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THE ANALYSIS OF AIR POLLUTION CAUSED
BY PARTICLE MATTER EMISSION FROM
THE COPPER SMELTER COMPLEX BOR
(SERBIA)*

The main aim of this paper is to present the analyses of temporal variations of
particulate matter in Bor (Serbia) influenced by the copper production at the
Copper Smelter Complex Bor. Particulate emissions are of concern because
the presence of fine particles (PM: s - particles with diametar less than 2.5 um)
and ultrafine particles (PMy.; - particles with diametar less than 0.1 um) as-
sume higher risk for human health. Such particles can penetrate deeper into
respiratory organs and, at the same time, a probability for such penetration and
deposition in the respiratory system is greater. The analysis is based on the
comparison of SO, and PM measurements at several locations in the area of
Bor town in the close vicinity of Copper Smelter. PM concentrations were
highly correlated with sulfur dioxide and inversely correlated with local wind
speed during pollution episodes. The results presented indicate that the domi-
nant source of coarse and fine particles in Bor town is the Copper Smelting
Complex Bor. The most significant factors for particulate matter distribution are
meteorological parameters of the wind speed and direction. It was found that
the daily limit values exceed of concentrations of PMy (50 ug/m’) usually oc-

The Municipality of Bor is located in a moun-
tainous and forest area in the southeastern part of
Serbia, close to the Bulgarian and Romanian borders
(Figure 1). It has a total population of 65,000. The
area has been the major centre for mining and pro-
cessing of copper and other precious metals for al-
most a century. Air pollution is perceived as the main
environmental problem in the Bor region. The main
source of air pollution with SO, gas, heavy metals in
PM and aero sediments is the Copper Smelter Plant
within the RTB Bor Company (Copper Mining and
Smelting Complex) which has been in operation for
more than 100 years.

A typical pyrometallurgical copper smelting pro-
cess includes four steps: roasting, smelting, concen-
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curs due to very high concentrations in a period of several hours during the day.

Key words: sulfur dioxide; particulate matter (PM), respiratory particles,;
air pollution; monitoring.

trating, and fire refining. Ore concentrate is roasted to
reduce impurities, including sulfur, antimony, arsenic,
and lead. Smelting of roasted ore concentrate produ-
ces matte, a molten mixture of copper sulfide (Cu,S),
iron sulfide (FeS) and some heavy metals. By con-
verting of matte, the high-grade “blister’ copper of
98.5 to 99.5 % is recovered. Typically, blister copper
is then fire-refined in an anode furnace, cast into
“anodes”, and sent to the Electrolytic Refinery for
further impurity elimination. Emissions from Copper
Smelter are principally particulate matter and sulfur
oxides (SO,). Fugitive emissions are generated du-
ring material handling operations. Roasters, smelting
furnaces, and converters are sources of both particu-
late matter and SO,. Copper and iron oxides are the
primary constituents of particulate matter, but other
oxides, such as arsenic, antimony, cadmium, lead,
mercury, and zinc, may be also present along with
metallic sulfates and sulfuric acid mist. Fuel combus-
tion products also contribute to the particulate emis-
sions from multiple hearth roasters and reverberatory
furnaces. Gas effluents from roasters are usually sent
to the electrostatic precipitator (ESP) or spray cham-
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Figure 1. Map of eastern Serbia with the location of the Bor Municipality area.

ber/ESP system or combined with the smelter furnace
gas effluent before particulate collection. Overall, the
hot ESP system removes only 20 to 80% of total
particulate present in gas. Cold ESP system may re-
move more than 95 % of total particulate. Particulate
collection systems for smelting furnaces are similar to
those for roasters. In the standard Pierce-Smith con-
verter (like in the Copper Smelter Bor), the off-gases
are treated in ESP system to remove particulate mat-
ter, and in the Sulfuric Acid Plant to remove SO..
Control of SO, from the Smelter Plant is commonly
performed in the Sulfuric Acid Plant.

