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Abstract

The contribution deals with the atmospheric deposition of solid particles and selected elements in the typical urban area with many
sources of pollution. The main sources of pollution are represented by neighboring the iron and steel works and the thermal power
station.

The samples were collected from the eleven sites, which are located from 3.6 to 16 km from the iron and steel works. Qualitative and
quantitative characteristics of the total deposition of solid particles, the deposition fluxes of elements Fe, Al, Mn, Zn, Pb, Cu, Cr, Cd,
As and their seasonal variations were studied. Results from the years of 2009-2018 are introduced.

The research has shown a significant influence of local sources of pollution on the studied parameters of atmospheric deposition. Com-
pared to the values of deposition measured in the other areas, extremely high values of iron (28, 120), manganese (1,106) and chro-
mium (34.1 pg.m=>.day™") deposition as well as high, above-average values of other monitored elements were measured in the prox-
imity of the ironworks. The portion of emission sources of iron and steel works on the Fe fluxes at the individual sites in the city was
calculated in the range from 24.7 to 54.1%. On the basis of the emission situation of the monitored area, it is possible to use selected
compounds of the AD as an environment quality indicator and to quantify the contribution of emissions to area’s environmental stress.
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Introduction

Atmospheric deposition (AD) is a significant source of
many pollutants and their major input into the surface and
other components of an environment. Specific anthropogenic
emissions from the large sources of pollution have influence
on the composition of AD. The study of qualitative compo-
sition AD and deposition fluxes of its components can be a
suitable instrument for identifying sources of pollutants, their
spatial distribution, variability, mass fluxes and provides im-
portant information for an assessment of air and environment
quality. For this reason, many research studies deal with AD
from point of view of various parameters and aspects in ur-
ban, suburban and rural areas (Azimi et al., 2005; Hanculak
etal., 2011, 2015, 2016; Kara, M. et. al., 2014; Mehrazin et al.,
2017, Putaud et al., 2010, 2008; Wong et al., 2008).

The Kosice area, in addition to typical urban pollution
sources such as road traffic, municipal sphere, small indus-
trial sources and construction, is long term environmental-
ly loaded by the iron and steel works — the largest source of
emissions of various pollutants including particulate matter
and metals. Metals are regarded as very good markers of the
specific natural and anthropogenic pollution sources, to a
large extent they are used in studies dealing with determina-
tion and division of sources of solid particles (Nicolds et. al.,
2007). The contribution presents some results of the research
of AD which was conducted by the bulk deposition method-
ology from 2009 to 2018 predominantly from viewpoint of
deposition fluxes of selected elements (Fe, Al, Mn, Zn, Pb, Cu,
Cr, Cd and As) and solid particles in relation to emissions
from the iron and steel works.

Characteristics of the area

The monitored area is located in the KoSice Basin, in the
valley of the river Hornad with north-south orientation in the
eastern part of Slovakia. The prevailing winds in the area are
northern (53.5%) and southern (31.6%), while the proportion
of calm is 9.5%. Emissions of particulate matter (PM) have
the greatest influence on its composition in terms of moni-
tored components of AD. The decisive producer of particulate
matter (PM) and gaseous emissions in the area of Kosice, as
well as the whole Slovakia is the iron and steel industry com-
plex, the company U. S. Steel Kosice, Ltd., located approx. 10
km south to southwest of the city center. Limekiln (Carmeuse
Slovakia, Ltd.) and several other metallurgical companies are
placed directly in the industrial estate of works. Directly, in
the southern part of the city, a heating plant (TEKO) is located
that produces heat and electricity based on coal and natural
gas. Inventory emissions of PM and selected metals from cru-
cial sources of pollution in the area are processed in Table 1
and Table 2. (NEIS).

Materials and methods

Total atmospheric deposition i.e. both wet and dry ones,
were collected monthly (35 + 5 days) from eleven sites in
the urban and suburban area in the vicinity of iron and steel
works, from June 2009 to October 2018. The sampling sites
were at a distance of 1-15 km from the main source of pollu-
tion. The localization of sampling sites is illustrated in Fig. 1.

