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Ab stract: The con cen tra tions of 41 chem i cal el e ments (heavy met als, rare earths, and actinides) were
de ter mined in at mo spheric aero sol us ing nu clear and re lated an a lyt i cal tech niques. The sam pling
lo ca tion was in Bratislava (Slo vak Re pub lic). The main goal of this study is the quan ti fi ca tion of the
at mo spheric pol lu tion and its trend. The el e men tal con tent in fil ters was mea sured us ing in stru men tal
neu tron ac ti va tion anal y sis at IBR-2 re ac tor in JINR Dubna and by atomic ab sorp tion spec trom e try in
Bratislava. The ob tained re sults con firm the de creas ing trend of pol lu tion by most of the heavy met als in
Bratislava at mo sphere, and they are com pared with the con tents of pol lut ants in at mo sphere of other
cit ies. We de ter mined also the com po si tion of clear fil ter ma te ri als.

 1. In tro duc tion

At mo spheric aero sols are submicron par ti cles, on which the el e ments of solid or liq uid
state pres ent in the air are cap tured. The aero dy namic size of aero sol de ter mined the de gree
of bi o log i cal ef fect on hu man or gan ism. Aero sol par ti cles are sorted ac cord ing to their size
into three modes:

(a) Aitken nu clei mode (from 0.003 to 0.07 mm, av er age 0.015 mm).
(b) Ac cu mu la tion mode (from 0.07 to 2 mm, av er age 0.3 mm).
(c) Coarse mode (from 2 to 36 mm, av er age >10 mm).
Be sides other el e ments aero sol par ti cles con tain heavy met als, too. Some heavy met als

play im por tant role in the nu tri tion of plants, an i mals or hu mans (Mn, V, Cr, Ni, Cu, Zn), but
if they oc cur in ex cess, they may pro duce toxic ef fects. The oth ers (Cd, Hg, Pb) are toxic
even in very low con tents. Heavy met als are re leased to the en vi ron ment from a great num -
ber of sources like dif fer ent in dus trial ac tiv i ties or com bus tion of fos sil fu els. These el e -
ments are com po nents of traf fic emis sions and they are emit ted into at mo sphere in form of
fine dust and aero sols. Ve loc ity of dry de po si tion of heavy met als in at mo spheric aero sols is
usu ally less than 0.5 cm.sec-1 and the me dium res i dence time is sup posed to be about 5 days
[1]. Air borne soil par ti cles, vol ca nic aero sols and for est fires con trib ute to nat u ral emis sions 
of trace el e ments. The cur rent anthropogenic metal emis sions are up to sev eral or ders of
mag ni tude higher than nat u ral con tents [2].

Now a days sev eral meth ods are avail able to de ter mine el e men tal com po si tion of mat -
ter. We had been us ing in stru men tal neu tron ac ti va tion anal y sis (INAA) to de ter mine el e -
men tal con tent of at mo spheric aero sol sam ples. Along with the rel a tively new an a lyt i cal
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tech niques, like in duc tively cou pled plasma atomic emis sion spec trom e try (ICP-AES)
and in duc tively cou pled plasma mass spec trom e try (ICP-MS), INAA is the most sen si tive
method for multi-el e ment anal y sis. Each of these tech niques has its own ben e fits and dis -
ad van tages. Main ad van tages of in stru men tal ac ti va tion anal y sis (IAA) in con nec tion to
high-res o lu tion gamma-ray spec tros copy are si mul ta neous multi-el e men tal de ter mi na -
tion. These con trib uted mainly to its ex ten sive ap pli ca tion in trace el e ment anal y sis. It
should be noted that INAA tech nique does not re quire sam ple dis so lu tion, there fore it has
a great ad van tage if the to tal con cen tra tion is the aim of the anal y sis. The main dis ad van -
tage of NAA is the high cost of the ap pro pri ate neu tron source. 

