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The Kolubara river pollutes the coastal land in the river basin and makes it unsuitable for agri-
cultural activities in that area. Also, contaminated land poses a risk to the environment. Dif-
ferent methods can be used for soil decontamination. These methods include biological treat-
ment/bioremediation, chemical oxidation, soil stabilization, physical methods, such as soil
leaching, or treatment with high-energy ionizing radiation. Gamma irradiation of soil is a
well-known method of inhibiting microbial activity. This paper investigated the influence of
different doses and dose rates of gamma irradiation on microorganisms' decontamination of
coastal soil, in the Kolubara river basin. The irradiation effects on reducing the total number
of microorganisms and removing mold and pathogenic bacteria from soil samples were exam-
ined. Gamma radiation affects the soil's organic matter, causing the formation of free reactive
radicals, which act as reducing and oxidizing agents, cleaving C-C bonds, and depolymerizing
carbohydrates. It was found that a dose of 3 kGy of gamma radiation, neutralizes all patho-
genic bacteria, a dose of 5 kGy deactivates mold in soil samples, and a dose of 10 kGy is opti-
mal to kill all microorganisms in the samples and sterilize exposed soil. The research showed
that the dose rate does not significantly affect microbiological decontamination of soil using
gamma irradiation. The content of heavy metals in soil was determined, and the obtained val-
ues were compared with the remediation limit values prescribed by the regulations. It was
concluded that the content of heavy metals in the analyzed soil samples is below the limit of
remediation values. The only exception is the slightly increased copper content in one sample.
The result of this research is the conclusion that the coastal land from the Kolubara basin can
be decontaminated by gamma radiation treatment. This advanced soil treatment technology
is available in Serbia because there is an industrial plant for gamma radiation treatment within
the Vinca Institute.
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INTRODUCTION

Coastal ecosystems may be exposed to anthro-
pogenic pressures, including pollution from human
activities [1]. In recent years, rivers and coastal land
pollution have been a growing problem due to rapid
population growth and industrial development [2].

Pollutants that flow into rivers and accumulate in
coastal soil are increasingly investigated [3, 4]. The
most common pollutants are organic matter and heavy
metals, in various forms in coastal soil [5]. Organic
matter consumes oxygen during decomposition. The
resulting anaerobic conditions generate hydrogen sul-
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fide and methane that negatively affect the environ-
ment [6]. Heavy metals can be adsorbed during the
decomposition of organic matter and later eluted by
desorption, dissolution, substitution, hydrolysis, or
microbial activity. Heavy metals in soil can negatively
affect the aquatic ecosystem and water quality [7].
Heavy metals can easily dissolve in water and be ab-
sorbed by aquatic organisms, such as fish and inverte-
brates, causing many biological effects, from essential
to living organisms, to deadly ones [8]. They can cause
toxic effects that interfere with organisms' growth, me-
tabolism, or reproduction, with consequences for the
entire trophic chain, including humans [9].

The Kolubara river is positioned in west Serbia. It
is about 100 km long and rises from two rivers, Obnica
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and Jablanica, near the town of Valjevo. The Kolubara
river basin covers an area of 3650 km?. The basin is rich
in lignite deposits. The main tributaries of the river
Kolubara are Rabas, Kladnica, Tamnava, Gradac, Banja,
Lepenica, Ribnica, Toplica, Ljig, Pestan, Turija, Ub,
Lukavica, and Beljanica. Its maximum flow at the con-
fluence with the Sava River is about 28 m’s™! [10]. A
graphic representation of the river Kolubara and its main
tributaries is shown in fig. 1.

Due to the developed industry in this area, the
proximity of the lignite mine, and insufficient care for
environmental protection, the water in the river
Kolubara contains significant pollution. Previous
studies have reported environmental pollution in the
Kolubara river area [11, 12].