In the urban area, the sites no. 1-6 were placed on the
rooftops of blocks of flats and public buildings at 24-36 m
height above the ground level, above the height of surround-
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Tab. 1. The emissions of particulate matter (PM) from the largest sources in the Kogice area [t.year]
Tab. 1. Emisje pylu zawieszonego (PM) z najwiekszych zZrédet na Koszycach [t.rok]

Source/Year 2009 2010 2011 2012 2013 2014 2015 2016 2017
City heating plant 56 92 90 96 76 85 37 2 2
Limekiln (Carmeuse) 518 333 169 137 12 12 15 31 22
U.S. Steel, Ltd. 2368 2746 2923 3130 3302 3335 2882 2703 2664
Tab. 2. The emissions selected metals from the iron and steel works U.S. Steel, Ltd [t.year]
Tab. 2. Emisje wybranych metali z huty Zelaza i stali U.S. Steel, Ltd [t.rok]
Year/Element | 2009 | 2010 2011 2012 2013 2014 2015 2016 2017
As 0.158 0.147 0.119 0.026 0.025 0.031 0.039 0.243 0.258
Cd 0.107 0.134 0.149 0.062 0.058 0.072 0.073 0.125 0.124
Cr 0.707 0.785 0.876 0.191 0.042 0.045 0.045 0.028 0.048
Mn 2.418 2.386 2.263 2.807 3.09 3.959 7.69 0.728 0.910
Cu 0.613 0.794 0.932 0.001 0.001 0.001 0.002 0.002 0.011
Zn 7.141 8.553 8.043 5.132 2.988 2.802 3.189 6.395 7.037
Pb 13.44 16.315 17.785 17.834 17.244 21.329 20.871 60.74 61.219

ing buildings, 4-12 m in the case of suburban and rural sites
no. 7-11. The four open polyethylene cylinders (inside diame-
ter — 12.5 cm) filled with 200 ml of pure deionized water fitted
on a stand were used for sampling. In laboratory the contents
of cylinders were filtered by a vacuum filtration through 0.40
pum membrane filters to separate the “water soluble” and “in-
soluble” fractions (PM). The soluble fraction was analyzed
after each sampling. The insoluble fraction designated for
analysis was prepared by cumulation of six monthly samples
into the one semi-annual sample — summer and winter period
(mid-April - mid-October) and by mineralization using a mi-
crowave digestion. The elements were analyzed by the atomic
absorption spectroscopy using the device VARIAN AA240 FS
with GTA 120 and VGA-77. Since October 2012, the device
ICP MS Agilent 7700 has been used for analysis. In the article,
the results of 10 summer and 9 winter periods from 2009 to
2018 are processed.

Results and discussion

Table 3 presents the average daily fluxes (ug.m=2.day™) of
observed elements and solid particles - PM ("water insolu-
ble" part of AD) from total bulk deposition and basic statistic
parameters for all sampling sites and the whole monitored
period (September 2009 - October 2018). Absolute values of
deposition of observed elements and PM from sites north of
ironworks are relatively balanced, without increased values at
site No.5. The site is located in the city center with heavy traf-
fic and high construction activities during monitored period,
about 2 km northward of the thermal power station, which
used coal apart from gas as fuel mainly in heating season. The
maximum values of all studied metals and PM were recorded
at sites localized southerly, near the ironworks. The average
ratio between atmospheric deposition at site No. 9 and sites
No. 1- 8 (ADSite 9/ADSites 1-8) for the observed elements
were in the range 2.2 to 16.5 (Fe = 8.4, Al = 3.9, Mn = 16.5,
Zn=2.5,Pb=52,Cu=43,Cr=6.3,Cd=22and As =2.3).

In the table 4 is shown the average percentage represen-
tation of the deposition of trace elements bound to the "wa-
ter-insoluble" (PM) part of AD and the ratio between summer
and winter atmospheric deposition of the monitored elements
and PM. To the insoluble phase, the monitored elements in
order of Al, Fe, Mn Cr, Pb and As are bounded. Cd and Zn

are preferentially bounded to the soluble phase for sites north
of ironworks. South of the ironworks representation of all
observed metals in the solid insoluble phase is predominated
and their representation is relatively high. Except monitored
elements properties it is probably related with average size
and thus with the surface of the particles. With increasing
distance from the source of particulate emissions, proportion
of smaller particles on their overall particle size distribution
is rising.