2. Ex per i men tal and Methods

The sam pling lo ca tion is at the Me te o ro log i cal Sta tion near the Fac ulty of Math e mat -
ics, Phys ics and In for ma tics (FMPI), Comenius Uni ver sity, Bratislava. Using the sam pler
de vice with an air-flow rate of 30 m3.h-1 aero sol par ti cles are col lected on the ni tro-cel lu -
lose mem brane fil ters (PRAGOPOR, pore size 0.85 mm, the col lec tion ef fi ciency ap prox i -
mately 100 %). Two samplings were real ised us ing the tex tile fil ters. The col lec tion
ef fi ciency of this type of fil ters was eval u ated to be ap prox i mately 80 %. Also the per me -
abil ity of the tex tile fil ter was much larger than in the case of ni tro-cel lu lose fil ter, there -
fore the to tal vol ume of pumped air was greater. The sam pler de vice is sit u ated at height of 
2.85 m above the ground at the Me te o ro log i cal Sta tion near the FMPI. The fil ters are
changed ev ery week and about 3000 m3 of air is pumped through each sam ple. In Sep tem -
ber 2004 the new sam pling de vice was launched and the vol ume of pumped air in creased
twice.

Con cen tra tions of el e ments were de ter mined by in stru men tal neu tron ac ti va tion anal -
y sis (INAA) on pulsed fast re ac tor IBR-2 in FLNP JINR, Dubna, Rus sia. The ex per i men -
tal setup con sists of four chan nels for ir ra di a tion (Ch1–Ch4) and the pneu matic trans port
sys tem REGATA. It pro vides ac ti va tion with ther mal, epi ther mal and fast neu trons [3].
Two chan nels are cad mium screened for ac ti va tion with epi ther mal neu trons [4]. Ther mal
NAA takes ad van tage of the high in ten sity of neu trons avail able from the thermalisation
of fis sion neu trons and the large ther mal neu tron cross sec tions for most iso topes. Epi ther -
mal NAA (ENAA) is a use ful ex ten sion of INAA in that it en hances the ac ti va tion of a
num ber of trace el e ments rel a tive to the ma jor ma trix el e ments. Epi ther mal is taken to be
neu trons with en er gies from the Cd cut-off of 0.55 eV up to ap prox i mately 1 MeV. In gen -
eral, the ac ti va tion cross sec tions of the ma trix el e ments of en vi ron men tal sam ples are in -
versely pro por tional to the neu tron en ergy (1/v low). The trace el e ments also fol low this
gen eral trend but many of them (rare earth el e ments in par tic u lar) have large res o nance ac -
ti va tion integrals at spe cific en er gies in the epi ther mal en ergy re gion.
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Ta ble 1. Char ac ter is tics of four ir ra di a tion chan nels of the ex per i men tal setup REGATA.

Irradiation

site

Neutron flux density

10-12. F [cm-2.s-1 ]

T [oC]

Inside Ch

Ch diam.

F [mm]

Ch length
[mm]

Thermal Epithermal Fast

Ch1 Cd-coated 3.31 4.32 70 28 260

Ch2 1.23 2.96 4.10 60 28 260

Ch3 Cd-coated 7.5 7.7 30-40 30 400

Ch4 4.2 7.6 7.7 30-40 30 400

The main pa ram e ters (for re ac tor’s power 2000 MW) of the ir ra di a tion chan nels are
pre sented in Table 1, where the tem per a ture in side chan nels, the di am e ter F and the length 
of chan nel are shown. The neu tron flux den sity (for ther mal or epi ther mal neu trons) in side 
chan nels is of the or der of 1012 cm-2.s-1 [5]. The chan nels Ch3, Ch4 are cooled by wa ter,
and the chan nels Ch1, Ch2, con nected with the pneu matic trans port sys tem, are cooled by
air. That is rea son why the tem per a ture in chan nels Ch3 and Ch4 is lower than the tem per -
a ture in chan nels Ch1 and Ch2 in spite of the greater neu tron flux den sity. The time of
sam ple ir ra di a tion in chan nels Ch3, Ch4 de pends on the op er a tion cy cle du ra tion of the re -
ac tor and is equal to 4–12 days. Each chan nel con sists of two con cen tric pipes made from
stain less steel. They are placed into an alu minium box filled with bi o log i cal shield. Sam -
ples are trans ported through one of the pipes of 28 mm in di am e ter. Com pressed air flows
through the sec ond pipe.