Water can be polluted from several sources,
from wastewater treatment plants and factories to min-
ing activities, paved roads, and agricultural runoff.
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Figure 1. Map of the Kolubara river basin
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Contaminated water washes the necessary nutrients
from the surrounding soil. Water pollution makes the
soil acidic and negatively affects the solubility of nu-
trientions [13]. Also, many heavy metals and microor-
ganisms from the water may penetrate the soil and stay
there, making this land unsuitable for agricultural ac-
tivities [ 14]. Microorganisms from water often end up
in coastal soil, which can be adsorbed by clay minerals
or organic matter. These compounds tend to gradually
degrade in the soil biochemically. Heavy metals in the
soil are toxic in higher concentrations. Their solubility
depends on environmental factors. The solubility of
heavy metals in the soil is mostly affected by the pH of
the solution, the total metal content, the total carbon
content, and the oxide content in the soil.
Microorganisms can be found everywhere in our
environment. They inhabit air, water, land and live in
all habitats of our environment. Most microorganisms
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do not cause disease. Instead, they maintain the fertil-
ity of the soil, degrade wastes in landfills and compost
piles. Only 1 % of total microorganisms are patho-
genic or disease-causing bacteria.

Recently, high-energy ionizing radiation has
been used as an innovative method for remediation of
contaminated soil [15-17]. Gamma radiation can re-
move pathogens, molds, and total microorganisms
from the treated soil [18, 19].

This paper determined the presence of pathogenic
bacteria Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa.

Escherichia coli (E. coli) is bacteria found in people
and animals' environments, foods, and intestines. E. coli in
the soil indicates the possible presence of disease-causing
bacteria, viruses, and protozoans. The acceptable level of
E. coli in soil is 1.26 cfug™! (colony-forming units in one

gram) [20]. Staphylococcus aureus (S. aureus) is a
toxigenic pathogen [21, 22] and is a significant cause of
numerous diseases [23, 24], including toxic shock syn-
drome, meningitis, and septicemia [25]. The presence of
this bacteria in agricultural soil is not allowed [26]. Pseu-
domonas aeruginosa (P. aeruginosa) is a Gram-negative,
rod-shaped bacteria. It can cause disease in plants, ani-
mals, and humans [27]. The presence of this bacteria in ag-
ricultural soil is forbidden [28].

This research aimed to optimize the most appro-
priate radiation dose and dose rate suitable for the in-
activation of all pathogens from contaminated soil
along the basin of the Kolubara river. The influence of
different doses and dose rates of gamma radiation on
reducing the total number of microorganisms in the
samples of the coastal soil of the Kolubara river was
determined. The radiation dose required for complete

400000 420000 440000
i L
s N 3
(=] o
[=] (=]
8 ©
< g
Point 14
-~ _P8int 13
3 Point 12 B
2 Y 3
7 o
Point@1pint 19
o b (=]
o
g . Point 9 | S
o
<D ‘ o))
= Paint 7p.isite =
Lintd
\ " L) - 4
o QLf] ’ o
<] Poi =
S 9 LA =l
e iy %
o <
-\‘
g g
(=r = O
g @
- %
1:400,000
0 5 10 20 30 40
N m—— Kllﬂmetefs

¥ L} L]
400000 420000 440000

Figure 2. Coastal soil sampling points from the Kolubara river basin
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sterilization of the soil was also determined. Finally,
the content of heavy metals in the samples from the
most crucial sampling points was determined. Based
on these results, the possibilities of using soil treated
with gamma irradiation in agriculture were examined,
considering the directives on soil protection [29, 30].

MATERIALS AND METHODS
Sample collection

A sampling of soil was performed on an area of

3600 km? in the Kolubara river basin, for one month,

with average daily temperatures of 20.2 °C, average

daylight of 11.75 hours, average humidity of 69 %,
and an average rainfall of 32 mm. Samples were col-
lected at 14 key points: at the spring of the Kolubara

river and its confluence with the Sava river and 12

points with the most significant pollution was ex-

pected, fig. 2. Samples were collected from depths of

20 cm and 50 cm from the surface. The weight of the

sampleseach sample was 2 kg. After sampling, soil

samples were sieved through a 2 mm diameter mesh

[31] and stored in a dry and dark place.

