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Coal- and lig nite-fired power plants pro duce sig nif i cant amounts of fly ash, which in many
cases con tains high con cen tra tions of nat u rally oc cur ring radionuclides such as 238U. This is
of im por tance from the ra dio-en vi ron men tal point of view since a small por tion of the fly ash
es capes from the power plant fil ter ing sys tem and dis perses in the sur round ing at mo sphere.
In ad di tion, coal- and lig nite-fired plants re lated ac tiv i ties such as fuel min ing and ash de po si -
tion con trib ute to the sus pended mat ter in the air with par ti cles con tain ing nat u rally oc cur -
ring radionuclides. In this study, rain wa ter sam ples were col lected in the Meg a lop o lis lig nite
field ba sin of the Ar ca dia pre fec ture in Greece, where lig nite-fired power plants are in op er a -
tion and re lated ac tiv i ties are fully de vel oped. The sam ples were preconcentrated and an a -
lyzed with al pha spec trom e try and ki netic phos pho res cence anal y sis in or der to de ter mine the
lev els of ura nium iso tope con cen tra tions in pre cip i ta tion in the Meg a lop o lis ba sin. A con trol
rain wa ter sam ple was also col lected in the Ath ens area to ac count for ref er ence pur poses.
Con cen tra tions de ter mined via the two tech niques were found to be in sta tis ti cal agree ment.
The con cen tra tion  of  238U in  the  sam ples  col lected  at  the  Meg a lop o lis  ba sin var ies from
2.2 ± 0.6 to 90 ± 14 mBq/L, and is 5-40 times higher than the con cen tra tion of 238U in the
sam ple col lected in Ath ens. This could be at trib uted to the op er a tion of the lig nite-fired
power plants, the fos sil fuel mines, and the ash de pos i to ries.
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IN TRO DUC TION

Fos sil fu els such as coal and lig nite are used for
elec tric power gen er a tion world wide. These fu els con -
tain traces of in com bus ti ble min er als in clud ing nat u -
rally oc cur ring radionuclides such as 238U, 226Ra,
210Pb, 232Th, and 40K. Coal and lig nite com bus tion
pro duces sig nif i cant amounts of ash. En rich ment of
the ash in in com bust ibles takes place dur ing the com -
bus tion pro cess and re sults in greater con cen tra tions
of nat u rally oc cur ring radionuclides in ash than those
in coal [1, 2]. The pro duced ash is par ti tioned be tween
bot tom ash that falls in side the boiler and fly ash that is
sus pended in the flue gas. The plant fil ter ing sys tem
re tains most of the fly ash; how ever, a small amount of
fine-sized fly ash par ti cles es capes from the stack and
dis perses in the sur round ing at mo sphere. Pos si ble fos -

sil fuel opencast min ing and fuel con veyor belt trans -
por ta tion and/or track trans por ta tion ac tiv i ties in the
same area may con trib ute to the num ber of par ti cles
bear ing radionuclides that dis perse in the at mo sphere.
In ad di tion, resuspension of fly and/or bot tom ash par -
ti cles from a nearby op er a tion of ash de po si tion fields
fur ther adds to the ra dio ac tiv ity con cen tra tion in the
air. If the plant area in ques tion is in hab ited, then some
con tri bu tion in this ra dio ac tiv ity is an tic i pated as a re -
sult of traf fic and other com mon anthropogenic ac tiv i -
ties.

All such main air borne par ti cle sources, namely
the stack es cap ing fly ash, the mined and trans ported
fuel dust and the re sus pend ed ash from the de pos its are 
of con cern from the ra dio-en vi ron men tal point of
view, be cause they lead to the dis per sion of par ti cles in 
the at mo sphere in the power plant area, which are ul ti -
mately de pos ited on the sur round ing ground and veg e -
ta tion. These par ti cles, when in the air, are inhalable
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and can be de pos ited in the re spi ra tory sys tem [3],
while if de pos ited on veg e ta tion they can be in gested.
Wash out is one of the main at mo spheric par ti cle de po -
si tion pro cesses; there fore, the de ter mi na tion of nat u -
rally oc cur ring radionuclides such as the ura nium iso -
topes in rain wa ter sam ples is of im por tance. Sev eral
in ves ti ga tions have been made in the past in or der to
de ter mine the ura nium lev els in pre cip i ta tion in sev -
eral places around the world [4-9].

Ac cord ing to the 2010 data, pub lished monthly
by the Pub lic Power Cor po ra tion of Greece S. A., about
6 GW or 50% of to tal avail able elec tric ity power in
Greece is pro duced by lig nite-fired power plants. Two
such power plants, with a to tal ca pac ity of 850 MWe,
are in op er a tion in the Meg a lop o lis lig nite field ba sin in
Ar ca dia pre fec ture at the Peloponnese pen in sula.
There fore, the Meg a lop o lis ba sin is a typ i cal ex am ple
of a fos sil fuel power pro duc ing area, where all men -
tioned three main air borne par ti cle sources are pres ent
and ac tive. Plant A  has  a  rated  ca pac ity  of 550 MWe

and plant B of 300 MWe [10]. Pub lic Power Cor po ra -
tion of Greece S. A. runs both plants. Meg a lop o lis lig -
nite is clas si fied  as  a  low-rank coal. It  pres ents high
ash  con tent  (~30 wt.% dry) and low cal o rific value
(~10 MJ/kg dry). In num bers, at full load the plants con -
sume ap prox i mately 22-25×106 kg of pul ver ized dry lig -
nite per day, which is opencast-mined lo cally. The re -
spec tive ash pro duc tion rate var ies be tween 6.6 to
7.5×106 kg per day. It can be es ti mated that about 80% of 
this is fly ash. The stack elec tro static pre cipi ta tors nom -
i nally col lect 99.6% of the fly ash. How ever, in prac tice, 
as men tioned for the Meg a lop o lis plants in [11], the col -
lec tion ef fi ciency maybe as low as 95-96%. This may
hap pen for rea sons well ac counted for in the elec tro -
static precipitator the ory of op er a tion, namely years of
op er a tion, qual ity of elec tric field, par ti cles re sis tiv ity
and “back-co rona” ef fects, pres ence of par ti cles of
submicron size, non-uni form flows, fly ash sul phur
con tent, etc.