The technology for the copper production in this
Smelter Plant is outdated (classic pyrometallurgy with
melting in furnaces and utilization of SO, gas in pro-
duction of H,SO, with relatively small degree of utili-
zation <60%) which leads to the environmental pollu-
tion from higher concentrations of SO, and particulate
matter [1] as well as aero sediments PM > PM,,. Ore
melted in the Copper Smelter Plant in Bor is of chal-
copyrite-pyrite type with the increased contents of ar-
senic which is found in the form of FeAsS and
Cu3AsS,. The oxidation roasting and the melting of
such mineral forms results in increased heavy metals
oxides and SO, gas which, in certain quantities, con-
taminate the environment [2]. Reportedly, 170000 to
250000 t of SO, and 1300 t of particulate contami-
nated with heavy metals and up to 1000 t of arsenic,
500 t of lead, 2500 t of zinc and 1.6 t of mercury are
emitted to the atmosphere each year [1,2].
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In the Copper Smelter Plant in Bor there are two
factory smokestacks (S1 and S2, as shown in Figure
2), the height of one is 120m (D = 3 m) for the
Smelter Plant off-gasses with contents up to 1% SO,
and, the other of 150 m (D = 3.5 m) for gasses when
the Sulfuric Acid Plant is out of operation (gases re-
sulting from the roasting procedure in fluo-solid reac-
tor mixed with converter gases) with SO, content of
5-6% in the gas. The parameters that characterize the
emissions from the Copper Smelter are given in Table
1. On average, the Sulfuric Acid Plant is out of ope-
ration for about 3-6 months in a year. As a conse-
quence, a large amount of sulfur dioxide is dischar-
ged directly into the atmosphere, together with toxic
metals [2]. Both smokestacks are situated in the im-
mediate vicinity of the urban settlement at a distance
less than 500 m from the old urban center with nume-
rous vital functions of the town. In addition, airborne
dust resulting from the Open Pits and surrounding
waste heaps which contain heavy metals, contributes
to the air pollution of the area. Taking into account the
location of the industrial complex and dominant wind
directions, these pollutants are spread over the Bor
town and the surrounding area. Therefore, the inha-
bitants of the Bor town are exposed to high levels of
air pollution, which can pose serious risks to their
health [3-6].

SO, is one of the most important pollutant of the
environment and mostly originates from the oxidation
of sulfur compounds. Anthropogenic emission of SO,
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Figure 2. Map of the Bor Municipality area with measuring points (1. Park; 2. Jugopetrol; 3. Institute;
4. Brezonik; 5. Hospital) and location of the Copper Smelter smokestacks (S1, S2).

results from burning the fossil fuels (coal and heavy
oils) or smelting of sulfide ore concentrates (most fre-
quently Cu, Pb, and Zn ores). SO, is an irritant gas
which causes breathing problems when people are
exposed to its high concentrations. Although sulfur is
useful for plants in small concentrations, the atmos-
phere pollution with SO, gas negatively affects plants
due to its higher concentrations and the impact size
depends on its concentration. Smoke and particulate
are nearly always associated with SO, and can cause
difficulties in data interpretation and health risk as-
sessments. Therefore, there is uncertainty associated
with long-term (24 h plus) epidemiological studies.
There is a possibility that the adverse effects of sulfur
dioxide are really the effects of particulate or other

associated substances. Due to the certain negative
effect of SO, in the atmosphere, European Union li-
mits its mass contents: the limit per hour for the pro-
tection of human health is 350 pg/m®, not to be ex-
ceeded more than 24 times per calendar year; a daily
limit for the protection of human health is 125 pg/m?®,
not to be exceeded more than three times per ca-
lendar year; and the annual limit for the protection of
ecosystems is 20 pg/m® [7,8].