Description of sampling points:

—  Sampling point 1 (UTM coordinates: E 409870 m,
N 4901541 m, altitude 193 m) — at the confluence
of two constituent rivers: Obnica and Jablanica,
which form the Kolubara river in the center of the
city of Valjevo.

—  Sampling point2 (E413176 m, N 4902302 m, alti-
tude 172 m)—on atthe location of the urban part of
the city of Valjevo.

—  Sampling point 3 (E419073 m, N 4903407 m, alti-
tude 150 m) — near the confluence of the Banja
river and the Kolubara river.

—  Sampling point4 (E 425744 m, N 4906085 m, alti-
tude 131 m)—atarural location, one kilometer up-
stream the Ribnica river and the Lepenica river
flow into the Kolubara.

—  Sampling point 5 (E 427448 m, N 4909905 m, alti-
tude 123 m) — where the Toplica river flows into
the Kolubara.

—  Sampling point 6 (E 434611 m, N 4911729 m, alti-
tude 112 m) — near the confluence of the Ljig river
and the Kolubara river.

—  Sampling point 7 (E 436902 m, N 4915180 m, alti-
tude 100 m) — the local road where it is possible to
cross the Kolubara river. Visible traces of gravel
exploitation.

—  Sampling point 8 (E 440828 m, N 4914415 m, alti-
tude 99 m) —sampled at a location downstream from
the settlement of Lazarevac. The Lukavica river
flows through the settlement of Lazarevac. Pollution
is noticeable (biological waste, turbidity of water).

—  Sampling point 9 (E439755 m, N 4919475 m, alti-
tude 94 m) —a sample was taken at the confluence

of the Pestan river in Kolubara. The PeStan river
and the Kolubara river have been displaced from
their natural flows in this area in the past, due to
the need for lignite exploitation.

—  Sampling point 10 (E441087 m, N 4927716 m, al-
titude 86 m) —sampled at the location downstream
from the Kolubara Mining Basin (open mines
where lignite is exploited).

—  Sampling point 11 (E 440513 m, N 4928554 m, al-
titude 86 m) — where the Beljanica river flows into
the Kolubara river. A few kilometers upstream,
the Thermal Power Plant Kolubara is located.

—  Sampling point 12 (E437052 m, N 4937122 m, al-
titude 76 m) — the coast is difficult to pass due to
the abundant vegetation. Sampling was carried
away from the coast due to an impassable ap-
proach.

—  Sampling point 13 (E 437258 m, N 4943323 m, al-
titude 74 m) — at the location where the highway
Milos the Great crosses the Kolubara river, a few
kilometers north of the settlement of Obrenovac.

—  Sampling point 14 (E 440398 m, N 4945644 m, al-
titude 70 m) — at the confluence of the Kolubara
river and the Savariver. There is an industrial zone
and many factories (Eko-Dunav, Mei Ta Europe,
MTE Automobile Parts Factory).

Gamma irradiation

Irradiation of soil samples was performed in the
Radiation Unit of the Vinca Institute of Nuclear Sci-
ences. All samples were irradiated with different doses
of gamma radiation: 1 kGy, 3 kGy, 5 kGy, and 10 kGy,
and with different dose rates: 300 Gy/h, 1 kGyh!, and
10 kGyh™'. An ethanol-monochlorobenzene dosime-
ter was used for dosimetric control of the absorbed ra-
diation dose [32, 33]. The measuring equipment was
an instrument oscillotitrator type OK-302/2 of the
company Radelkis (Budapest, Hungary). Since the ac-
curacy of the oscilloscope measurement [34] is highly
dependent on the measurement temperature [35], all
dosimeters are thermostated to 25 °C. Measurements
were performed at a constant temperature. Traceabil-
ity with the primary standard was achieved via transfer
dosimeters sent to the Rise High Dose Reference Lab-
oratory from Denmark.