The Nu clear En gi neer ing De part ment of the Na -
tional Tech ni cal Uni ver sity of Ath ens (NED-NTUA)
has been con duct ing re search in the Meg a lop o lis ba sin 
since 1983. In the course of this re search, it has been
well es tab lished that the lig nite nat u ral ra dio ac tiv ity
con tent is high [12], re sult ing in high ra dio ac tiv ity
con tent in bot tom and fly ash, with 226Ra, and 238U ac -
tiv ity con cen tra tion in some cases ex ceed ing 1 kBq/kg
[2]. Ac cord ing to the find ings in [2], at the last stage of
the elec tro static fil ter ing sys tem, the col lected fly ash
par ti cles are of the mean size of 20 mm. There fore, it
can be as sumed that the fly ash par ti cles re leased from
the stack of the plants A and B are of a size be tween sub 
mi crons to sev eral mi crons. To our best knowl edge, no 
data ex ist on the par ti cle size of re sus pend ed mat ter
orig i nat ing at the mines and at the ash de pos i to ries.

Nat u rally oc cur ring iso tope de po si tion stud ies
in the vi cin ity of lig nite-fired power plants are in fact
both time-con sum ing and la bor-in ten sive. A lot of

time is needed for at tain ing de po si tion sam ples of ac -
tiv ity be yond the lower limit of de tec tion and much
highly spe cial ized la bor should be de voted for the
radiochemical ex trac tion and mea sure ment of the in -
ves ti gated iso topes. The aim of the pres ent study was
to time- and la bor-ef fec tively in ves ti gate the con cen -
tra tion of ura nium iso topes in pre cip i ta tion sam ples in
the Meg a lop o lis ba sin both in terms of sam ple col lec -
tion and also in terms of iso tope mea sure ment. For this
pur pose, a lim ited num ber of rain wa ter sam ples was
col lected in two lo ca tions in the area. To ac count for
ref er ence pur poses a con trol rain wa ter sam pling took
place at the NTUA cam pus in Ath ens as well. All sam -
ples were radiochemically treated and an a lyzed by al -
pha spec trom e try and ki netic phos pho res cence anal y -
sis (KPA) in or der to de ter mine ura nium iso topes and
the to tal ura nium con cen tra tion. Alpha spec trom e try is 
a very ac cu rate but rather time-con sum ing method ca -
pa ble of de ter min ing the 238U, and 234U iso topes con -
cen tra tions. Con trarily, KPA is a very fast method for
de ter min ing to tal ura nium in wa ter sam ples but does
not pro vide iso to pic in for ma tion, while it is sub ject to
an a lyt i cal qual ity prob lems when sam ples are not suf -
fi ciently trans par ent. How ever, when us ing KPA,
there is prac ti cally no need for ma jor radiochemical
treat ment of sam ples. To our best knowl edge, the mea -
sure ments pre sented herein are the first ura nium iso -
topes con cen tra tion re sults re ported for wet de po si tion 
in the vi cin ity of a lig nite-fired power plant in Greece.
In ad di tion, this work com mu ni cates a KPA mea sure -
ment op ti mi za tion pro ce dure, spe cific for en vi ron -
men tal pre cip i ta tion sam ples. This pro ce dure has been 
ver i fied with the aid of al pha spec trom e try. Nev er the -
less, since it is in es sence a con ver gence method, it can
also be safely ap plied au ton o mously.

SAM PLING

The rain sam plers used are pre sented in fig. 1,
and con sist of a HD poly eth yl ene cy lin dri cal con tainer 
with the di am e ter of 30 cm, and height of 38 cm, and a
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Fig ure 1. Pre cip i ta tion sam ple col lec tors (power plants
flue gas and hu mid ity plumes front ahead)



plas tic fun nel with the di am e ter of 23 cm. The fun nel is 
mounted on the con tainer us ing a tight gas ket. The
sam plers aim in col lect ing only wet de po si tion since
the fun nel is sup posed to hin der the en try of dry de po -
si tion mat ter into the con tainer; how ever, some dry de -
po si tion in ter fer ence could not be avoided. If tem per a -
ture within the sam pling pe riod is low, evap o ra tion
from the HD poly eth yl ene cy lin dri cal con tainer and
dif fu sion of the col lected wa ter back to the outer en vi -
ron ment is con sid ered neg li gi ble given the small di -
am e ter of the fun nel out put, the depth of the fun nel in -
ser tion in the con tainer, the height and di am e ter of the
con tainer, the al most sat u rated con di tions within the
con tainer, and fi nally, the ra di a tion re flect ing color of
the sam pling as sem bly.

For the pur poses of this work four rain
samplings were or ga nized. Con trol sam ple #1 was col -
lected, for ref er ence pur poses, at the NTUA Cam pus
in Ath ens, on the roof of the two-storey NED-NTUA
build ing. Sam ple #2 was col lected at the flat roof of a
two-storey pri vate res i dence in the town of Meg a lop o -
lis. Sam ples #3 and #4 were col lected at the ground
level near power plant A. The geo graph ical co-or di -

nates of the sam pling lo ca tions and the sam pling pe ri -
ods are pre sented in tab. 1. The map in fig. 2 il lus trates
the sam pling lo ca tions of sam ples #2, #3, and #4 in re -
la tion to the po si tion of power plants A and B. The
main cri te rion for the se lected lo ca tions was to in dic a -
tively in ves ti gate the out doors liv ing and work ing en -
vi ron ment of the Meg a lop o lis in hab it ants. Lo ca tion
#2 was se lected within the 5 km ra dius from both
plants in side the city of Meg a lop o lis in or der to pro -
vide a mea sure ment of ura nium iso topes wet de po si -
tion in an in hab ited area un der the close in flu ence of
the plume and quite near to lig nite mines and ash de -
pos i to ries op er at ing at a dis tance less than 5 km south -
wards. Lo ca tions #3 and #4 were se lected in the im me -
di ate vi cin ity of plant A works in or der to pro vide
worst-case mea sure ments in the work ing en vi ron -
ment.