Fil ters were packed in poly eth yl ene foil bags for short-term ir ra di a tion. Alu minium
con tain ers were used for long-term ir ra di a tion. Short-term ir ra di a tion pre ceded 3–5 min to 
de ter mine short-lived iso topes. Af ter a de cay-pe riod of 5 to 7 min the ir ra di ated sam ples
were mea sured twice, first for 3–5 and then for 10–15 min. A long-term ir ra di a tion of 4–5
days was used to mea sure long-lived radionuclides. Af ter ir ra di a tion the sam ples were
re-packed and mea sured twice, first af ter 4–5 days for 40–50 min and af ter 20 days for 2–
4 hours. The in duced ac tiv ity was mea sured us ing g-spec trom e ters with Ge(Li) or HPGe
de tec tors and ORTEC elec tron ics. Data pro cess ing was car ried out us ing soft ware de vel -
oped in FLNP JINR [6], and el e ment con tents were de ter mined on the ba sis of cer ti fied
ref er ence ma te ri als and flux com para tors. The men tioned method can de ter mine up to 45
el e ments [7]. The neu tron flux is con trolled by mon i tors (Au, Zr, etc.). The re duc tion of
the neu tron flux den sity along the chan nel length is grad ual, but sig nif i cant, up to
30–50 %. That phe nom e non should be taken into con sid er ation while data pro cess ing.

In ad di tion the con tents of Cr, Ni, Cu, Zn, Cd and Pb were de ter mined us ing atomic ab -
sorp tion spec trom e try at In sti tute of Ge ol ogy at the Fac ulty of Nat u ral Sci ences, Comenius
Uni ver sity, Bratislava.

3. Re sults and Dis cus sion

Using INAA at IBR-2 re ac tor in Dubna with com bi na tion of AAS con cen tra tions of 41
el e ments in 8 se lected sam ples (Ta ble 2) of at mo spheric aero sol were de ter mined. Ta ble 3
pres ents which el e ments were de ter mined us ing NAA (short-term or long-term ir ra di a tion
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mode) or AAS meth ods. As and Sb were de ter mined not only via short-term but via
long-term ir ra di a tion, too. Ni and Zn were mea sured us ing NAA and AAS.

Ta ble 2. Eight se lected sam ples of at mo spheric aero sol.

Date of the sample Volume of air [m3] Type of filter

18.07.2001 16.7.-19.7.01 4274.2 nitro-cellulose

14.09.2001 11.9.-17.9.01 4419.4 nitro-cellulose

01.10.2001 28.9.-3.10.01 3505.5 nitro-cellulose

13.01.2004 7.1.-19.1.04 3507.7 nitro-cellulose

28.03.2004 12.5.-25.5.04 3555.7 nitro-cellulose

10.10.2004 6.10.-15.10.04 7582.5 nitro-cellulose

15.01.2005 13.1.-18.1.05 23195.2 textile

17.04.2005 14.4.-20.4.05 25554.3 textile

Ta ble 3. Sched ule of el e ments ac cord ing to method of de ter mi na tion.

Method
Number of
elements

Elements (Uncertainty of determination [%])

NAA

short-term
15

Na (9), Al (8), Cl (11), K (6), Ca (20), Ti (24), V (8), Mn (6), As (14),
Br (17), In (20), Sb (22), I (8), Dy (26), W (48), U (16)

NAA

long-term
23

Fe (6), Co (20), Ni (34), Zn (7), As (16), Se (34), Rb (16), Sr (70),
Zr (82), Mo (14), Ag (14), Sb (8), Cs (20), Ba (15), La (13), Ce (31),
Sm (10), Gd(32), Tb (35), Hf (27), Ta (99), Au (16), Th (12)

AAS 6 Cr (6), Ni (6), Cu (2), Zn (10), Cd (10), Pb (3)
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Ta ble 4 shows av er age, me dian, min i mum and max i mum val ues of con cen tra tions of 41
el e ments in at mo spheric aero sol mea sured us ing the above men tioned an a lyt i cal meth ods.
Figs. 1–3 pres ent the con cen tra tions of el e ments in at mo spheric aero sol for six lo ca tions.
These re sults are pre sented in Ta ble 5, too. Rel a tively low val ues com par ing of Cl, Na and
Br to the val ues from the coastal lo cal i ties in di cate the sea spray or i gin. The small con tents
of V, Ni and As can by at trib uted to weaker fre quency of oil and coal com bus tion in
Bratislava com pared to other lo ca tions. Oil com bus tion is prac ti cally the only source of V,
while Ni can be emit ted also from a high qual ity steel pro duc tion plants and Ni smelt ers [8].
Al, Ca and Ti are typ i cally soil de rived el e ments. Non-fer rous smelt ers are the sources of Zn,
Cu, Cd and Pb. Cd and Pb are re leased into the en vi ron ment also via fos sil fuel com bus tion.
The mea sured con tents of al most all el e ments are lower in Bratislava com par ing to other lo -
cal i ties. It can be caused by the small num ber of sources of pol lu tion near the sam pling site.
On the other side this lo ca tion is typ i cal with the high num ber of windy days per year.