Deposition of particulate matter and aluminum is signifi-
cantly higher in summer period (ratio S/W - 0.55 and 0.60).
There are better conditions for wind erosion and resuspen-
sion of particles from soil horizon, road traffic, agricultural
and construction activities as well as the increased presence
of organic detritus in the air in summer period. In winter, the
deposition fluxes of solid particles are partially deprived of
these effects. In winter seasons increased amount of compo-
nents of AD, whose origin is in energy burning of fossil fuels
on local and regional scale is assumed. In the area of Kosice,
slightly higher or balanced values of deposition fluxes in the
order Pb, Cr, Fe, Mn, Cuand Cd (R, =1.21 -1.00) were found
in winter. In the case of zinc (R, , = 0.79) and arsenic (RS =
0.63) the higher values were recorded in the summer period.
The smallest seasonal differences for all observed components
were detected at sites near the ironworks (No. 9 and 10) and
the station No. 5.

The relationship between the deposition of the observed
elements and PM from all measured period and the distance
from the iron and steel works was studied by regression anal-
ysis. The results are graphically presented in the figure 2. The
significant dependence was found in descending order for the
Mn, Fe, PM, Cr, Al and partly for Zn. In the case of elements
Pb and Cu only small significant dependence was found.
Deposition of Cd and As does not show dependence.

The statistical dependence between individual atmo-
spheric deposition of observed metals and PM was evaluated
by Pearson’s correlation analysis. The Pearson’s cross-cor-
relation coeflicients are summarized in the Table 5. The high-
est values of correlation coefficients (r = 0.82 to 0.94) were
calculated between elements where their dominant source are
technologies of ironworks, namely Mn, Fe and Cr. The high
values of the correlation coefficients were calculated for these
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Fig. 1. Location of the sampling sites
Rys. 1. Lokalizacja miejsc pobierania probek

Tab. 3. The average daily fluxes of atmospheric deposition of particles (PM - insoluble fraction) and analyzed elements from 10 summer and 9 winter
monitored periods (April 2009 - October 2018), [ug.m>.day"] (* - Finished April 2014, ** - Finished April 2017, # - Start sampling October 2011)
Tab. 3. Srednie dzienne strumienie emisji czastek do atmosfery (PM - frakcja nierozpuszczalna) i analizowane pierwiastki z 10 okreséw letnich i 9
monitorowanych w okresie zimowym (kwiecien 2009 r. - pazdziernik 2018 r.), [Mg.m™. dzien'1] (* - Zakonczony kwietnia 2014 r., ** — Zakonczony
w kwietniu 2017 r., # — Poczatek pobierania probek z pazdziernika 2011 r.)

Site PM Fe Al Mn Zn Pb Cu Cr Cd As

1 37187 | 2970 | 1166 63 83 23.1 11.7 5.5 0.34 1.11
2 38290 | 3070 | 1315 62 69 24.8 10.1 5.9 0.26 1.24
3H* 43916 | 2933 | 1039 60 87 19.9 8.7 54 0.40 0.87
4* 38840 | 3432 | 1007 64 83 9.8 9.3 4.8 0.27 1.14
5* 83909 | 5214 | 1751 96 112 144 17.3 8.6 0.34 1.26
6* 30919 | 2797 870 53 67 7.6 8.5 4.8 0.22 0.51
7 44318 | 5029 | 1288 92 102 39.2 11.2 6.2 0.32 1.37
8** 31201 3265 | 1031 75 116 23.9 9.0 5.2 0.28 0.74
o# 163694 | 28120 | 4310 1106 219 | 110.7 42.3 | 34.1 0.65 3.63
10# 129124 | 21206 | 3303 652 207 | 105.0 19.6 | 183 0.66 2.47
11# 49492 | 4438 | 1473 79 93 28.5 13.0 4.7 0.19 1.50
Average (n=166) 60331 7131 | 1661 211 113 9.2 16.0 9.2 0.36 1.45
Min. 11019 1097 173 19 35 0.3 0.9 0.3 0.04 0.02
Max. 264981 | 34032 | 6922 1905 695 63.4 | 404.1 | 634 3.01 | 13.01
Median 43591 3528 | 1171 72 84 5.6 10.9 5.6 0.26 1.06

elements with Al (r = 0.70 to 0.82), Pb (r = 0.39 to 0.68) and
Cu (r = 0.39 to 0.54), relatively lower with Zn (r = 0.50 to 0.5,
Cd (r = 0.48 to 0.53), and As (r = 0.35 to 0.55). In the case of
PM, the highest values of correlation coefficients were found
for elements Fe, Al, Mn and Cr (r = 0.84 to 0.73). Also, for
other elements, the correlation values were relatively high (r
=0.57 to 0.44).