Each sam pling pe riod lasted about 2.5-3.5
months cov er ing late win ter and most of spring. The
sam pling pe ri ods were de signed this way in or der to
(a) en sure there was rain, (b) min i mize to neg li gence
the evap o ra tion ef fect, and fi nally and most im por -
tantly, (c) to al low for a close es ti ma tion of the yearly
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                  Ta ble 1. Rain wa ter sam pling details

Sample Sample period Sample location Longitude [°] Latitude [°] Volume [L]

1 February 14-April 20, 2007 NTUA Campus 37.9782 23.7849 4.63

2 February 14-April 20, 2007 Megalopolis (City) 37.3970 22.1403 6.11

3 January 26-May 11, 2008 Megapolis (Plant A) 37.4205 22.1113 6.29

4 January 26-May 11, 2008 Megapolis (Plant A) 37.4205 22.1113 7.72

                  Fig ure 2. Rain wa ter sam pling lo ca tions map; A – plant A, B – plant B, C – locations #3 and #4, D – lo ca tion #2
          (map cour tesy of Microsoft Cor po ra tion Bing Aplication)



av er age in terms of the 238U wet de po si tion. In terms of 
sea sonal char ac ter is tics and ac cord ing to the cli ma to -
log i cal data avail able for Ar ca dia and the greater
Peloponnese pen in sula by the Hel lenic Na tional Me te -
o ro log i cal Ser vice (http://www.hnms.gr/) the ap plied
sam pling pe riod is quite rep re sen ta tive of the whole
year as far as monthly pre cip i ta tion height and num ber
of rainy days per month are con cerned. Data pub lished 
for the nearby city of Tripolis give an av er age monthly
pre cip i ta tion height of 65 mm both for the year du ra -
tion and for the time frame of Feb ru ary to May. For the
same city the yearly av er age num ber of rainy days per
month is 10, and the Feb ru ary to May av er age is 12. In
ad di tion, the av er age tem per a ture in the area for the
time frame in ques tion is es ti mated to 10.6 °C, which
does not give sig nif i cant rise to evap o ra tion in ter fer -
ence ques tions. It is worth while to add that the sam -
pling lo ca tions were close to some of the lo ca tions
cho sen in the pre vi ous work [11], which, among other
things, in ves ti gated bulk (i. e. to tal = wet plus dry)
238U de po si tion in the same area, so that to fa cil i tate
com par i sons and sup port the ex per i men tal ver i fi ca -
tion of a fly ash dis per sion model in ves ti gated in [13].
The data for the 238U bulk de po si tion col lected on a
monthly ba sis for 12 months in [11] av er age be tween
late win ter and most of spring at the val ues quite close
(within er ror) to the yearly av er age and sup port our
sam pling pe riod choice.

At the end of each sam pling pe riod the fun nel
was re moved and the con tainer was trans ported to the
Radiochemistry Lab o ra tory of NED-NTUA. Each
sam ple was weighted, and the rain wa ter vol ume col -
lected was found to range from 4.63 to7.72 L. As ex -
pected, sam ples #3 and #4, hav ing been col lected on
the ground and very close to plant A, were found to be
some what con tam i nated by or ganic and other mat ter.

SAM PLE PRECONCENTRATION
AND SCREEN ING

Be fore the radiochemical pro cess ing of the sam -
ples mainly for the pur poses of al pha spec trom e try
mea sure ments, an ini tial screen ing was per formed by
gamma spec trom e try. To this end, im me di ately af ter
the ar rival at the Lab o ra tory, any for eign mat ter such
as in sects and tree leaves were re moved from the sam -
ples, es pe cially sam ples #3 and #4, us ing a coarse
sieve (approx. 2 mm). Sub se quently, all the sam ples
went through a preconcentration treat ment us ing gen -
tle evap o ra tion to a low vol ume. For this pur pose, the
con tent of each sam pling con tainer was grad u ally
trans ferred to a 3 L beaker, and placed in a wa ter bath
at 80 °C. When the con tainer was to tally empty, the
sides and the bot tom were scrubbed with a rub ber spat -
ula. The  con tainer  was  suc ces sively  washed with two 
500 mL por tions of dis tilled wa ter and 500 mL of 5%
HNO3, and the washings were trans ferred to the 3 L

beaker. The con tents of the 3 L beaker were grad u ally
trans ferred to a smaller, 800 mL beaker and evap o ra -
tion con tin ued at 80 °C in a fume hood due to the pres -
ence of HNO3. The empty 3 L beaker was washed with
5% HNO3 and the sides and the bot tom were again
scrubbed with a rub ber spat ula. The slurry was trans -
ferred grad u ally to the 800 mL beaker. The evap o ra -
tion con tin ued un til the vol ume of each sam ple was be -
low 150 mL. To fa cil i tate the anal y sis of the en tire
sam ple in a stan dard ized ge om e try the slurry was then
trans ferred  to  our  plas tic cy lin dri cal con tain ers of
282 mL cal i brated for gamma-spec tros copy anal y sis
and the 800 mL beaker was washed with 5% HNO3

and scrubbed with the rub ber spat ula. Fi nally, the re -
main ing con tents of the beaker were also trans ferred to 
the plas tic con tainer. The re main ing empty vol ume of
the con tainer was filled with dis tilled wa ter and the
con tainer was sealed with a sil i cone ad he sive.

Mea sure ments were per formed us ing the ex -
tended range ger ma nium (XtRa) de tec tor of
NED-NTUA, with a FWHM of 1003 eV at 122 keV
and a rel a tive ef fi ciency of 107% [14]. It was shown
that the ra dio ac tiv ity of 238U in all the sam ples was at
the same mag ni tude as the de tec tion lim its of the
gamma spec tros copy method, i. e., 0.58 Bq/L. It was
there fore con cluded that gamma spec trom e try re sults
could not be con sid ered re li able for de ter min ing the
ura nium iso topes in the sam ples and fur ther anal y sis
em ploy ing radiochemical tech niques was un der taken.
De tails about the gamma spec tros copy tech niques
may be found in [2, 12, 14].

AL PHA SPEC TROM E TRY

Radiochemical sep a ra tion of ura nium iso topes
fol lowed by al pha spec tro scopic de ter mi na tion was
per formed on all sam ples. The method as ap plied in
NED-NTUA has been ver i fied dur ing the lat est
ALMERA Net work Lab o ra to ries Intercomparison Ex -
er cise [15]; NED-NTUA is an ALMERA Net work
mem ber. A weighed 50 mL por tion of each
preconcentrated sam ple was pipetted to a small beaker.
In or der to eval u ate re cov ery ef fi ciency, 0.75 mL of cal -
i brated 232U so lu tion, trace able to UK’s Na tional Phys i -
cal Lab o ra tory, was added to each sam ple. The ac tiv ity
con cen tra tion of 232U in the tracer so lu tion was cal cu -
lated to 0.103 ± 0.004 Bq/g, while the ex act amount
added to each sam ple was de ter mined by weight.