Microbiological analysis

The initial contamination and the total number of
microorganisms, molds, and bacteria in the soil before
irradiation and after gamma irradiation with different
radiation doses were examined in the accredited micro-
biological laboratory. The method used to determine
these parameters was Ph. Eur. 7.0 (2.6.12. — Microbio-
logical examination of non-sterile products (total viable
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aerobic count), and 2.6.13. — Microbiological examina-
tion of non-sterile products (test for specified microor-
ganisms)) (European Directorate for the Quality of
Medicines and HealthCare, 2011).

Determination of mold

The molds count was performed by plating 1 ml
of decimal dilutions on Sabouraud dextrose agar. Plates
were incubated at 25 °C for 5-7 days. For qualitative ex-
amination, 10 mL of prepared sample was added to 100
mL of casein soya bean digest broth.

Determination of E. coli

For the determination of E. coli, 100 mL of broth
medium A was used. The solution was homogenized
and incubated at 35-37 °C for 18-48 hours. After shak-
ing, broth medium G was added and incubated at
43-45 °C for 18-24 hours. Subculture on plates of agar
medium H at 35-37 °C for 18-72 hours. The growth of
red, non-mucoid colonies of gram-negative rods indi-
cated the presence of E. coli. It was confirmed by ap-
propriate biochemical tests, such as indole production.

Determination of S. aureus

For the determination of S. aureus, 100 ml of
broth medium A was used. The solution was homoge-
nized and incubated at 35-37 °C for 18-48 hours. Sub-
culture on a plate of agar medium O and incubated at
35-37 °C for 18-72 hours. Black colonies of gram-pos-
itive cocci, surrounded by a clear zone indicated the
presence of S. aureus. Confirmation may be affected
by suitable biochemical tests such as the coagulase test
and the deoxyribonuclease test.

Determination of P. aeruginosa

For the determination of P. aeruginosa, 100 mL
of broth medium A was used. The solution was ho-
mogenized and incubated at 35-37 °C for 18-48 hours.
Subculture on a plate of agar medium N and incubated
at 35-37 °C for 18-72 h. If no growth of micro organ-
isms was detected, the product passeds the test. If the
growth of gram-negative rods occurreds, some mate-
rial of morphologically different, isolated colonies
was transferred to broth medium A and incubated at
41-43 °C for 18-24 hours. The product passed the test
if no growth occurred at 41-43 °C.

Determination of the concentration
of heavy metals in soil

To determine Cd, Pb, Ni, and Cu content in the soil,
the soil samples were dissolved in HF, HC1O4, and HCIL.
After dissolution, the Ni and Cu content was determined

using AAS (PerkinElmer PinA Acle 900T). For quantita-
tive analyses of As, Hg, and Se, soil samples were
dissolved in HNO;, HCIO,4, H,SO,, and HCI. After dis-
solution, the As, Hg, and Se content was determined us-
ing the Mercury Hydride System AAS (PerkinElmer Pin
AAcle 900T). The applied method was chosen according
to the previous research on determining the total metal
concentration in the sludge [36-38].

For determination of Cd, Co, Pb, Ni, Cr, and Cu,
2 g of dry weight sludge sample was mixed with 15 mL
of HF and 5 mL of HCIO, and heated at 150 °C. The
dry residue was dissolved in 10 mL of HCI (1:1) and
cooled to room temperature.

To determine As, Hg, and Se, 1 g of dry sample
was mixed with 5 mL of HNO;, with gentle heating.
After that, the digestate was cooled to room tempera-
ture, 0.5 mL of HC1O, and 2 mL of H,SO, were added,
and dissolution was continued until the appearance of
white vapors. The solution was cooled to room tem-
perature again, and 10 mL 6M HCI was added. After
cooling, the solution was transferred quantitatively to
a 25 mL volumetric flask with distilled water.