The deposition fluxes of the elements from the area of
Kosice were compared with results from different urban and
suburban areas (Praskova et al., 2008; Nicholson et al., 2008;
Spiegel et al., 2008; Golomb et al., 1997; Miji¢ et al., 2011;
Azimi et al., 2005; Wong et al., 2008). In this comparison,
above average deposition of Fe, Mn and Cr, partially in the
case of Zn was detected. The most significant differences were
found for the deposition of iron and manganese. The average
Fe deposition at stations in the city was 2-3, respectively 5-7
times higher compared with rural respectively urban areas.
At the site No. 9, deposition of Fe and Mn was 15 or 38 times
higher, deposition of Cr 2.5 or 6 times higher. The site is lo-
cated approximately 1 km from the iron works area and their,
almost 100% effect on Fe deposition can be assumed, which
is fixed almost only to PM in AD. The calculated impact of

resources of ironworks on the deposition of Fe at other sites
in the area was built on this fact. The average percentage of
Fe deposition from PM at site No. 9 was taken as the basis
100% (B100%) after deduction of regional background (AD,,
Backgroun ) of iron deposition: B100 % = (AD AD,
ground) / (ADPM Site No. 9 /100) .

The corresponding values from the other sites were com-

Fe Site No.9

pared with the result of this calculation.

The average value of iron deposition from the area Kro-
mpachy (7 sites) obtained by using the same methodology
was used as a background (AD, , .., = 600 ug.m>day")
(12]. Calculating contemplated with 2 x AD, , ., = 1200
pg.m2.day for sites in the city ( No. 1-8) due to the impact of
other sources of emissions in urban environment. Iron in the
Fe,O, form was taken in the calculation for correction of PM
deposition. In the table 5 the calculated average percentage
proportion of emission sources from iron and steel works on
the AD of Fe fluxes at the individual sites is shown.

The portion of emission sources of iron and steel works on
the Fe fluxes at the individual sites in the city was calculated
in the range from 24.7 to 54.1%. The portion decreases pro-
portionally with increasing distance as illustrated in Figure 3.
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Tab. 4. The average element abundances in insoluble fraction (PM) [%] and the ratio between winter and summer atmospheric deposition of the

observed elements and PM

Tab. 4. Srednia ilo§¢ pierwiastkow we frakcji nierozpuszczalnej (PM) [%] oraz stosunek zimowe;j i letniej
depozycji atmosferycznej obserwowanych pierwiastkéw do PM

Element PM Fe Al Mn Zn Pb Cu Cr Cd As
Element abundances [ % ] - 96 97 58 23 58 42 71 24 65
Ratio between ADw/ADs 0.55] 0.60 | 1.20 1.12 1 0.79 ] 1.21 | 1.00 | 1.21 | 1.00 | 0.63
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Fig. 2. The dependence between the deposition of the PM and observed elements and the distance from the iron and steel works U.S. Stel, Ltd.

Rys. 2. Zalezno$¢ miedzy osadzaniem si¢ PM a obserwowanymi pierwiastkami oraz odlegtoscia od huty Zelaza i stali U.S. Stel, Ltd.
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Tab. 5. The Pearson s cross-correlation coefficients between fluxes of trace elements (n = 166)
Tab. 5. Wspotczynniki korelacji krzyzowej Pearsona miedzy strumieniami pierwiastkéw §ladowych (n =166)

Fe Al Mn Zn Pb Cu Cr Cd As
PM 0.84 0.84 0.82 0.57 0.44 0.51 0.73 0.44 0.51
Fe 0.82 0.94 0.52 0.68 0.44 0.82 0.45 0.55
Al 0.82 0.78 0.47 0.48 0.36 0.70 0.34 0.49
Mn 0.94 0.78 0.53 0.55 0.48 0.91 0.49 0.45
Zn 0.52 0.47 0.53 0.33 0.30 0.50 0.56 0.32
Pb 0.68 0.48 0.55 0.33 0.17 0.39 0.47 0.57
Cu 0.44 0.36 0.48 0.30 0.17 0.54 0.43 0.36
Cr 0.82 0.70 091 0.50 0.39 0.54 0.43 0.35
Cd 0.45 0.34 0.49 0.56 0.47 0.43 0.43 0.36
As 0.55 0.49 0.45 0.32 0.57 0.36 0.35 0.36