Af ter the tracer ad di tion, 25 mL of HNO3 (65%) 
were added to each beaker and the sam ple was evap o -
rated to near dry ness. This pro ce dure was re peated
twice. The res i due was evap o rated twice with 25 mL
of HCl and fi nally di luted in 30 mL of 7N HCL. The
sep a ra tion of ura nium iso topes was per formed by ion
ex change, us ing Biorad AG1-X4 resin. Ion ex change
col umns were pre pared with AG1-X4 resin, con di -
tioned in 7N HCl. Each sam ple so lu tion was passed
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through the cor re spond ing col umn, which was sub se -
quently washed with 400 mL 7N HCl. Ura nium was
eluted with 1N HCl and the eluate was col lected in a
small beaker. Then 25 mL of HNO3 (65%) was added
to the eluate and it was evap o rated un til dry ness. This
pro ce dure was re peated twice and sub se quently the
sam ple was di luted in 40 mL of 8M HNO3. The sec -
ond ion ex change col umn with AG1-X4 resin con di -
tioned with 8M HNO3 was pre pared and the sam ple
so lu tion was passed through the col umn. Ura nium
was eluted with 50 mL of 8M HNO3. The eluate was
elec tro de pos it ed on a stain less steel plate fol low ing
[16].

Spec tra  from  each  source  were  col lected  with
a  solid state CAN BERRA PIPS 450 mm2 de tec tor for
72000 sec onds. The  source  was placed at a dis tance of 
9  mm,  achiev ing a  geo met ric  ef fi ciency  of 18.72%.
As an  ex am ple, the  spec trum of  sam ple #3  is  pre -
sented in fig.  3. The spec tra  were  an a lyzed  by  the 
in-house de vel oped XAlpha soft ware [17], ap ply ing
Levenber-Marquardt fit ting al go rithm. All four sam -
ples were an a lyzed by these tech niques. The con cen -
tra tion  of  238U  and  234U  in the sam ples is pre sented in 
tab. 2, re fer ring to the ini tial sam ple vol ume be fore
preconcentration. The to tal re cov ery of this method
for each sam ple was also cal cu lated and is pre sented in
tab. 2. Al though the re cov ery val ues were not as high
as an tic i pated, de ter mi na tion of ura nium iso topes con -
cen tra tion was pos si ble in all cases. In the cal cu la tions
of the con cen tra tions of ura nium iso topes in the rain
sam ples the fol low ing un cer tainty com po nents were

in cluded: (a) the un cer tainty of the ra dio ac tiv ity of the
232U tracer, (b) the un cer tainty of the area of each peak
in the col lected spec trum, and (c) the un cer tainty of the 
sam ple mass mea sure ment.

In or der to com pare the con cen tra tion of 238U
and 234U, u-tests, as de scribed in [18], were con ducted
at a con fi dence level of 95%. The re sults of the tests
show that the con cen tra tions of the two iso topes do not 
dif fer sig nif i cantly at this con fi dence level. It is there -
fore con cluded that 238U and 234U are in ra dio ac tive
equi lib rium in the rain wa ter sam ples both in Meg a lop -
o lis and in the NTUA Cam pus in Ath ens. Sam ples #3
and #4 that were col lected at the same place and the
same time have been found to have sta tis ti cally equal
con cen tra tions of 238U ac cord ing to a u-test at a 95%
con fi dence level. The same con clu sion is valid for the
con cen tra tions of 234U in these sam ples. This shows
that the radiochemical sep a ra tion was pre formed suc -
cess fully and in the same man ner for both sam ples.

KI NETIC PHOS PHO RES CENCE
ANAL Y SIS

Ki netic phos pho res cence anal y sis, or KPA, is a
sen si tive, se lec tive, and fast method for to tal ura nium
con cen tra tion de ter mi na tion in aque ous sam ples,
which re quires a min i mum of radiochemical treat -
ment. KPA mea sures to tal ura nium ir re spec tive of iso -
to pic com po si tion. For nat u ral ura nium, 238U ac counts 
for 99.3% of the to tal ura nium mass [19] and the ac tiv -
ity of 238U us ing KPA can be de rived sim ply by us ing
238U spe cific ac tiv ity equal to 12395.33 mBq/kg [20].

The method is based on a pulsed la ser ex ci ta tion
of the sam ple, and tem po ral de tec tion and anal y sis of
ura nyl ion phos pho res cence [21]; its ca pa bil i ties have
been in ves ti gated in NED-NTUA dur ing the course of
the re search in [22], and it has also been ver i fied dur -
ing the lat est ALMERA Net work Lab o ra to ries
Intercomparison Ex er cise [15]. In the pres ent work,
the method was ap plied us ing a KPA-11 Unit, pro -
vided by ChemChek™ In stru ments Ltd. Aque ous
sam ples are pipetted into spe cial quartz vi als
(cuvettes) with the ad di tion of a pro pri etary
complexing re agent (Uraplex®), which pro tects phos -
pho res cence from quench ing [23]. The to tal so lu tion
vol ume is 2.5 mL, at a sam ple-to-complexant vol ume
ra tio of 1:1.5.

