (Figure 4e).
Corundum (Figure 4f), and a few cordierite grains were also found in the ashes from the
combustion of eco-pea coal. Some rare grains of lead sulphide (Figure 4g) and a rare-earth
phosphate, monazite, (Ce,La,Nd,Pr,Gd,Sm,Th)(POs), in which Th was determined (Figure
4h), were found in ashes from hard coal combustion.
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Figure 4. SEM images of the morphology of different ash particles: (a) mullite (needles inside);
(b) aggregate composed of Mn, Ni, and Fe oxides (bright particle); (c) Fe oxides; (d) gypsum (bright
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bars); (e) diopside (f); corundum (dark on a light background); (g) lead sulphide; (h) rare earth
phosphate (monazite) with Th.

3.2. Composition of Dust Mineral

Research indicates that the primary dust ingredients include carbonaceous matter,
both organic (primary and secondary) and inorganic, and elemental carbon (soot), mineral
matter including trace elements, secondary inorganic aerosol (primarily sulphates, ni-
trates and ammonium compounds) and water. Many of the components of dust, e.g.,
benzo(a)pyrene, arsenic, lead, cadmium, or nickel, have serious negative effects on human
health and terrestrial and aquatic ecosystems [30]. The morphology of dust particles de-
termines how they interact with the epithelial cells of the lungs and, consequently, the
deposition efficiency in different lung areas [31].

Figure 5 shows the percentage share of the particle’s total surface with different com-
positions in atmospheric dust samples below 10 um. Well-formed NaCl crystals may be
indicative of them having been formed as a result of secondary reactions between gases
emitted during combustion. The formation of secondary barite crystals was observed in
previous studies carried out in southern Poland [32,33]. Sharp-edged dusts such as metal-
lic particles of Ni phosphate, Figure 6g, may cause lung tissue injuries. Such injuries may
make people susceptible to respiratory tract infections. PM10 particles contain more
quartz, feldspars and aluminosilicates, whereas the PM2.5 fraction contains a higher share
of secondary NaCl crystals and soot aggregates. Due to their large surface area, soot par-
ticles often attach finer particles containing PTE. In the Pszczyna—Piasek dust, we ob-
served phases containing S, C, O, N and Na. In PM2.5 respirable dust, we also identified
zinc and lead sulphides.

In atmospheric dust with <10 um, most of the surface area is occupied by particles
with carbon (Figure 6f), halite (NaCl), quartz (SiOz), and Fe oxides (Figure 6d).

0.43% Quartz

Feldspar?

13.18% L
Another aluminosilicate

20.06%

Fe oxide
o.7% Glaze
= Fe oxide from Cl
m Oxide - spinel
Ca and Mg
10.92% = Ca - sulphate
= Fe
4.5% NaCl
= S+C+O+N+Na?

2.39%J 3.19% = Particles from C

Figure 5. Surface area of grains (<10 um) of different components of Pszczyna—DPiasek dusts.

Figure 6(a—f) presents the mineral composition of selected atmospheric dust particles.
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Figure 6. SEM images of dust particles: (a) potassium feldspar particle (irregular shape) and iron
oxide ball (spherical form); (b) Fe oxide (light ball) and aluminosilicate glaze-grey balls; (c) the par-
ticle of metallic Fe, Cr and Ni; (d) Fe oxide; (e) zinc sulphide; (f) submicron particles of soot; (g) Ni
phosphide; (h) rare earth phosphate (monazite) with Th; (i) Pb sulphide; (j) Pb sulphide from Zn.

NaCl (Figure 7) was the most common component in PM2.5. The vast majority of its
grains were smaller than 5 pm and were evenly distributed over the entire surface of the
sample. Na and Cl peaks were also found in almost all EDS. Grains composed of S + C +
O + N + Na? were also very abundant, whereas Fe oxides/hydroxides and Na carbonates
were less abundant. SiO2 and spinel-type oxides were rarely found. Feldspar, Ca car-
bonate, Ca and Mg carbonate, and Zn and Pb sulphides were observed occasionally (Fig-
ure 6e,i). In the samples, there were also quite numerous, relatively large particles com-
posed of carbon, and containing small amounts of Na, P, S and Cl. PM10 and PM2.5 likely
contain PTEs, but the methods used in this study did not allow for their identification.