Suspended particles are one of the most impor-
tant ambient air polluters which adversely affect hu-
man health. Prolonged exposure to PM particles often
cause respiratory and cardiovascular diseases and
increase mortality [3-6]. For the purpose of the pro-
tection of human health EU has introduced two limi-

Table 1. Parameters that characterize the off-gases emissions from the Copper Smelter Plant

Smokestack S1 Smokestack S2
Parameter Min Max Parameter Min Max
Gas flow, m*/h 90000 180000 Gas flow, m*h 0 300000
SO, content, % 0.1 0.9 SO, content, % 0.5 8
Temperature, °C 150 300 Temperature, °C 100 300
Dust content, g/m3 0.3 3 Dust content, g/m3 0.05 0.8
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tations for PM;, which should be implemented in two
periods: the first one at the beginning of 2005 and the
second one in 2010. The limit values for 2005 and
2010 are as follows: a daily limit of 50 pug/m® not to be
exceeded more than 35 times per calendar year and
the annual limit of 40 ug/m3. The limits, which will be
implemented after the year 2010, are: a daily limit of
50 pg/m®, not to be exceeded more than seven times
per calendar year and the annual limit of 20 pg/m?
[7,8].

Sampling sites

In the Mining and Metallurgy Institute Bor, De-
partment for Chemical and Technical Control (CTC),
there is a group for measuring the meteorology para-
meters and the air quality control. The results pre-
sented in this paper cover some experimental pro-
grams performed by CTC during 2004-2009 at 5 loca-
tions (locations 1-5 in Figure 2).

The monitoring of sulfur dioxide, particulate, and
toxic metals has been carried out for many years in
Bor. However, the methods and equipment are old
and do not fully comply with the modern requirements
for monitoring the atmospheric pollution. Since the
beginning of 2004, the new, suitable atmospheric mo-
nitoring equipment has been put into operation. The
equipment, used during the experimental programs,
consists of three fixed stations for measuring the am-
bient sulfur dioxide concentrations, one mobile station
and two fixed stations for measuring the ambient par-
ticulate (PM). The fixed stations were installed close
to the Copper Smelter Complex in positions down-
wind from two prevailing wind directions (measuring
points Park, Jugopetrol and Brezonik, as shown in
Figure 2).

The prevailing winds are from west-northwest
and therefore tend to carry away the pollution from
the main population centers (the wind rose diagram in
the time interval from 1998 to 2008 is also shown in
Figure 2). During rainy periods, typical east or south-
east winds are of more concern. Low or zero wind
conditions occur regularly (more than 50% of time).
Light and variable winds are likely to cause very high
localized concentrations of pollutants.

Distances between measuring points and Cop-
per Smelter Plant smokestacks are given in Table 2.

Measuring point 1 Park - fixed station was pla-
ced downwind of the easterly prevailing wind. This
location is within the Central Park in Bor. The site is
located 650 m west from the Copper Smelter Plant. A
dense population (mainly high-rise) is directly down-
wind from the Copper Smelter Plant during east winds.
A large effect on the local environment is often noted
at this location - burning eyes, throat, the taste of sul-
fur dioxide is experienced. This station is also equip-
ped with meteorological instrumentation.

Measuring point 2 Jugopetrol - fixed station was
placed downwind of northwesterly prevailing wind.
The site is located 2 km south/southeast from the
Copper Smelter Plant downwind during northwesterly
winds. In the vicinity of the measuring point (1 km
northeast) is the city dump. Although, the site appears
to be in an area of low population density, some small
villages are nearby (Ostrelj, Slatina, Brestovac), so
there is an affected population.

Measuring point 3 Institute - fixed station was
placed downwind of northeasterly prevailing wind.
The site is located about 2 km south/southwest from
the Copper Smelter Plant downwind during north-
easterly winds. In the vicinity of the measuring point is
Foundry Castings of copper alloys with the device for
sanding. The dense population is directly downwind
from the Copper Smelter Plant during northeasterly
prevailing winds. This station is also equipped with
meteorological instrumentation.

Measuring point 4 Brezonik - fixed station was
placed downwind of southeasterly prevailing wind.
The site is located about 2 km north/northwest from
the Copper Smelter Plant downwind during southeas-
terly winds. In the vicinity of the measuring point is the
Open Pit. Although the site appears to be in the area
of low population density, some small villages are
nearby (Veliki Krivelj, Brezonik) so there is the affec-
ted population.