Tab. 6. The average percentage portion of emission sources of iron and steel works on the Fe deposition fluxes at the individual sites
Tab. 6. Srednia procentowa wielko$c emisji zelaza i stali w poszczegolnych miejscach

Site 1 2 3

4 5 6 7 8 9 10 |11

Distance from iron works (km) 13.4 {10.7 | 16.3

15.1 |12.3 {104 (8.6 |85 (3.6 55 19.0

The average percentage portion (%)

30.0 |30.8 |24.7

36.2 129.4 |32.9 |54.1 [42.1 |100.0 [94.5 |40.8

100 &
*
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— 60
N
= 40
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Fig. 3. The portion of emission sources of iron and steel works on the Fe deposition fluxes in depending on the distance sampling sites
from sources of iron and steel works

Rys. 3. Emisja z hut Zelaza i stali w zaleznosci od odleglosci miejsc pobierania probek od Zrédel huty Zelaza i stali

The lowest portion was found at the furthest station No. 3, the
highest portions at the sites located closest to the ironworks.
With respect to composition of emissions from ironworks, the
iron is their major component and also of AD of PM. It can
be assumed that this specified proportion of the ironworks
sources on deposition is not valid only for Fe but also for PM
and other components fixed mainly to particles produced
from these sources.

Conclusion

A detailed analysis of the atmospheric deposition of stud-
ied metals and solid particles proved a decisive influence of
emissions from the ironworks on the composition of AD in
the monitored area. Comparatively high seasonal and spatial
variability of deposition of monitored elements and solid par-
ticles was detected on a relatively small area in urban and sub-

urban environment. The proportion of the ironworks sources
of environmental burden on a monitored area was quanti-
fied based on the iron deposition. Compared to the values of
deposition measured in the other areas, extremely high values
of iron, manganese and chromium deposition as well as high,
above-average values of other monitored elements were mea-
sured in the proximity of the ironworks. On the basis of the
emission situation of the monitored area, it is possible to use
selected compounds of the AD as an environment quality in-
dicator and to quantify the contribution of emissions to area’s
environmental stress.
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Wybrane cechy charakterystyczne depozycji atmosferycznej na terenie Koszyc

Artykut dotyczy emisji do powietrza czgstek statych i wybranych pierwiastkéw w typowym obszarze miejskim z wieloma zrédtami za-
nieczyszczen. Glownymi Zrédlami zanieczyszczen sq sgsiednie huty zelaza i stali oraz elektrownia cieplna. Probki pobrano z jedena-
stu miejsc, ktore znajdujg sie w odlegtosci od 3,6 do 16 km od huty zelaza i stali. Badano cechy ilosciowe i jakosciowe catkowitej emisji
czgstek statych, strumienie osadzania pierwiastkéw Fe, Al, Mn, Zn, Pb, Cu, Cr, Cd, As oraz ich sezonowe zmiany. Przedstawiono
wyniki z lat 2009-2018. Badania wykazaly znaczgcy wplyw lokalnych Zrodet zanieczyszczen na badane parametry zanieczyszcze
w atmosferze. W poréwnaniu z wartosciami depozycji zmierzonymi w innych obszarach, wyjgtkowo wysokie wartosci zawartosci
zelaza (28, 120), manganu (1106) i chromu (34,1 ug.m= dni™'), a takze wysokie, ponadprzecigtne wartosci innych monitorowanych
pierwiastkow zmierzono w poblizu huty. Czes¢ Zrodet emisji hut zelaza i stali w poszczegdlnych lokalizacjach w miescie stwierdzono
w przedziale od 24,7 do 54,1%. Na podstawie sytuacji emisyjnej monitorowanego obszaru mozna zastosowac wybrane zwigzki AD
jako wskaznik jakosci Srodowiska i okreslic¢ ilosciowo udzial emisji w obcigzeniu srodowiskowym obszaru.

Stowa kluczowe: emisja do atmosfery, emisja, huty zelaza i stali, metale
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