Ta ble 4. Av er age, me dian, min i mum and max i mum val ues of con cen tra tions [ng.m
-3

] of 41 el e ments in 
at mo spheric aero sol de ter mined from anal y ses of 8 fil ter sam ples.

Element Average Median Minimum Maximum

Na 100 83 47 253

Al 231 183 40 682

Cl 79 41 26 276

K 158 150 101 212

Ca 228 256 52 345

Ti 12 10 3 23

V 1.05 0.93 0.56 1.7

Cr 0.45 0.40 0.26 0.68

Mn 5.0 4.3 1.9 9.2

Fe 317 317 129 505

Co 0.10 0.10 0.04 0.16

Ni 0.68 0.56 0.39 1.08

Cu 5.9 5.1 4.3 8.3

Zn 28 25 20 45

As 0.51 0.48 0.21 0.83

Se 2.0 2.0 1.0 2.9

Br 2.59 2.34 0.68 4.07

Rb 0.75 0.75 0.42 1.08

Sr 1.08 1.08 0.65 1.52

Zr 3.96 3.96 1.65 6.27

Mo 0.35 0.35 0.27 0.42

Ag 0.104 0.104 0.029 0.179

Cd 0.098 0.108 0.068 0.120

In 0.0020 0.0016 0.0007 0.0046

Sb 1.01 0.90 0.33 2.29
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Con tinued (Ta ble 4)

I 1.15 1.12 0.79 1.65

Cs 0.058 0.058 0.035 0.081

Ba 4.2 4.2 1.7 6.6

La 0.35 0.35 0.17 0.53

Ce 0.39 0.39 0.10 0.68

Sm 0.028 0.028 0.006 0.050

Gd 0.31 0.31 0.06 0.57

Tb 0.0034 0.0034 0.0007 0.0061

Dy 0.017 0.014 0.010 0.036

Hf 0.027 0.027 0.009 0.046

Ta 0.0081 0.0081 0.0021 0.0140

W 0.37 0.13 0.09 1.46

Au 0.0011 0.0011 0.00078 0.0013

Pb 34 25 23 55

Th 0.045 0.045 0.009 0.080

U 0.018 0.016 0.010 0.031
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Ta ble 5. Con cen tra tions [ng.m
-3

] of el e ments in at mo spheric aero sol for six lo ca tions.

Element

Bratislava

Slovakia

2001/2005

(this paper)

Singapore

Singapore

1994

[9]

Antwerp

Belgium

1986

[10]

Bily Kriz

Czech Rep

1993/1994

[8]

Detroit

USA

1996

[11]

Lund

Sweden

1993

[12]

Na 100 802

Al 231 281 861

Cl 79 1376 190 11 163 514

K 158 280 170 191 313 224

Ca 228 303 300 54 2630 320

Ti 10.1 33.0 21.0 7.1 86.0 20.0

V 1.05 4.08 13.00 2.32 8.58

Cr 0.446 2.100 2.730 21.580

Mn 4.97 8.63 9.60 5.87 45.20 8.37

Fe 317 296 330 130 3080 233

Co 0.100 0.320

Ni 0.682 4.675 6.100 1.260 8.200 2.080

Cu 5.90 20.50 7.50 4.71 13.70 4.57

Zn 27.8 30.5 41.0 50.8 103.0 28.5

As 0.512 8.900 4.000 2.070

Se 1.97 5.70 1.01 1.26

Br 2.59 16.08 4.12

Rb 0.751 1.450 0.360

Sr 1.08 17.20 3.80 0.78 9.59

Mo 0.346 1.050

Ag 0.104 0.048

Cd 0.098 0.450

Sb 1.01 1.81

Ba 4.15 11.00 30.70

La 0.353 0.530

Ce 0.388 0.940

Sm 0.028 0.071

W 0.367 0.240

Pb 34.2 33.8 110.0 28.7 21.5 19.8

Fig. 4 shows de creas ing trend of air pol lu tion by heavy met als (Mn, Cu, Zn, Cd and Pb)
in Bratislava since the year 1981. The emis sions of Pb have de creased, re flect ing the shift
from leaded to un leaded gas o line. The main rea son of this de creas ing trend is the de cline of
the in dus try pro duc tion in Slo vak Re pub lic af ter the year 1989. The emis sions of pol lut ants
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were re duced via ap pli ca tion of
more strict re quire ments in the en -
vi ron men tal leg is la tive, too.