Measuring point 5 Hospital - fixed station was
placed downwind of easterly prevailing wind. This lo-
cation is within the town hospital. The site is located 1

Table 2. Distances between measuring points and Copper Smelter Plant smokestacks S1and S2

Distances from smokestacks S1 and S2, m

No. Measuring location Altitude, m

R1 R2
1 Park 370 650 650
2 Jugopetrol 382 2500 2500
3 Institute 386 2142 2032
4 Brezonik 400 2000 2000
5 Hospital 408 1000 1180
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km west from the Copper Smelter Plant. The dense
population (mainly high-rise) is directly downwind
from the Copper Smelter Plant during east winds. A
large effect on the local environment is often noted at
this location - burning eyes, throat, taste of sulfur di-
oxide is experienced.

EXPERIMENTAL

The automatic measuring stations for real-time
determination of SO, concentration have been instal-
led at three measuring points (points 1, 2 and 4 in
Figure 2). These instruments provide continuous and
reliable measurement of SO, in ambient air. Data
transfer from measuring stations to the control center
in Mining and Metallurgy Institute Bor is carried out
every 15 min. The content of SO, in the air is deter-
mined by UV-fluorescence after excitation to higher
energy level and light emission measurement. This
method enables automatic determination of SO, con-
tents in ambient air according to ISO 10498 Standard.
The reference method for sulfur dioxide measurement
is described in EN 14212:2005 “Ambient air quality -
Standard method for measurement the sulfur dioxide
concentration by ultraviolet fluorescence” [8]. Using
UV-fluorescence method, the analyzers perform auto-
matic measuring of SO, in ambient air in the concen-
tration range from 0 to 10000 pg/m® with linearity of
+1% and minimum detectable limit (20) of 0.001 ppm
(<3 ug/m3). The analyzers were calibrated with stan-
dard gas mixtures (200 ppb) from certificated gas cy-
linders at least once in every three weeks. The cali-
bration gas mixtures in cylinders are checked every
year by an independent audit.

At two measuring points (points 2 and 5 in Fi-
gure 2) the measurements were carried out using the
standard UK 8-port samplers. Sulfur dioxide is mea-
sured by air passing through a dilute-acid solution of
hydrogen peroxide (classical acidimetric method [9-
-12]). Sulfur dioxide reacts with hydrogen peroxide to
form sulfuric acid which is titrated with a standard
alkaline solution, and sulfur dioxide concentration is
calculated using the standard calculation (British Stan-
dard 1747 and 1SO 9835 are reference documents for
this technique). The limit of detection for the tech-
nique is less than 0.01 ppm. The results are compa-
rable with those obtained by measurements of auto-
matic analyzers carried out in parallel [13].

The reference method for sampling and measu-
rement of PMyg is described in EN 12341:1999 “Air
Quality - Determination of the PM;q fraction of sus-
pended particulate matter - Reference method and
field test procedure to demonstrate reference equi-

valence of measurement methods”. The reference
method for the sampling and measurement of PM, 5 is
described in EN 14907:2005 “Standard gravimetric
measurement method for determination of PV, s mass
fraction of suspended particulate matter”.

The concentrations of particulate matter pre-
sented in this paper were monitored using portable,
direct reading, airborne particle analyzers Osiris (at
measuring points 1, 2, 3 and 5 during 2004-2006) and
Grimm EDM180 (at measuring point 1 during 2009).
These devices were designed for simultaneous real
time measurement of PM (PMyy, PM,s and PM,) ac-
cording to the European Standards EN 12341 (for
PM,o), and EN 14907 (for PM,s). Detection limit (20)
for technique is less than 0.1 pug/m® within a particle
size range (diameter) between 0.5 to 20 pm. PM,
values were also reported, although no EN standard
currently exists. Also, the concentrations for PV, are
monitored using BAM1020 ambient particulate con-
centrations analyzer (measuring point 4 during 2007-
2008). This analyzer is using beta ray attenuation me-
thod according to the U.S. EPA Designations PM,,:
FEM (EQPM-0798-122), PM,s: Class Il FEM, (EQPM-
-0308-170) with lower detection limit (20) less than
4.0 ug/m® and standard range between 0 to 1000
pg/m>.