0.21% _ 375% 1 129% o

\ _\ | [/2.46% Quartz
/—1'38% Feldspar
1.84% = Another aluminosilicate

= Fe oxide
/_0.11%

/ oso% = Oxide - spinel?

/\ = Na - carbonate
0.04% = Ca - carbonate

® Ca and Mg carbonate

= Ca - sulphate

35.94% u Sulphide Zn

= NaCl

= S+C+O+N+Na?

Particles from C

PbS

Figure 7. Surface area of grains (2.5 um) of different components of Pszczyna—Piasek dusts.

In addition to the phases of ashes typical for hard coal combustion (glass-aluminous
silicate, magnetite, hematite), the PM dust emitted may contain soot, amorphous sele-
nium, calcium oxide, crystalline sulphates-anglesite, anhydrite, gypsum and barite
[32,34,]. Dust emitted into the atmosphere is characterised by highly varied granularity,
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which is due to the type of coal combustion process in which they are formed and the
velocity of the gas that carries them away from their formation site.

Table 2 shows the concentration (pg/m?) of the different fractions of atmospheric dust
analysed in Pszczyna—Piasek and gives the values of TVOC, TSP and soot.

Table 2. Concentrations of PM, TSP, TVOC and soot determined in the winter season in Pszczyna —Piasek.

Measurement (I;I;/I/:ng) PM2.5 (ug/m? PM10 (ug/m?®) TVOC (ppb) (:;II;S) Soot (ng/m?)
Meteorological conditions: temperature min. 2.5 °C; temperature max. 3.0 °C;
humidity 54-61%; atmospheric pressure 987 hPa (15 January 2021)
Min. 71.63 81.24 98.02 40 185 3217
Max. 76.32 88.49 172.59 70 222 17,078
Mean 739 84.2 123.5 53 204 10,162
Meteorological conditions: temperature min. 0 °C; temperature max. 2.0 °C;
humidity 66-72%; atmospheric pressure 987 hPa (10 February 2021)

Measurement (iz;g) PM2.5 (ug/m3)  PM10 (ug/m?) Fl;;’}g; (:;:13) Soot (ng/md)
Min. 114.57 151.59 173.70 439 98 1247
Max. 118.85 154.46 187.83 536 320 22,858
Mean 116.5 152.6 179.6 498 243 11,779

Comparison of the results of dust analyses during the heating season reveals a great
variation in the concentration of PM1.0, PM2.5 and PM10 dust. Lower temperature and
higher humidity were conductive to a higher concentration of dust in the atmosphere in
February 2021. On this day of the study, the low temperature probably caused a higher
share of fuel to be burned for home heating purposes. The concentration of total sus-
pended particulate (TSP) was also higher, as was the determined soot content. When com-
pared to the permissible daily concentrations of PM10 (50 pg/m3) and PM2.5 (25 ug/m?3),
those recorded in Pszczyna—DPiasek exceeded them by 247-359% and 337-610%, respec-
tively. This confirms that the number of days in Pszczyna with exceeded permissible av-
erage daily levels of PM10 is too high (norm of 35 days). The emissions of PM2.5 and PM10
in Poland are among the highest in the European Union [35]. The main reason for exceed-
ing particulate matter air pollution in Poland, including the permissible annual average
level of PM10 and PM2.5 concentrations, is the so-called low-stack emission, related pri-
marily to heating of individual buildings. Individual household furnaces are recorded;
thus, it is the responsibility of commune governments to decide on the methods for re-
ducing low-stack emissions and the amount of funds to be allocated for this purpose.

Due to its particle size, PM2.5 is more hazardous to health than PM10. These pollu-
tants result in a higher incidence of respiratory, cardiovascular, central nervous system
and cancer diseases among residents of the most polluted regions [21,36-37]. The endog-
enous particles of Ca- and (Ca,Mg)-carbonates in lung tissues may originate in response
to the settlement of inhaled atmospheric dust particles [38]. Sedimentation and precipita-
tion remove PM10 from the atmosphere within hours, whereas fine PM2.5 may be re-
tained in the air for days or even weeks [39]. The concentration of soot is high and proba-
bly correlated to PM2.5, because this fraction can comprise more than 49% soot [40]. On
the contrary, PMO0.1 should be classified as a gaseous fraction because it is formed by a
coagulation of smaller nucleations and Aitken particles, and condensation of secondary
sulphates, nitrates and organic compounds of already existing particles. The size of these
particles does not increase with increasing condensation [41].