RESULTS AND DISCUSSION

Determination of the total number of
microorganisms in the soil at different
positions of the Kolubara river flow

The total number of microorganisms was deter-
mined at 14 key sampling points of the coastal land
along the Kolubara river. The results are presented in
fig. 3. Similar results have been presented in previous
studies [39]. Samples collected at depths of 20 cm and
50 cm are shown.

From fig. 3, one can conclude that soil pollution
increases along the river's course as it approaches the
confluence with the Sava river. This increasing pollu-

Total number of microorganisms [10° g"]

0 20 40 60 80 100
Distance from the Kolubara rivers spring [km]
Figure 3. The total number of microorganisms in soil

depending on the distance from the spring of the river
Kolubara. Numbers 1 to 14 present the sampling points
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tion indicates that the Kolubara river, passing through
populated places and industrial zones, is becoming in-
creasingly contaminated and pollutes the surrounding
coast. Also, soil contamination is higher in the deeper
layers because they are more exposed to the Kolubara
river. Exceptions are Points 2 and 12. Sample 2 was
taken from the urban part of Valjevo, where due to hu-
man activities, the surface layer is more polluted than
the rest of the sampled points. A sampling at Point 12
was performed farther from the coast due to inaccessi-
ble access, so the Kolubara river does not soak deeper
layers.

The diagram also shows the peaks in sampling
Points 8§ and 9, which originate from the increased pol-
lution that the Lukavica river brings from the settle-
ment of Lazarevac.

Microbiological decontamination
using gamma radiation

The influence of different doses of gamma radia-
tion on the inactivation of the total number of microor-
ganisms in the key 5 sampling points (near the spring
of Kolubara river, near the confluence, and three
points with the highest contamination) was deter-
mined. Samples from a depth of 50 cm were analyzed.
Doses of 1, 3, 5, and 10 kGy were used at an average
radiation dose rate of 10 kGyh™'.

The results are presented in fig. 4.

Figure 4 shows that a dose of 5 kGy neutralizes
most of the microorganisms from the soil. In compari-
son, a dose of 10 kGy is sufficient for the complete in-
activation of microorganisms from all tested samples.
In this way, the soil becomes sterilized. Sterilized soils
are used repeatedly to germinate seeds, propagate cut-
tings, or grow juvenile plants [40, 41]. Seedlings
grown in sterilized soils produce higher root biomass
and rhizosheath soil (RS) mass than those grown in
unsterilized soil. Some researchers showed that soil
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Figure 4. The effect of different radiation doses on
the reduction of the total number of microorganisms

sterilization by gamma-irradiation increases wheat
seedlings' root growth and RS mass [42].

Influence of different dose rates of the gamma
irradiation on microbiological decontamination

In addition to the dose rate of 10 kGyh™!, the ef-
fect of lower dose rates, which are often present in
commercial irradiation treatment, was also examined.
For this purpose, comparing the impact of dose rates of
0.3, 1, and 10 kGy was performed. The test was per-
formed on the most contaminated sample, with initial
contamination of 7.8-10° g~!. The obtained results are
shown in fig. 5.

From fig. 5 it can be concluded that the rate of
soil decontamination decreases with decreasing dose
rate. However, these differences are small and practi-
cally negligible, so it can be concluded that the dose
rate does not play a significant role in the inactivation
of microorganisms in the soil.

Determination of the pathogen
microorganisms in soil samples

The influence of gamma radiation on the com-
plete neutralization of three pathogenic bacteria (E.
Coli, S. Aureus, and P. Aeruginosa) was determined.
Five different samples were tested: sample at the
spring of river, confluence, and 3 points with the high-
est pollution in accordance with the results from fig. 3.
The results are shown in tab. 1.