All analyzers have a possibility of automatic ca-
libration (zero), a definition of arbitrary interval samp-
ling, averaging and saving the measured values, as
with the local keyboard, and indirectly through the
remote supervisory computer. The monitoring data
from real time monitors have been available originally
based on 15-min averages. In order to provide neces-
sary working conditions, the analyzers are placed
within a closed container that is air-conditioned (18 to
20 °C) and has a stable power supply. The analyzers
operate in accordance with the manual for the equip-
ment. Maintenance schedules for replacement of con-
sumable parts, diagnostic checks and equipment fully
follow the manufacturer recommendations. Routine
and non-routine service visits are documented with
detailed descriptions as well as the results of analyzer
tests or calibrations performed during monitoring pro-
grams. Data validation was followed by checking in
three-month intervals to ensure that they are reliable
and consistent. For calculation of daily averages, mi-
nimum 80% of 15-min averages were required; other-
wise, the value was considered as missing. Any sus-
picious data in the original “row” data set, such as
large spikes or spurious high concentrations were ful-
ly investigated. Hourly and daily averages, used for
statistical considerations, were calculated from 15-min
averages. Sulfur dioxide and PM mass concentrations
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divided into annual, winter (October-March) and
summer (April-September) averages are gathered in
Table 3.

RESULTS AND DISCUSSION

The emissions from the Copper Smelter are prin-
cipally particulate matter and sulfur oxides. As it was
mentioned, smoke and particulate are nearly always
associated with SO, and can cause difficulties in data
interpretation. Measurements of concentration of sul-
fur dioxide and respiratory particles were carried out
in the times when the Copper Smelter was in opera-
tion, as well as in the times when the Copper Smelter
did not work continuously. Typical time series with
mass concentrations of SO, and PM,, during the time
when the Copper Smelter was out of operation are
presented in Figure 3 (measuring point 1 Park). Ty-

pical time series with mass concentrations of SO, and
PM;, during the time when the Copper Smelter was in
operation were presented in Figures 4-6 (measuring
points 1, 5 and 4, respectively).

Strong fluctuations of daily average mass con-
centrations can be observed. Especially SO, and
PM,, were characterized by strong amplitudes mostly
related to changes in weather (wind speed and direc-
tion) conditions. This phenomenon is typical in condi-
tions with the wind speed less than 2 m/s and such
wind direction that air pollution can be detected at the
measuring points (as shown in Figures 3-5). Excur-
sions over daily limit values of concentrations of SO,
and PM,, usually occurred due to very high concen-
trations in a period of several hours during the day (as
shown in Figure 4).

According to the data present in Table 3, annual

Table 3. Average daily concentration, standard deviation (SD) and ranges of SOs PMys, PMzs and PM; (ug m*) ai