We de ter mined also the con -
tent of clear fil ters. Ta ble 6 shows
the con cen tra tions of the mea sured 
el e ments in two dif fer ent fil tra tion
ma te ri als, ni tro-cel lu lose and tex -
tile. Be cause of the ni tro-cel lu lose
ma te rial this type of fil ter could
not be ir ra di ated in long-term
mode. There fore for the ni tro-cel -
lu lose fil ters only the el e ments de -
ter mined short-term ir ra di a tion
and AAS are avail able. On the
other side the tex tile fil ters were
not mea sured us ing AAS. 

The con cen tra tions of el e -
ments in both ana lysed fil tra tion
ma te ri als are com pa ra ble within
the bounds of un cer tain ties ex -
cept for Al, Ti, In and W.
As the Fig. 5 shows, the con cen -
tra tion of these el e ments is much
higher for the tex tile fil ter. 
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Fig. 3. Con cen tra tions [ng.m
-3

] of el e ments in at mo spheric aero sol for six lo ca tions.

Fig. 4. Con cen tra tions of Mn, Cu, Zn,
Cd and Pb in at mo spheric aero sol in
Bratislava since 1981. The data of pe -
riod 1981-1987 are from [1]; the data
of pe riod 1992-2003 for Cd and Pb
are from [13]. Our data are marked by
ar row.



Ta ble 6. Con cen tra tions of el e ments [ppm] in two dif fer ent types of fil ters used for sam pling of at mo -
spheric aero sol par ti cles.

Element Nitro-cellulose filter Textile filter Element Nitro-cellulose filter Textile filter

Na 39.4 ± 4.7 25.4 ± 3.5 Zr 0.808 ± 0.328

Al 11.3 ± 1.4 68.7 ± 7.0 Mo 0.0214 ± 0.0039

Cl 53.3 ± 6.2 57.0 ± 6.0 Ag 0.0215 ± 0.0031

K 38.2 ± 6.0 17.0 ± 12.4 Cd 0.0297 ± 0.0030

Ca 81.8 ± 15.2 90.4 ± 19.8 In 0.0005 ± 0.00001 0.0066 ± 0.0015

Ti 1.24 ± 0.42 219.4 ± 26.2 Sb 0.0156 ± 0.0021 

V 0.0119 ± 0.0038 I 0.0318 ± 0.0045 0.0210 ± 0.0061

Cr 8.32 ± 1.13 Cs 0.0034 ± 0.0008

Mn 0.321 ± 0.039 0.222 ± 0.037 Ba 0.672 ± 0.112

Fe 21.8 ± 3.6 La 0.192 ± 0.102 0.0555 ± 0.0076

Co 0.0877 ± 0.0122 Ce 0.131 ± 0.026

Ni 0.335 ± 0.034 0.262 ± 0.073 Sm 0.0027 ± 0.0003

Cu 1.24 ± 0.24 Hf 0.0063 ± 0.0015

Zn 2.30 ± 0.26 Ta 0.0076 ± 0.0030

Se 0.0973 ± 0.0247 W 0.0398 ± 0.0372 2.38 ± 0.80

Br 0.291 ± 0.084 0.137 ± 0.049 Au 0.0015 ± 0.0004 0.0017 ± 0.0002

Rb 0.0433 ± 0.0095 Th 0.0037 ± 0.0005

Sr 0.307 ± 0.086 U 0.0032 ± 0.0007
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4. Con clu sion

The con cen tra tions of chem i cal el e ments in Bratislava show typ i cal val ues for Eu ro -
pean area. Com paring to other lo ca tions the most heavy met als ex hib ited the low est con -
cen tra tion. Our data con firm the de creas ing trend of at mo spheric pol lu tion by heavy
met als (Mn, Cu, Zn, Cd, and Pb) in pe riod of the last 20 years, too. The ob tained data may
be use ful as a ref er ence level for com par i son with the fu ture mea sure ments of at mo spheric 
pol lu tion by heavy met als in Bratislava city.

Anal y ses of clear fil tra tion ma te ri als (ni tro-cel lu lose and tex tile) shown, that the con -
cen tra tions of el e ments in both ana lysed fil tra tion ma te ri als are com pa ra ble ex cept for Al,
Ti, In and W. Their con cen tra tions are much higher for tex tile fil ters.
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