The unit is cal i brated us ing a set of 9 stan dards
rang ing from 50 ppt to 1 ppm to tal ura nium, pre pared
at the Lab o ra tory by gravimetric di lu tion from a ura -
nium stan dard so lu tion cal i brated by al pha spec trom -
e try. Pro vided that sam ples are in aque ous form and
suf fi ciently trans par ent, mea sure ments with the
KPA-11 unit can be per formed with out any sam ple
chem i cal treat ment. In the pres ent work, de spite the
ev i dent col or ation and vis i ble sus pended im pu ri ties,
it was at tempted to an a lyze the col lected sam ples di -
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Fig ure 3. The al pha spec trum of sam ple #3

Ta ble 2. 238U and 324U activity concentrations in rainwater
samples according to alpha spectrometry

Sample 238U [mBqL–1] 238U [mBqL–1] Chemical
recovery [%]

1 2.2 ± 0.6 2.0 ± 0.6 45

2 10 ± 2 10 ± 2 57

3 88 ± 9 88 ± 9 56

4 90 ± 14 91 ± 14 45



rectly af ter preconcentration. For this pur pose, the
preconcentrated sam ples were thor oughly mixed and
a 1 mL aliquot was with drawn from each one us ing an 
Eppendorf pi pette. The sam ples aliquot was trans -
ferred to the KPA cuvette and mixed with 1.5 mL of
complexing re agent. The mean life time of the re sult -
ing phos pho res cence in all mea sure ments ex ceeded
the sug gested up per limit of 350 ms of the op ti mum
mean life time range of 150 to 350 ms, im ply ing that
there was plenty of in ter fer ence lu mi nes cence most
prob a bly from or ganic mat ter pres ent in the sam ples,
which did not al low for a safe der i va tion of ura nium
con cen tra tion, es pe cially in the case of the con tam i -
nated sam ples #3 and #4 col lected in the close vi cin -
ity of plant A. An at tempt was made to clar ify the
sam ples by sim ple fil tra tion. Small sam ple aliquots
were fil tered by grav ity through Whatman No. 42 fil -
ter pa per, and an a lyzed in the KPA-11. How ever,
mea sure ment qual ity char ac ter is tics did not im prove.

Fol low ing these un sat is fac tory ini tial in ves ti ga -
tions, it was de cided to ap ply chem i cal pre treat ment
ac cord ing to [24]: 5 mL of each sam ple were pipetted
to a small beaker, 1 mL of con cen trated HNO3, and a
few drops of 30% H2O2 were added and the so lu tion
was brought to dry ness. This step was re peated four to
five times, or in the case of the con tam i nated #3 and #4
sam ples up to 15 times, be fore dis solv ing the res i due
of the last it er a tion in 1 mL of 4N HNO3, and 4 mL of
deionized wa ter. From this freshly pre pared 5 mL sam -
ple, 1 mL was pipetted in a cuvette with the added
complexing re agent to be mea sured by the KPA-11
unit. By treat ing all sam ples ac cord ing to this method,
the mea sure ment qual ity char ac ter is tics of all the sam -
ples were im proved, since most of the heavy im pu ri -
ties and pol lut ants were ev i dently dis solved. How -
ever, the prob lem of re duced sam ple trans par ency was
not suf fi ciently ad dressed. Per sist ing slight opaque -
ness was at trib uted to non-fully dis solved mi cro-par ti -
cles and air bub bles pres ent in the sam ple that gave the
treated liq uid sam ples a char ac ter is tic gray ish hue, a
rem nant of the pol luted ma trix of the orig i nal liq uid
sam ples. Mi cro-par ti cles and air bub bles can act as po -
tent lu mi nes cence quenchers that re duce phos pho res -
cence mean life time. For this rea son, de spite the mea -
sure ment qual ity char ac ter is tics im prove ment, the
re sult ing phos pho res cence mean life times were this
time found to be be low 150 ms, a value which is not
con sid ered ad e quate for eval u at ing to tal ura nium con -
cen tra tion in the sam ples.

To over come this prob lem, the method of stan -
dard ad di tion was ap plied to ob tain a re cov ery fac tor
for the KPA method. Five mL of sam ple #4 were
treated once ac cord ing to [24], and were then mea -
sured. Then 5 mL of sam ple #4 were spiked with a ura -
nium cal i bra tion so lu tion, and an aliquot was formed
and named #4s. Aliquot #4s was treated once ac cord -
ing to [24] as well and was mea sured. The re cov ery
fac tor e of the method can be cal cu lated by:

e =
-M M

C

m

m
s

s s

(1)

where M (in ppt*) is the mea sure ment re sult as quoted
by the KPA unit for the unspiked sam ple, Ms (in ppt) –
the re sult for the spiked sam ple, ms (in g) – the mass of
the spike so lu tion added, Cs (in ppt) its ura nium con -
cen tra tion, and m – the sam ple mass be fore the ad di -
tion of the spike. Ap ply ing this ef fi ciency cor rec tion to 
the re sults ob tained by an a lyz ing #4 did not give sat is -
fac tory re sults. Ura nium con cen tra tion was found
much less than the val ues ob tained by al pha spec trom -
e try, since the re cov ery of the added stan dard did not
com pen sate for the se vere quench ing caused by the
pol luted ma trix.

In a suc ces sive at tempt to ob tain a ura nium con -
cen tra tion value close to that given by al pha spec -
trom e try, the pro cess of stan dard ad di tion was re -
peated in a dif fer ent man ner. Five mL of sam ple #4
was again treated once ac cord ing to [24], but this
time the 1 mL aliquot of the treat ment prod uct was di -
luted 10-fold to ob tain a clearer ma trix (a tech nique
sug gested also in [21]). An aliquot like #4s spiked
with a ura nium cal i bra tion so lu tion was also treated
once ac cord ing to [24] as well, but this time the 1 mL
aliquot of the treat ment prod uct was also di luted
10-fold to ob tain a clearer ma trix. The mass of the #4s 
aliquot be fore stan dard ad di tion was equal to m =
=.6.2401 g. The mass of the added stan dard in aliquot
#4s was equal to ms =  0.5053 g. The sam ple #4 ura -
nium con cen tra tion mea sure ment re sult was M =
=.13600 ppt ± 3%, while the ura nium con cen tra tion
of aliquot #4s was found equal to Ms = 23810 ppt ±
±.3%. The con cen tra tion of the added stan dard so lu -
tion was equal to Cs = 1894210 ppt  ± 7.5%. Sub sti tut -
ing all the above to eq. (1), the over all re cov ery fac tor
e was found equal to 6.6 ± 7%, cor re spond ing to the
treat ment re cov ery of 66 ± 7%, when the 10-fold di -
lu tion is taken into ac count. Ap ply ing this re cov ery
fac tor, tak ing the preconcentration ra tio into ac count, 
and fi nally the fact that rain wa ter con tained nat u ral
ura nium, the ini tial 238U con cen tra tion of sam ple #4
was cal cu lated to be 100 ± 16 mBq/kg. This value in -
cor po rates the un cer tainty of the cal i bra tion source
and also the un cer tainty of the cal i bra tion curve along 
with the un cer tainty of the KPA mea sure ment.