selected measuring locations during measuring periods

Measuring location SO PMig PMas PM

Mean (SD) Max/Min Mean (SD) Max/Min  Mean (S0) Max/Min  Mean (S0) Max/Min

1. Park
Year (2004) 86 (78) 914/11  41.1(39.2) 204.5/2.8 22.7(24.2) 123.714 9.6(9.7) 89.8/0.6
Winter (2004) 68 (48) 892/11 40.7 (41.6) 204.5/2.8 23.0(23.4) 88.9/1.4 9.9(9.3) 36.6/0.6
Summer (2004) 103 (102) 914/11 36.6 (37.0) 138.1/12.5 22.4(34.2) 123.7/7.7 7.5(27.6) 89.8/2.9
Year (2006) 227 (292) 244110 32.7(36.4) 204.3/1.9 14.0(14.6) 68.5/1.2 5.7(5.7) 27.2/0.4
Winter (2006) 255 (355) 2441/14 32.6 (47.5) 204.3/1.9 16.1(18.1) 68.5/1.2 6.8(7.0) 27.2/0.4
Summer (2006) 209 (246) 1370/10 41.7(15.1) 77.717.7 10.6 (4.3) 49.3/4.6 3.5(1.6) 6.9/1.0
Year (2009) 112 (157) 77713 324 (16.3) 111.5/3.0 23.7(13.5) 96.5/3.0
Witer (2009) 160 (182)  777/4 36.1(20.7) 111.5/3.0 29.2(17.8) 96.5/3.0
Summer (2009) 108 (128)  492/3 30.2(12.,5) 65.7/10.0 20.3(8.3) 54.0/4.0
2. Jugopetrol
Year (2006) 178 (168) 1081/10 44.1(29.4) 136.3/5.5 19.1(17.7) 83.3/2.5 6.9(7.3) 36.5/0.9
Winter (2006) 151 (150) 759/10 37.5(28.4) 108.1/5.5 19.8(22.6) 83.3/25 8.3(10.3) 36.5/0.9
Summer (2006) 194 (177) 1081/10 48.5(30.5) 136.3/14.4 19.4(15.4) 62.7/4.0 6.3(5.2) 23.3/1.1
3. Institute
Year (2006) 62 (70) 589/10 38.3(21.7) 116.7/9.8 16.0(8.1) 49.3/2.0 6.7(6.2) 22.9/0.9
Winter (2006) 66 (91) 589/10 37.3(16.0) 72.7/9.8 19.5(8.1)  49.3/2.0 9.7(5.9) 229/1.9
Summer (2006) 59 (57) 422/10 39.4(26.7) 116.7/125 10.3(4.4) 46.2/3.3 3.6(4.9 21.2/0.9
4. Brezonik
Year (2007) 44 (61) 328/5 42.5(32.6) 293.6/8.8
Winter (2007) 43 (64) 328/11 53.2 (41.5) 293.6/8.8
Summer (2007) 45 (59) 217/5 32.4(15.9) 111.0/10.3
Year (2008) 68 (144) 1642/10 45.7 (29.9) 188.3/11
Winter (2008) 92 (199) 1642/10 52.8 (34.9) 188.3/11
Summer (2008) 45 (35) 196/10 35.2(15.3) 84.9/14.7
5. Hospital

Year (2006) 228 (248) 1291/10 53.0(66.5) 393.7/10 17.8(18.7) 101.8/2.7 6.6(7.1) 41.3/1.1
Winter (2006) 255(290) 1291/14 34.2(16.6) 73.5/12.7 14.2(7.5) 30.1/3.8 6.0(3.6) 14.1/1.3
Summer (2006) 210 (214) 843/10 65.9(83.7) 393.7/10 20.2(23.4) 101.827 7.0(8.8) 41.3/1.1
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Figure 3. Time serfes of SO, and PM;, mass concentrations at measuring point 1 (Park) in the time interval
when the Copper Smelter Bor was out of operation.
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Figure 4. Time serfes of SO, and PM,, mass concentrations at measuring point 1 (Park) in the time interval
when the Copper Smelter Bor was in operation.

average values range form 44 to 228 pg/m?® for SO,,
32.7 to 53.0 ug/m® for PM;y, 14.0 to 23.7 ug/m?® for
PM,s and 5.7 to 9.6 ug/m3 for PM,. Variation of daily
means can be demonstrated by variation coefficients,
I.e., the standard deviation divided by the mean. The
variability of SO, mass concentrations at measuring
locations is very different, between 91 and 212%. The

variability of PM mass concentrations at measuring
locations changes between 57 and 125% for PM,,
between 51 and 105% for PM, s and between 72 and
108% for PM,.