Figure 8 represents the proportion (%) of individual atmospheric dust fractions ana-
lysed together with the altitude at which the balloon climbed (vertically up to 1200 m).

Based on the data presented in Figure 8, we can observe the distribution of dust pol-
lutants in the winter season with intensified coal and eco-pea combustion. The research
carried out in January and February showed that the concentration of PM10 dust is the
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highest up to the altitude of 100 m above the ground (48.1 pg/m?), and then its value de-
creases as the altitude rises to 700 m above ground level, up to where respirable dust is
retained. The dust concentration decreases slowly up to an altitude of 1000 m above sea
level. The presence of the finest dust fractions at such altitudes is favourable for their long-
distance transport from the source of pollution.

Concentrations of PM2.5 (40.04 pg/m?) and PM1.0 (37.5 pg/m?) measured up to 100
m above the ground level were similar. The higher the balloon climbed, the lower the PM
values recorded. Accumulation of pollution in the boundary layer is one of the most trou-
blesome manifestations of atmospheric air pollution. This is most often associated with
the presence of smog combined with particulate matter in winter (November—-March). Un-
favourable meteorological conditions strengthen this phenomenon in this case [42].

30

N
[C]

N
o

15

10

PM concentration (pug/m3)

0 A _S— —
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Height above the ground (m)

—8—PMO0.5 PM1.0 PM2.5 PM10

Figure 8. Summary of concentrations of dust fractions as a function of height above ground level
(data from measurement apparatus installed on the balloon basket).

3.3. Chemical Composition of Ashes

PTE (Pb, Cd, Ba, As, Zn, Ni, T1, Th and U) content in ashes is variable and depends
on the type of hard coal burned. Lower PTE concentrations were found in hard coal and
eco-pea coal samples than in the examined ashes (Table 3).

Table 3. Average content of PTE in coal and ashes from individual household furnaces in Pszczyna—Piasek (standard
deviation, SD, presented in brackets; RF—relative enrichment factor).

Sample Element (mg/kg)
P As cd Pb Ba Se Ni T Zn Th U
Hard coal
Mean 49 (0.45) 0.4(0.083) 77.4(2.83) 103(159) 0.7(0.095) 18.2(1.99) 1.41 (0.13)87.6 (2.20) 10.2 (0.83) 5.2 (0.27)
Min. 44 0.2 69.4 87 0.4 17.3 1.12 79.3 9.8 49
Max. 5.3 0.4 86.2 128 0.8 19.7 1.51 96.2 10.9 5.4
Ash 101.4 122.5 2016.8
Mean 20.2 (0.87) 7.1(6.83) 36.1(13.31) (121.5) 6.4 (0.69) (14.58) 6.6 (0.42) (31.39) 124 (1.17) 6.1 (0.33)
Min. 19.6 3.4 29.4 76.3 5.7 109.4 5.5 1983.3 11.8 5.9
Max. 21.3 8.6 43.8 128.4 6.9 131.6 7.1 2173.2 12.9 6.3
RF 1.0 4.5 0.1 0.2 2.3 1.7 1.2 5.8 0.3 0.3
Eco-pea coal 933.6
Mean 1.1(0.54) 0.6(0.35) 60.2(2.38) 940(20.3) 0.2(0.058) 43.1(0.98) 0.13 (0.04) (17.67) 0.6 (0.18) 0.2 (0.016)
Min. 0.9 0.5 56.4 845 0.2 39.6 0.11 879.2 0.4 0.2
Max. 1.3 0.7 63.8 969 0.3 48.1 0.14 951.6 0.7 0.3
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AshMean  55(023) 3.5(0.30) 8.4(0.43) 213(313.3) 0.6(0.20) 11.5(2.36) 0.22 (0.06) (13328;'23) 2.5(0.36) 1.3(0.62)
Min. 49 3.3 7.8 167 0.4 10.8 0.20 1312.7 2.3 0.9
Max. 5.7 3.7 8.6 242 0.8 11.9 0.26 1434.9 2.7 1.4
RF 0.6 0.6 0.02 0.02 0.3 0.03 0.2 0.2 0.5 0.7
Literature data ! Comparison of trace elements contents in coal from different countries
0.5-80 0.1-431  2.69-80 0.2-4360  0.2-4.7 0.5-50 0.1-034 5-300 2.4-35 3

1[28,43-52].