The same treat ment pro ce dure was fol lowed
for sam ples #1 and #3, for which the 238U con cen tra -
tions cal cu lated us ing KPA were clearly di ver gent
from the al pha spec trom e try val ues; sam ple #2 was
suc cess fully mea sured with out any stan dard ad di -
tion. The  pro ce dure  yielded re cov ery fac tors of
57.6 ± 6%, and 89.3 ± 7%, re spec tively. KPA 238U
con cen tra tion mea sure ment re sults for all the sam -
ples re fer ring to the ini tial col lected sam ples are pre -
sented in tab. 3. Ura nium-238 ac tiv ity con cen tra -
tions as de ter mined by KPA have been com pared to
those de ter mined by al pha spec trom e try by cal cu lat -
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ing u-val ues. At a 95% con fi dence level, where the
re sults  are con sid ered  sig nif i cantly dif fer ent when
u > 1.96, as it can be seen from tab. 5, KPA and al pha
spec trom e try mea sure ments do not dif fer sig nif i -
cantly in all cases.

DISCUSSION

Ura nium-238 con cen tra tions mea sured in rain -
wa ter sam ples col lected in Al sace and Luxemburg have 
been found to be in the range of 0.006-0.062 mBq/L [9]. 
Ura nium-238 con cen tra tions mea sured in rain wa ter
sam ples col lected in Ar kan sas have been mea sured in
the range of 0.26-2.96 mBq/L [4]. The 238U con cen tra -
tion mea sure ment re ported for a rain wa ter sam ple [5]
was 1.38 mBq/L. Rain wa ter sam ples in Se ville, South
Spain, were also mea sured and the con cen tra tion of
238U was found to be in the range of 1.1-22.5 mBq/L [6]. 
It is noted that all these mea sure ments were made in
places where no sources of ura nium iso topes such as
coal-fired power plants or ura nium mills ex isted. The
238U con cen tra tion of 2.2 ± 0.6 mBq/L in sam ple #1 col -
lected at the NTUA cam pus in Ath ens, where 238U in
rain fall is due to nat u ral sources only, agrees well with
the above re ported val ues.

On the other hand, a re search near a ura nium mill
in Can ada re ported 238U con cen tra tion val ues in rain wa -
ter in the range of 3.1-7.44 mBq/L [7]. Other mea sure -
ments in rain wa ter sam ples in north ern Aus tra lia near a
ura nium mine de ter mined con cen tra tion val ues in the
range of 0.5-1270 mBq/L [8]. It is ev i dent that the rain -
wa ter ura nium iso topes con cen tra tion val ues mea sured
in the pres ent work in the vi cin ity of the lig nite-fired
power plants A and B at the Meg a lop o lis lig nite field ba -
sin are in all cases (sam ples #2, #3, #4; tab. 2) in the same
or der of mag ni tude (i. e., 10-90 mBq/L) pro vid ing strong 
in di ca tions that the plants, mines, and de pos i to ries op er a -
tion con trib ute to the tech no log i cal en hance ment of ura -
nium con cen tra tion in lo cal pre cip i ta tion in close re sem -
blance to what is be ing ob served in other parts of the
planet due to sim i lar ac tiv i ties. How ever, these 238U con -
cen tra tions are close to those mea sured else where in
river, ground, and bot tled wa ters: val ues for 238U in river
wa ters in the range of 0.18-49 mBq/L are re ported in
[25]; the con cen tra tion of 238U in bot tled min eral wa ters
in Hun gary was found to be up to 98 mBq/L in [26]; con -
cen tra tion mea sure ments in ground wa ters col lected
from wells in Mex ico are re ported in the range of

190-840 mBq/L by [27]; a sim i lar study in wa ters from
bore holes in Greece showed a value range from 0.4 to
600 mBq/L [28].

The ref er ence con cen tra tion of 238U in con trol
sam ple #1 col lected in the NTUA cam pus in Ath ens is
about 4.5 times lower than the con cen tra tion of sam ple 
#2, which was col lected in side the town of Meg a lop o -
lis; both samplings took place dur ing the same pe riod.
The con cen tra tion of 238U in sam ples #3 and #4, which 
were col lected near Meg a lop o lis power plant A, are 40 
and 40.9 times higher, re spec tively, than the con cen -
tra tion in sam ple #1.

Ta ble 4 pres ents the av er age monthly 238U wet
de po si tion rates and the av er age monthly pre cip i ta tion 
at all sam pling lo ca tions cal cu lated ac cord ing to the
di men sions of the rain wa ter sam pler, as pre sented in
the sam pling para graph. For com par i son pur poses,
tab. 5 sum ma rizes the av er age monthly 238U bulk (i. e.
wet plus dry) de po si tion rates and the av er age monthly 
pre cip i ta tion at sim i lar close sam pling lo ca tions, com -
piled herein fol low ing the monthly data col lected be -
tween Feb ru ary 1997 and Jan u ary 1998 pro vided in
[11]. It has to be ex plained that (a) sam pling lo ca tion
Patras re fers to a city of 200 000 in hab it ants with ur ban 
char ac ter is tics quite close to those of Ath ens of 3 700
000 in hab it ants, (b) sam pling lo ca tions M3 and M4 are 
in fact re ally close (within 200 m) to sam pling lo ca tion
#2 of this work, and fi nally, (c) sam pling lo ca tion M5
is in fact re ally close (within 100 m) to sam pling lo ca -
tions #3 and #4 of this work. Ac cord ing to the com -
men tary in [11], the three sam pling sites in Patras pres -
ent no spa tial dif fer en ti a tion and can be con sid ered
col lec tively as one sam pling lo ca tion. In ad di tion,
there also seems to ex ist no spa tial vari a tion be tween
sam pling lo ca tions M3 and M4, there fore they could
be con sid ered one sam pling lo ca tion as well. Fur ther -
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Ta ble 4. Av er age monthly wet de po si tion rate of 238U and
pre cip i ta tion (this work)

Sampling
location

Average 238U wet deposition
rate ± measurement error

[mBqm–2 month]

Average
precipitation

[mm]