Based on comparisons of these results with the
data of sulfuric acid and the copper cathodes pro-
duction shown in Table 4, we made a conclusion that
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Figure 6. Time serfes of SO, and PM,;, mass concentrations at measuring point 4 (Brezonik) during 2007 in the time interval
when the Copper Smelter Bor was in operation.

emissions of these pollutants from the Copper Smel-
ter Bor were the dominant cause of the air pollution
episodes at almost all measuring points. However,
the concentrations of SO, were clearly higher at lo-
cations 1, 2 and 5 compared to concentrations at
locations 3 and 4. This can be explained by the fact
that these measuring points are of the dominant wind
direction relative to the Copper Smelter. Also, mea-
suring points 1 and 5 are at half the distance from the
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Copper Smelter smokestacks relative to other measu-
ring points and the values of SO, concentration at
these measuring points are expected to be higher.
The average annual concentrations of SO, measured
at measuring points 1, 2, and 5 are the largest in the
Republic of Serbia. These values are at least two
times higher than those measured in Kostolac and
Belgrade for the last few years.
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The average annual concentrations of Pl
measured in Bor (32.7 to 53.0 ug/m®) appear to be at
the same level of PM,, concentrations measured in
2001 in selected European cities [14], or even lower
[15, 16]. The average annual concentrations of PMq
were slightly higher at measuring points 2, 4 and 5
compared to the concentrations at measuring points 1
and 3. At measuring points 4 and 5, major seasonal
changes in concentrations of PM,, can be detected
relative to other measuring points. The concentrations
of PM, were very similar at all locations.

Table 4. Production of sulfuric acid and copper cathodes in the
Copper Smelter Plant (2004-2008)

Year H, SO4 production, t Cu production, t
2004 49100 12000
2005 92900 21000
2006 71500 41000
2007 66500 31000
2008 70800 34000

The changes in SO, and PM,, concentrations at
measuring point 1 (Park) were simultaneous during
the almost whole periods of SO, pollution episodes
when the Copper Smelter Bor was in operation (as
shown in Figure 4). The same conclusion can be
made for changes of PM,y, PM,s and PM, concen-
trations. Very little difference was found between the
average concentrations for the summer and winter
seasons. These results imply that the area in the vici-
nity of the measuring point 1 is influenced by the same
source of pollution, that is the Copper Smelter Bor.

The changes in SO, and PM,, concentrations at
measuring point 2 (Jugopetrol) were simultaneous
during almost the whole measuring period. This mea-
suring point is more than 2 km away from the Metal-
lurgy Complex, so the influence of other sources of
pollution (such as the city dump and ore waste heap)
in some periods is dominant. The same conclusion
can be made for mass concentrations of PW,s and
PM,.

The changes in SO, and PM,, concentrations at
measuring point 3 (Institute) are not so simultaneous
as at measuring points 1 and 2. Anomalies can be
frequently seen in the second half of the year. Very
little difference was found between the average con-
centrations for the summer and winter seasons. This
measuring point is not on the dominant direction of
the wind from the Metallurgy Complex, which is the
main source of SO, and particulate pollution, so the
influence of other sources of pollution (such as traffic
or Foundry Castings) in these periods is dominant.

Mass concentrations of PM,g, PM,s and PM; have a
similar trend.

The changes in SO, and PM,, concentrations at
measuring point 4 (Brezonik) do not have the same
trend during the year, the trend is even inverted in
some periods. This measuring point is not on the do-
minant direction of the wind from the Metallurgy Com-
plex, so the influence of other pollution sources (such
as ftraffic, ore waste heap or individual fireplaces) in
these periods is dominant. This measuring point ex-
pressed strong influence on individual fireplace usage
during the winter period so that in this period the
measured concentrations were higher than those du-
ring the summer (relative change in PM,, concentra-
tions of 39% during 2007, and 33% during 2008).
Nevertheless, the influence of the Metallurgy Com-
plex on air pollution at this measuring point should not
be neglected, since it is dominant in some periods.

The changes in SO, and PM,, concentrations at
measuring point 5 (Hospital) are proportional during
the whole measuring period when the Copper Smelter
Bor is in operation (as shown in Figure 5). The same
conclusion can be made for mass concentrations of
PM,,, PM,s and PM,. The geographical position of
this measuring point is such that, in winter, the winds
that mostly blow from the north/northwest contribute
to the reduction of PM pollution relative to the sum-
mer period when the frequency of winds from these
directions is lower (relative change in PM,, of 48%, in
PM, s of 30% and in PM, concentrations of 14% du-
ring 2006). This measuring point is in the vicinity of
the Copper Smelter Bor, hence it is the dominant
source of air pollution.