Table 1 shows that a radiation dose of 3 kGy is
sufficient to remove all pathogenic bacteria from the
soil. Previous research has shown that even a dose of 2
kGy is often sufficient to remove all pathogenic bacte-
ria from the soil [43].
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Figure 5. The effect of different gamma irradiation dose
rates on microbiological decontamination
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Table 1. Content of pathogen bacteria before and after gamma irradiation

Pathogen bacteria Radi[zﬁg;]dose Sam%i(r)l% r}I’l())int 1 Sam;g!sigl%ric))int 8 Samlz;i(l)l%;r}r’l())int 9 Samp(lis%gcfrl?)int 10 Samp(lé%gclsr?)int 14
0 <1 2.56 4.11 1.68 <1
E. coli 1 <1 <1 <1 <1 <1
3 <1 <1 <] <1 <1
0 Not present Present Present Not present Present
S. aureus 1 Not present Present Not present Not present Present
3 Not present Not present Not present Not present Not present
0 Not present Present Present Present Not present
P. aeruginosa 1 Not present Not present Present Not present Not present
3 Not present Not present Not present Not present Not present
Content of mold in soil and influence of 3
different doses of the gamma irradiation
on molds' decontamination =
o
Mold has been observed in soil samples. The fol- 2 o
lowing pathogenic microorganisms can be detected in ;3
the mold: S. aureus, P. aeruginosa, E. coli, Salmonella
spp., and Enterobacteriaceae. Therefore, it is neces-
sary to inactivate mold so that the soil can be used in n
agriculture.
The mold content was determined at 14 key sam-
pling points of the coastal land along the Kolubara
river. The results are presented in fig. 6. Samples col- 5 i ‘ = : - :
lected at depths of 20 cm and 50 cm are shown. 0 2 6
Dose [kGy]

It can be seen from fig. 6 that the amount of mold
in the soil does not depend on the position of the soil
concerning the Kolubara river. It is assumed that the
pollution of the river does not affect the molds' con-
tamination of the coastal soil. The mold content in all
the samples has values from 7000 — 25000 g!.

The effect of gamma radiation on mold inactiva-
tion was examined on a sample with the highest value
ofmold (25000 g~!, sample 8), using radiation doses of
1, 3, and 5 kGy and a dose rate of 10 kGyh™'. The re-
sults are shown in the diagram, fig. 7.
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Distance from the Kolubara rivers spring [km]

Figure 6. Mold content in soil depending on the distance
from the spring of the Kolubara river. Numbers 1 to 14
present the sampling points

Figure 7. The effect of different radiation doses on the
reduction of mold in soil samples

It can be concluded that a dose of 5 kGy is suffi-
cient for the complete inactivation of the mold from
the soil sample.

Determination of the concentration
of heavy metals in soil

The content of heavy metals was determined in
soil samples taken from 5 key sampling points. The ef-
fect of heavy metals on soil microbial mainly includes
the influence of heavy metals on soil microbial activ-
ity, soil enzyme activity, and the composition of soil
microbial community [44]. The obtained results were
compared with the limit values from the Regulation on
limit values of pollutants, harmful and hazardous sub-
stances in the soil [45]. This Regulation prescribes the
maximum and remediation values of heavy metal con-
tent in the soil. The remediation project must be imple-
mented when the average concentration of any pollut-
ing, hazardous and harmful soil material exceeds the
remediation value. Table 2 shows the content of heavy
metals in the sampled soil and remediation values.