1 113 ± 31 50

2 679 ± 135 67

3 4335 ± 443 43

4 4764 ± 741 43

Ta ble 5. Av er age monthly bulk de po si tion rate of 238U
and pre cip i ta tion in Patras and megalopolis [11]

Sampling
location

Average
238U bulk

deposition rate 
[mBqm–2

month–1]

Bulk
deposition 

range
[%]

Average
precipitation 

[mm]

Precipitation
range
[%]

Patras (3
sampling

sites)
<130 ND-161 45 2.2-255

M3 3230 31-254 70 10-353

M4 3705 49-391 70 10-353

M5 9522 58-270 70 10-353

Ta ble 3. 238U ac tiv ity con cen tra tions ac cord ing to ki netic
phos pho res cence anal y sis and u-val ues for com par i son
with al pha spec trom e try results

Sample 238U [mBqL–1] u-value

1 1.8 ± 0.2 0.67

2 8.0 ± 0.9 1.22

3 103 ± 15 1.00

4 100 ± 16 0.51



more, data ranges in tab. 5 in di cate sig nif i cant sea -
sonal in flu ence with no clear or i gin. An at tempt was
made to re duce the orig i nal re spec tive data of [11] to
the monthly pre cip i ta tion height. This re pro cess ing
ac tu ally in creased the vari a tion range of the re duced
238U bulk de po si tion rate, show ing that the in flu ence
of pre cip i ta tion vari a tion was not ev i dent or that the
vari a tions of air borne con cen tra tions of par tic u late
mat ter dom i nated the phe nom ena.

Hav ing in mind that to our best knowl edge, the
plants A and B, lig nite mines and fly ash de pos i to ries
per for mances in 1997-98 were sim i lar to those in
2007-08, and that all re corded av er age monthly pre -
cip i ta tion heights are typ i cally close to those ex pected
from the cli ma to log i cal data of Ath ens, Patras, and
Meg a lop o lis, one could draw some qual i ta tive rather
than quan ti ta tive con clu sions by con sid er ing the re -
sults of the pres ent work in tab. 4 and those of tab. 5:
(1) The 238U wet de po si tion re sults of this work fur -

ther sup port the sug ges tion pre sented in [11] that
there ex ists a lo cal source of nat u ral ra dio ac tiv ity
in the area of the city of Meg a lop o lis. This sug ges -
tion is quite con sis tent to sim i lar ob ser va tions for
the 238U wet de po si tion in other parts of the planet,
where ura nium con tain ing ores are be ing pro -
cessed as per the lit er a ture ref er ences al ready pro -
vided.

(2) The re sults in this work have been com pared for
ref er ence pur poses to the 238U wet de po si tion in
Ath ens met ro pol i tan area, while the 238U bulk de -
po si tion re sults of [11] have been com pared to the
data col lected in Patras met ro pol i tan area. In both
cases ref er ence data are sig nif i cantly lower than the 
data col lected at the Meg a lop o lis lig nite field ba sin.

(3) All 238U wet de po si tion re sults in this work are of
the same or der of mag ni tude with the sim i lar bulk
de po si tion re sults pre sented in [11]. How ever, it
seems wor thy to ar gue that, as the o ret i cally an tic i -
pated: (a) 238U wet de po si tion seems lower than
238U bulk de po si tion in re spec tive sam pling lo ca -
tions, and (b) 238U wet de po si tion seems to be a
sub stan tial part of the bulk de po si tion. These con -
clu sions can not be clearly sta tis ti cally sup ported
due to the few rain wa ter sam ples col lected and
also due to pos si ble and dif fi cult to es ti mate dry
de po si tion in ter fer ence. Nev er the less, it can be
men tioned that roughly 238U wet de po si tion in
Meg a lop o lis area might be within 20% to 50%.
This per cent age range was es ti mated by cal cu lat -
ing the wet to bulk de po si tion rates at sam pling lo -
ca tions #2 and M3 and M4, and at sam pling lo ca -
tions #3, #4, and M5. The per cent age range as
es ti mated is in agree ment with the ~30% per cent -
age of rainy days dur ing the sam pling pe riod.

(4) The max i mum 238U wet de po si tion val ues of this
work were re corded at lo ca tions #3 and #4. This
seems to be well con sis tent with the fact that the
max i mum 238U bulk de po si tion val ues in [11] were

reg is tered at the nearby lo ca tion M5. Data col lected 
at sam pling lo ca tions in the close vi cin ity of these
power plants such as #3, #4, and M5 in di cate that
both 238U fall out and wash out close to the plume
emis sion point is quite en hanced due to the ap pre -
cia bly higher con cen tra tion of radionuclides in the
re spec tive air col umn.

Re gard ing the ap plied mea sure ment tech niques,
it should be noted that the mea sure ments with al pha
spec trom e try gave con cen tra tions of 238U in rain wa ter
that did not dif fer sta tis ti cally from the mea sure ments
with ki netic phos pho res cence anal y sis at the 95% con -
fi dence level. How ever, the lat ter method pro vides
some what better un cer tain ties and it is no ta bly not as
time and la bor con sum ing, since it does not need ex -
tended radiochemical sam ple treat ment. Fur ther more,
when ap ply ing this method, mea sure ments are not in -
flu enced due to the pos si ble ex is tence of sil i cate in the
ma trix. Un less HF is used, sil i cate may not de com pose 
in the case of sam ple radiochemical treat ment for al -
pha spec trom e try re sult ing to an in com plete ura nium
dis so lu tion. In the in ves ti gated case, im pu ri ties con -
tained in sam ples #2, #3, and #4 hin dered KPA mea -
sure ments by de creas ing re li abil ity. This ma trix-re -
lated prob lem was solved by sim ple treat ment
fol low ing [24] com bined with ura nium ad di tion of
known con cen tra tion and sam ple di lu tion to im prove
the mea sure ment sam ple trans par ency. The sat is fac -
tory ap pli ca tion of the treat ment, stan dard ad di tion
and di lu tion tech nique was ver i fied us ing the re sults of 
al pha spec trom e try. In case that no sec ond method is
avail able for the ki netic phos pho res cence anal y sis re -
sults ver i fi ca tion, it might be sug gested that the num -
ber of di lu tions and stan dard ad di tion is in creased in
steps un til the re sult ing phos pho res cence mea sure -
ment qual ity char ac ter is tics get within the op ti mal
range. At ten tion should be paid so that the ura nium ad -
di tion is as close as pos si ble to the an tic i pated ura nium
con cen tra tion in the sam ple. Fur ther di lu tions may be
nec es sary un til the ura nium con cen tra tions mea sured
con verge to a steady value, which may be ac cepted as
the fi nal re sult. Such a trial and er ror pro ce dure with a
ki netic phos pho res cence an a lyzer is far less time con -
sum ing than al pha spec trom e try.