CONCLUSIONS

Monitoring of mass concentrations of PM is very
important from the aspect of risk assessment to hu-
man health. Measurements of concentration of PV
(PMyo, PM,s and PM,;) at the measuring sites in the
urban area of Bor lead to the following conclusions:

- Presented results indicate that the dominant
source of coarse particles in Bor town is the Copper
Smelting Plant Bor. The most significant factors for
the distribution of pollutants are meteorological
parameters of wind speed and direction.

- Exceeding of daily limit values of PM;, concen-
trations (50 ug/m®) usually occur due to very high con-
centrations in the period of several hours during the
day. This is in good correlation with the detected va-
lues of SO, concentrations. Therefore, while most of
the particle pollution is below the limit value, a large
pollution intensity for a few hours, one or more times
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during the day, can lead to an exceedance of the daily
average limit value.

- The share of PM,, particles in TSP (total sus-
pended particles) is generally more than 70%, so that
a PM,, level exceeding the limit value is usually ob-
served when the TSP pollution is above its limit value.

Very extensive research is ongoing in order to
correlate PM results with meteorological parameters
and find relationships among PM and other pollutants.
Further work in this area should focus on prediction of
sulfur dioxide and particles concentrations in real time,
in order to provide short-term forecast of air quality.
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ANALIZA ZAGADENJA VAZDUHA USLED EMISIJE
LEBDECIH CESTICA 1Z TOPIONICE BAKRA
U BORU (SRBIJA)

Instutut za rudarstvo i metalurgiju
Bor, Zeleni bulevar 35,
19210 Bor, Srbija

NAUCNI RAD

228

Cilj rada fe analiza promena koncentracija lebdecih Cestica u Siroj oblasti grada Bora pod
uticajem emisije ovih cestica iz rudarsko metalurskog kombinata RTB Bor. Kvantitativna i
kvalitativna analiza lebdecih Cestica, posebno finih (PM.s - Cestice precnika manjeg od
2.5 um) i ultrafinih (PMj,; - Cestice precnika manjeg od 0.1 um) od izuzetnog je znacaja
zbog njihovog negativnog uticaja na ljudsko zdravije. Fine i ultrafine Cestice mogu da
prodru dublje u respiratorne organe, pri Cemu je zahvaljujuci njihovim dimenzjjama i ve-
rovatnoca za takav prodor I taloZenje u respiratornom sistemu veca. U radu fe prikazano
poredenje koncentracija SO, i lebdecih Cestica na nekoliko lokacija u Boru u blizini To-
pionice bakra. Izmerene koncentracije lebdecih Cestica u jakoj su direktnoj korelaciji sa
izmerenim koncentracijama sumpor dioksida, dok su u negativnoj korelacifi sa brzinom
vetra u vreme epizoda aerozagadenyja. Prikazani rezultati ukazuju na to da je na Sirem
gradskom podrucju Bora najvazZnifi izvor Cesticnog zagadenja rudarsko metalurski kom-
binat RTB Bor. U radu je pokazano da na rasprostiranje lebdecih cCestica najvise uticu
meteoroloski paramelri brzina i pravac vetra. Takode, ustanovijeno je da prekoracenje
granicnih vrednosti (srednje dnevne koncentracije) PM, (50 ,ug/mj) najcesce dolazi us-
led epizoda zagadenja. Do pojava veoma visokih koncentracija lebdecih Cestica dolazi
fednom ili vise puta u toku dana u zavisnosti od aktivnosti u metalurskom kombinatu
RTB Bor i opstih meteoroloskih uslova.

Kljucne reci: sumpor-dioksid; lebdece Cestice (PM), respiratorne cestice; za-
gadenje vazduha, monitoring.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