From tab. 2, it can be concluded that the content
of heavy metals in the analyzed soil samples is below
the limit of remediation values. There is no need to re-
move heavy metals from the soil before microbiologi-
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Table 2. The content of heavy metals in different soil samples

Heavy metal Cadmium Copper Nickel Lead Zinc Mercury Arsenic Selenium
SaII')I;}'i)Illltl'l g Depth mgkg ' dry matter

] 20 cm 1.9 83.5 33.6 100 150 6.2 15.3 <0.1
50 cm 2.0 82.0 35.7 78 150 6.7 16.0 <0.1

g 20 cm 22 182.5 44.2 116 150 8.2 18.5 <0.1
50 cm 22 178.0 45.8 110 165 9.0 18.6 <0.1

9 20 cm 1.9 185.0 46.2 98 145 9.0 16.3 <0.1
50 cm 2.0 182.0 40.3 96 145 9.1 16.0 <0.1

10 20 cm 1.8 212.0 28.7 84 120 8.2 14.7 <0.1
50 cm 1.6 209.0 31.3 83 95 8.3 15.1 <0.1

14 20 cm 1.6 165.0 30.2 90 110 7.5 14.1 <0.1
50 cm 1.6 160.0 26.3 82 120 7.3 13.2 <0.1
PR 12 190 210 530 720 10 55 100

cal decontamination. The only exception is the slightly
increased copper content in one sample (sampling
point 10). The increased concentration of copper at
one point probably originates from the mine (sampled
at the location downstream from the Kolubara Mining
Basin). Before gamma treatment of the soil from that
sampling point, remediation should be done to reduce
the copper content. Some methods for removing cop-
per from soil include solidification/stabilization, soil
washing, vitrification, and flotation [46-48]. After
successfully removing copper from the soil, it can be
treated with gamma radiation due to microbiological
deactivation.

CONCLUSIONS

Kolubara is one of the most polluted rivers in
Serbia, mainly because it passes through populated ar-
eas, industrial zones, near railways and mines. During
its course, Kolubara river is in contact with the sur-
rounding coastal land, both surface and below the sur-
face layers. Kolubara river contaminates coastal soil,
which becomes unsuitable for agriculture and the en-
vironment in general. The most significant contamina-
tion comes from pathogenic microorganisms.

This research aimed to optimize the most appro-
priate radiation dose and dose rate suitable for the in-
activation of all pathogens from contaminated soil. It
was determined that the dose of 3 kGy destroys all
pathogen bacteria, 5 kGy inactivates mold, and 10
kGy completely sterilizes treated soil. Sterilized soil
produces healthier plants, saves time and money, and
can benefit the environment. Also, it has been shown
that the dose rate does not play a significant role in mi-
crobiological decontamination of soil using gamma ir-
radiation. Finally, the content of heavy metals was de-
termined on in soil samples. It was shown that the
content of heavy metals in the analyzed soil samples is
below the limit of remediation values. The only excep-
tion is the slightly increased copper content in one

sample. In this case, remediation to reduce the copper
content should be performed before gamma irradia-
tion treatment.

The other methods used for decontamination of
soil are biological treatment/bioremediation, chemical
oxidation, soil stabilization, and physical methods,
like soil washing. The environmental application of
gamma irradiation has an advantage over other emerg-
ing processes, in that, a good understanding of the un-
derlying chemistry is found in the radiation chemistry
literature. The unique feature is that the presence of
solids does not comprise the process, thus allowing the
potential application of radiation processing to soils. It
can also be easily engineered, as a unit process in a
treatment system, because reactions destroying pollut-
ants are rapid. Another advantage of gamma irradia-
tion is its capability to kill bacteria and inactivate vi-
ruses. At the same time, it is destroying pollutants.

Based on all the obtained results, it can be con-
cluded that the coastal soil from the Kolubara basin
can be decontaminated by gamma irradiation treat-
ment. The soil treated in this way has a great potential
for application in agriculture.
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Byk A. TAJUh, Usnna T. BYJUUR, I'opaana [1. IPAXKUH,
Jenena M. MMJIOBAHOBUWUR, Cnooonan b. MAIIINh

INPUMEHA BUCOKOEHEPTETCKOI' JOHU3YJYREI 3PAYEIbA 3A
MUKPOBUOJOMKY NEKOHTAMMHAILINIY INMPUOBAJHOI 3EM/BUIITA
Y CIMBY PEKE KOJYBAPA, CPBUJA