Compared to eco-pea, the concentrations of As, Pb, T], Th and U in the burnt hard
coal were higher. The concentrations of Ba and Zn were almost 10 times higher in eco-pea
coal than in hard coal. Higher concentrations of Cd and Ni were also found in eco-pea.
Higher contents of Ba, Zn, Ni and Cd in eco-pea coal may be indicative of the poor quality
of this product. Not all eco-pea coal is as ecological as its name suggests. The Polish market
is flooded with counterfeit products, which are a mixture of low-quality fine coal, glued
together with substances of unknown origin. When buying eco-pea coal in Poland, atten-
tion should be paid to the certificate issued by the Institute for Chemical Coal Processing
which certifies its standard parameters. Concentrations of the determined potentially
toxic elements in hard coal are consistent with the results of research carried out in various
scientific centres in Poland and abroad (Table 3). The burnt hard coal exhibits higher con-
centrations of Th and U, as compared to world average contents found in coal. The con-
centration of U in Polish coal is consistent with the results of studies published by Par-
zentny and Rog [28].

Ashes from hard coal combustion in a class 4 furnace exhibited higher concentrations
of Cd, Pb, Zn and Ba, compared to ashes from eco-pea coal combustion (class 5 furnace).
Th and U in ashes from hard coal combustion correlated with the content of these elements
in coal, whereas ashes from eco-pea combustion exhibited higher Th and U concentrations
compared to the consumed fuel (Table 3). Ashes from the combustion of hard coal and
eco-pea were enriched in the determined potentially toxic elements. The PTE content in
ashes from the combustion of eco-pea coal can be written as follows: Zn > Ni > Ba > Pb >
As>Th>Cd > Tl > Se > U, whereas the concentration sequence for eco-pea is: Zn > Ba >
Ni>Pb > As>Cd >Th > U > Se > Tl. Ashes from the combustion of eco-pea were enriched
in Ba (213 mg/kg) to a greater degree than ashes from hard coal (101.4 mg/kg). The higher
PTE concentrations in ashes result from the coal combustion process and lead to an in-
crease in elemental concentrations in the solid products, regardless of the combustion
technology. The high concentration of Pb, Zn and Ba in eco-pea coal, which is supposed
to be more environmentally friendly than hard coal, is alarming. This example shows that
the chemical composition of eco-pea coal can vary and that higher emissions of PTEs into
the atmosphere can be expected as a result of its combustion, particularly because, unlike
the case for hard coal, there are no corresponding quality standards for the combustion of
eco-pea.

Enrichment factors of PTEs in ash were calculated. The results are presented in Table
3. The PTE enrichment in ash was determined by the relative enrichment factor (RF) using
the Meij [53] formula, which defines RF as the ratio of the concentration in the combustion
product to the concentration in the fuel:

RF =Ca/Cc- Ac/ 100 (1)

where:

RF —relative enrichment factor

Ca—element content in ash

Cc—element content in hard coal/eco-pea coal

Ac—ash content (%) in hard coal/eco-pea coal

The calculated values of relative enrichment factors are higher for ashes from the
combustion of hard coal. Thorium is not classified by Meij [54] as a volatile element in the
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combustion process (RF~1) (class I) and can accumulate in the ash particles. Elements such
as Ba (RF > 4) (class Ila), Ni and U (2 < RF 2> 4) (class IIb), and As, Cd, Pb, Tl and Zn (1.3 <
RF < 3) (class Ilc) are volatile and can accumulate on ash particles in varying amounts.
Selenium (RF << 1) (class III) is a very volatile element and can accumulate in ash particles
produced by coal combustion only to a small extent. The calculated RF values do not com-
ply with the Meij classification (Table 3).