CON CLU SIONS AND OUT LOOK

The con cen tra tions of 238U in pre cip i ta tion sam -
ples in the Meg a lop o lis lig nite field ba sin were found
to be 4.5-40.9 times higher than the con cen tra tions of
238U in a con trol pre cip i ta tion sam ple in NTUA cam -
pus in Ath ens. The con cen tra tions of 238U in pre cip i ta -
tion sam ples in the Meg a lop o lis ba sin are also higher
in com par i son with other mea sure ments of 238U in
rain wa ter in the lit er a ture, in cases where no known
anthropogenic ac tiv i ties en tail ing ura nium re dis tri bu -
tion in the en vi ron ment are in prog ress. Nev er the less,
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if such pro cesses, for ex am ple ura nium min ing and
mill ing are con sid ered, the con cen tra tions of 238U in
pre cip i ta tion pre sented in this work are in the same or -
der of mag ni tude. As an tic i pated, the val ues of 238U
wet de po si tion of this work are lower as com pared to
the val ues of 238U bulk de po si tion pre sented in an other 
in ves ti ga tion that took place in the same area. It seems, 
how ever, that wet de po si tion is a sig nif i cant com po -
nent of bulk de po si tion, which sug gests that, in the ab -
sence of rain, bulk de po si tion from fos sil fuel power
plants could be far less than bulk de po si tion in rainy
and hu mid en vi ron ments.

Both al pha spec trom e try and ki netic phos pho -
res cence anal y sis meth ods ap plied for the de ter mi na -
tion of ura nium con tent in the sam ples per formed ac -
cu rately. How ever, time- and la bor-wise KPA seems to 
have a better cost to ben e fit ra tio, even when a sam ple
has to be chem i cally treated and di luted. The stan dard
ad di tion tech nique is pre ferred for the cal cu la tion of
treated sam ples re cov ery fac tors, when no other trace
iso tope could be em ployed for this pur pose. Ev i dently, 
the stan dard ura nium ad di tion in the case of KPA met
this pur pose as well.

Fo cus ing on the Meg a lop o lis lig nite-fired power
plants sit u a tion, it should be noted that ac cord ing to
Pub lic Power Cor po ra tion of Greece S. A. the works
lay out is to be changed within the next five years. Power 
plant A (about 550 MWe) and its re lated ac tiv i ties of lig -
nite mines and ash de pos i to ries are to be closed down.
In its place a nat u ral gas plant is to be de ployed, thus
com pletely al ter ing the en vi ron men tal sit u a tion in the
vi cin ity of the city of Meg a lop o lis. It seems there fore
nec es sary to re cord the ura nium wet de po si tion sit u a -
tion in the area be fore this hap pens both in the time and
in the space do main. A ten sam pling point grid and a
monthly long sam pling re peated for the months of No -
vem ber to May, when there ex ists rain seems ad e quate.
Such in for ma tion could help so that at a later stage and
af ter the de com mis sion ing of power plant A and the
com mis sion ing of the nat u ral gas plant, the wet de po si -
tion com po nent due to power plant A could be dis crim i -
nated from that of power plant B. Hav ing ob tained,
through this work, sat is fac tory ex pe ri ence re gard ing
the de ter mi na tion of ura nium iso tope con cen tra tions in
pre cip i ta tion sam ples in all as pects of the task, that is
sam pling, preconcentration, chem i cal treat ment, and
mea sure ment, the quick re port ing of the re sults of such
a study, seems quite fea si ble es pe cially if ki netic phos -
pho res cence anal y sis is ap plied.
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ODRE\IVAWE  IZOTOPSKE  KONCENTRACIJE  URANIJUMA  U
PADAVINAMA  U  OKOLINI  TERMOELEKTRANA  NA  LIGNIT

Termoelektrane na mrki ugaq i lignit proizvode zna~ajne koli~ine lete}eg pepela koji
~esto sadr`i visoke koncentracije prirodnih radionuklida, kao {to je 238U. Sa stanovi{ta
radijacionog zaga|ewa ̀ ivotne sredine ovo je od zna~aja,  jer male koli~ine lete}eg pepela izlaze
iz sistema za filtrirawe nuklearne elektrane i rasipaju se u okolnu atmosferu. Pored toga, kod
termoelektrana na mrki ugaq i lignit, ugqenokopi i pepeli{ta tako|e doprinose da se u vazduhu
nalaze pove}ane koli~ine suspendovanih ~estica  koje sadr`e prirodne radionuklide. U ovom
radu, analizirani su sakupqeni uzorci ki{nice sa lignitnog kopa Meg a lop o lis u oblasti
Arkadija u Gr~koj – u kojoj rade termoelektrane na lignit sa ugqenokopima i pepeli{tima. Uzorci 
su osu{eni i podvrgnuti alfa-spektrometrijskoj i kineti~ko-fosforimetrijskoj analizi sa
namerom da se odrede nivoi izotopske koncentracije uranijuma u padavinama basena Meg a lop o lis.
Kontrolni uzorak ki{nice sakupqen u podru~ju Atine, uzet je za referentni. Pokazalo se da su
koncentracije odre|ene ovim  dvema tehnikama u statisti~koj saglasnosti. Koncentracija 238U u
uzorcima sakupqenim u basenu Meg a lop o lis varira od 2.2 ± 0.6 do 90 ± 14 mBq/kg i vi{a je od 5 do 40
puta od koncentracije 238U u uzorcima sakupqenim u Atini. Ovo se mo`e pripisati radu
termoelektrana na lignit, ugqenokopima i pepeli{tima.

Kqu~ne re~i: lete}i pepeo, uranijum, padavine, mokro odlagali{te pepela,
..........................alfa-spektrometrija, kineti~ka fosforimetrija, termoelektrana na lignit