Pexa Kony6apa 3arabyje mpmo6anHo 3eMJBUINTE Y CBOM CIUBY W YMHH T'a HEMOJOOHWM 3a

MOJHOIPUBPENIHE AKTUBHOCTM Ha TOM TNOAPYYjy. Takobe, KOHTAMHUHUPAHO 3EMIBMINTE MPEACTaBIba
OTIACHOCT 32 >KMBOTHY CpeANHY. Pa3znmunTte MeToe ce MOTY KOPUCTUTH 3a AEKOHTAMHUHAIH]Y 3eMJBUIIITA.
OBe MeTofie YKIbYUyjy OMONOMKH TpeTMaH/OmopeMenujanujy, XeMHujCcKy OKCHANWjy, CTaOuIu3aiujy
3eMJbHIITA, (PU3NIKE METOJe, Kao INTO je MCIHparhe 3€MJBHUINTA, WIN TPETMAaH BUCOKOCHEPIeTCKUM
jormsyjyhum 3pauemeM. ['ama 3paderme 3eMJbHUINTA je JOOPO MO3HATAa METOfa WHXUOUIMje MUKPOOHE
AKTHUBHOCTH. Y OBOM pajly MCOUTAH je YTHI@Qj Pa3iIMIUTHX A03a U jauMHa A03€ rama 3padumba, Ha
MHUKPOOWOIIOIIKY AeKOHTAMHUHAIMjy IproOaTHOT 3eMibuITa y cnuBy peke Komybape. McnmTuBanu cy
eekTH 3pavcma Ha CMambeHhe YKYMHOr Opoja MEUKPOOpPraHM3aMa W YKJamame IUISCHH W MaTOTESHUX
GakTepuja U3 y30paka 3eMibHIITa. Y TBpHEHO je aa mo3a rama 3padersa ofi 3 kGy HeyTpasnuiiie CBe maToreHe
6akTepuje, no3a of 5 kGy reakTuBUpa IIIECHA Y y30pIMMa 3eMJBHINTa, a 1o3a of 10 kGy je onTumainHa 3a
yKJIambamke CBIX MUKPOOPraHM3aMa y y30pluMa 1 CTePIIA3aNHjy TPETHPAHOT 3eMJbHIITa. VlcTpaXknBame
je mokaszao f1a jaumHa [j03€ raMa 3padcka He yTHUe 3HAYajHO Ha MUKPOOHOINOIIKY ICKOHTAMHUHAIIW]Y
semubninTa. OnpebeH je capkaj TEHMIKUX MeTajla Yy 3eMIBHINTY, a JoOUjeHe BpeqHOCTH ¢y yrnopeheHe ca
FPAHUIHAM BPETHOCTHMA CaHAIH]je IPOIICaHe PEeryIaTUBOM. 3aKJbyUCHO je fia je capsKaj TeIIKNX MeTaja
y aHAJTM3UPAHUM Y30pIHMa 3eMJBUIIITA UCIION TPAaHUIIEe CAaHAIIMOHNX BPEIHOCTH. JeINHN N3y3eTaK je 610
He3HaTHO noBehaH cajpxkaj 6akpa y jefHOM Y30pKY.
Pesyarar oBor mcrpaxuBama je 3aK/bydak ja ce mpuobanHo 3emsbminTe u3 ciamBa KomyGape Moxke
JeKOHTAaMHUHHUCATH rama 3pademeM. OBa HamnpefHa TEXHOJOTHja TpeTMaHa 3eMJBHINTA JOCTYIHA je Y
Cp6uju ¢ 063upom aa y okBupy MHCTHTYTY BUHYA OCTOjM MHAYCTPHU]CKO MOCTPOjeHhe 3a TPETMaH rama
3paveHmeM.

Kmwyune peuu: mukpobuosouika dexoHiliamunayuja, dpuobaino semmuuiitie, 2ama 3paderse, Koaybapa