Determination of the amount of PTE emitted to the atmosphere is of great importance
for measures taken to improve air quality. Hard coal boilers are surface sources of atmos-
pheric pollution. Households mostly emit this pollution during the winter season. The
volume of emissions into the atmosphere depends on the type of fuel and its parameters,
in addition to the amount of fuel consumed. Emissions generated by individual domestic
furnaces are particularly problematic because they originate from a large number of low-
stack emitters, causing the emitted pollutants to accumulate primarily around the gener-
ation site. Lead, mercury and cadmium are considered the most toxic PTEs and they are
contained, inter alia, in hard coal and released into the atmosphere as a result of its com-
bustion. Cd and Ni concentrations in the air in Poland are mostly influenced by combus-
tion processes in the municipal and residential sectors, whereas Hg content is influenced
by combustion processes in the power generation and transformation sector [39]. Air con-
centrations of dust-related PTEs (both PM2.5-10 and PM2.5) vary across space, whereas
their seasonal variability in urban areas is much lower for coarse dust than for fine dust
[55]. Elements such as Pb, Zn, Cd and As are typically found in PM2.5, whereas Cu, Mn,
Ni and Cr can be found in both coarse and fine particles [30]. Tao et al. [56] determined a
Pb content of 168.1 + 32.0 ng/m? in PM2.5 in winter dust. Thorium is also present in atmos-
pheric dust (Figure 6) and was found in monazite particles containing cerium, lanthanum
and neodymium. Emission of SeO: from the combustion of fossil fuels can be transformed
into elemental Se by reaction with SOz in the atmosphere [57].

The studied dust also included particles containing Ni, Cr and Zn. It is likely that
other elements are also present, but due to the small size of the dust particles, they were
not determined with the test method used. High concentrations of Zn and Ni in ashes
from the combustion of hard coal (Zn—2016.8 mg/kg) and eco-pea coal (Zn—1386.3
mg/kg) may be a cause of significant emissions to the atmosphere, because individual
household furnaces are not equipped with dedusting devices. PTEs such as As, Cd, Ni
and Pb are components of particulate matter for which air concentration limits have been
established in both the European Union [58,59] and national legislations.

Concentrations of PTEs contained in particulate matter exhibit seasonal variability,
similar to the cases of PM10 and PM2.5 [19,60]. The concentrations are the highest in win-
ter, which is associated with increased dust emissions from individual household fur-
naces, and often with meteorological conditions unfavourable for dispersing pollutants in
the atmosphere.

4. Conclusions

The determined PM1, PM2.5 and PM10 concentrations were found to be the highest
up to 50 m above the ground. The determined PM10 and PM2.5 concentrations originate
from the so-called low-stack emissions, where the harmful compounds enter the atmos-
phere at the height of no more than 40 m above the ground, i.e., directly affecting the
quality of air inhaled by the residents of Pszczyna—Piasek. As household chimneys with-
out filters are numerous and very densely deployed in Pszczyna—Piasek, they emit sig-
nificantly more pollutants than industrial plants (covered by emission standards). The se-
quence of determined PTE concentrations in hard coal is as follows: Zn > Ni > Ba > Pb >
As>Th>Cd > Tl > Se > U, whereas in eco-pea it is: Ba>Zn>Pb>Ni>As>Cd=Th>U
= Se > Tl. With the exception of Ba, ashes from hard coal combustion exhibit higher con-
centrations of PTEs. Zn and Ba concentrations in eco-pea coal are higher than in hard coal.
This is mainly due to the quality of burned hard coal, combustion technology and boiler
class. The results show that not all forms of eco-pea coal can be an ecological alternative
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to hard coal. High concentrations of Ba, Zn and Pb in eco-pea should preclude it from
being used in class 5 boilers.

The use of a manned hot-air balloon made it possible to determine the concentrations
of PM1, PM2.5 and PM10 dust up to 50 m above ground level to depict the so-called low
emissions, which directly affect the quality of air inhaled by the inhabitants of Pszczyna—
Piasek. The PM10 and PM2.5 dusts are dominated by particles containing elemental car-
bon, sodium chloride and an S + C + O + N + Na mixture. The PM2.5 dust also contains Pb
and Zn sulphides with a slightly higher concentration than in the PM10 dust.

Emissions from individual household furnaces in winter are a major source of air
pollution and are currently the biggest problem for many municipalities, and not only in
Silesia.
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