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Abstract: Due to their extensive use, petroleum hydrocarbons are among the
most common groundwater contaminants. Compared to the traditional methods
of physical pumping of contamination from the aquifer and subsequent treat-
ment (i.e., pump and treat), bioremediation is an economically cost-effective
technology. The aim of this remediation approach is to transform biologically
contaminants, most often by microbiological activity, into non-toxic com-
pounds. More precisely, it is an active remediation process that involves bio-
stimulation (increase of aquifer oxygenation, addition of nutrients) and/or bio-
augmentation (injection of a concentrated and specialized population of micro-
organisms). Using both biostimulation and bioaugmentation, enhanced in situ
groundwater bioremediation was applied at a hydrocarbon-contaminated site in
Belgrade. The bioremediation treatment, applied over twelve months, was
highly efficient in reducing the concentrations of total petroleum hydrocarbon
(TPH) to acceptable levels. The concentration of TPH in the piezometer P-5
was reduced by 98.55 %, in the piezometer P-6 by 98.30 % and in the piezo-
meter P-7 by 98.09 %. These results provided strong evidence on the potential
of this remediation approach to overcome site-limiting factors and enhance
microbiological activity in order to reduce groundwater contamination.
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1068 BULATOVIC et al.

INTRODUCTION

Due to the extensive human use of petroleum hydrocarbons, this group of
compounds is among the most common groundwater contaminants.! Simul-
taneously, application of pump and treat systems for the remediation of hydro-
carbon-contaminated sites has proven less practical and reliable than first envis-
ioned.2 As a result, focus on the remediation approach for groundwater contam-
inated by petroleum hydrocarbons has been changed to bioremediation. Biorem-
ediation is an efficient and cost-effective technology in which organic pollutants
are biologically transformed into less toxic compounds, or completely degraded
to carbon dioxide and water.3 Microorganisms are the main biocatalysts in bio-
remediation, and they transform contaminants through reactions that are part of
their metabolic processes.4 The bioremediation treatment can be conducted at the
contaminated site (in situ), or outside of the contaminated site (ex situ).> Ground-
water in situ bioremediation is cheaper compared to traditional site remediation
approaches (e.g., pump and treat), because it eliminates liability costs for trans-
portation and storage of hazardous waste. Currently, bioremediation accounts for
approximately 25 % of all remediation treatments worldwide.*¢ On the other
hand, the use of this remediation technology in Serbia is in the early-develop-
ment stage. This paper aims to provide insight into the mechanisms and bio-
remediation requirements, as well as the results of the application of enhanced in
situ groundwater bioremediation on the industrial level at a hydrocarbon-con-
taminated site in Belgrade (Serbia).

Bioremediation mechanisms and requirements

Mechanisms of bioremediation. During evolution, microorganisms have
developed different mechanisms for the degradation of petroleum hydrocarbons.
If oxygen is an electron acceptor during hydrocarbon degradation, the mech-
anism is called aerobic. Otherwise, it is called anaerobic, and other electrons
acceptors are involved (e.g., nitrate, sulfate or iron).” The primary reaction in
aerobic biodegradation of petroleum hydrocarbons always requires the action of
oxygenase and the presence of free oxygen.8 Monooxygenases catalyzes the
incorporation of one atom of oxygen into aliphatic hydrocarbon molecules. The
resulting alcohols are enzymatically transformed into aldehydes or carboxylic
acids. Carboxylic acids are further metabolized in the S-oxidation process.*8
Generally, n-alkanes are the most biodegradable of all petroleum components.8:9
The pathways of the n-alkane aerobic biodegradation are shown in Fig. 1. In
most aromatic hydrocarbons, the diol group is formed in the first stage of deg-
radation, when dioxygenases incorporate two atoms of oxygen into the aromatic
hydrocarbon molecules.* The newly formed cis—cis diol, catechol!%:1! is further
transformed to a carboxylic acid and Acetyl-CoA (Fig. 2).10 For aromatic hydro-
carbons, the efficiency of biodegradation depends on the number of rings present
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in the molecule. More aromatic groups result in higher resistance to degradation
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Fig. 1. Microbial degradation of n-alkane under aerobic conditions.®

In the absence of oxygen, various mechanisms, such as the addition of fum-

arate, carboxylation, hydroxylation and methylation, can initially activate hydro-
carbons.!3:14 The addition of fumarate is the most common mechanism used by
different anaerobic microorganisms to activate alkanes (linear and cyclic) or
alkyl-branched aromatic compounds (alkylbenzenes, methylnaphthalenes, etc.).!3
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Fig. 2. Microbial degradation of benzene under aerobic conditions.!%-12
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In the case of n-alkanes, the addition of fumarates usually occurs at a sub-
terminal C2 position which gives (1-methylalkyl) succinate (Fig. 3A and B).13.15
Alkylsuccinates are then transformed by decarboxylation giving branched fatty
acids that can enter into f-oxidation.!5 In anaerobic catabolism, the central inter-
mediate in the degradation of aromatic compounds is benzoyl-CoA, which is then
completely decomposed to carbon dioxide (Fig. 3C).14
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Fig. 3. Anaerobic biodegradation of alkanes via fumarate addition: A) pathway for the
biodegradation of n-alkanes, B) pathway for the biodegradation of cyclic alkanes !> and
C) pathway for the biodegradation of benzene via three different mechanisms: a) methylation;
b) hydroxylation; c) carboxylation.!*

However, it should be emphasized that organic compounds will be degraded
to a measurable extent only if the organism has enzymes that catalyze its con-
version to a product that can be incorporated into an existing metabolic path-
way.8

Bioremediation requirements. Enhanced in situ bioremediation of ground-
water contaminated by petroleum hydrocarbons is an active remediation proce-
dure that implies biostimulation and/or bioaugmentation.® Biostimulation is the
more frequent approach, which involves the addition of oxygen and nutrients
(nitrogen and phosphorus) in order to stimulate the growth and activity of micro-
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organisms. Whereas, bioaugmentation implies the addition of a concentrated and
specialized population of microorganisms (single strain or mixed culture-con-
sortium).3 However, bioremediation is not universally applicable and it requires
an understanding of site-specific limiting factors.%

The presence of microorganisms with the metabolic capacity to synthesize
enzymes for the degradation of contaminant is a major bioremediation require-
ment.!© Thus, the indigenous bacteria at contaminated sites play a key role in the
successful application of bioremediation.!” Microorganisms obtain energy
through oxidation—reduction reactions, where a contaminant is being used as an
energy source (i.e., electron donor), while inorganic components are electron
acceptors. Compared to the other electron acceptors, the reduction of dissolved
oxygen yields the highest amount of energy. Due to this, aerobic biodegradation
is the most efficient mechanism for the degradation of petroleum hydrocar-
bons.%17 The favorable environmental conditions for microbiological activity
involve a sufficient amount of moisture, acceptable acidity, optimal temperature
and availability of nutrients.3:6 The optimal pH values for the activity of micro-
organisms are neutral to base.3 Temperature is among the most important envi-
ronmental factors since it affects the growth and development of the micro-
biological population. According to Venosa and Zhu,” the highest degradation
rates in freshwater are achieved at temperatures from 20 to 30 °C. The most com-
mon elements used by microorganisms are carbon, phosphorus, nitrogen and
trace metals. Paul and Clark!8 indicated that a C:N:P mass ratio of 30:5:1 is
favorable for the growth of a microbiological population.

In addition to the above-mentioned requirements, the effectiveness of
groundwater bioremediation systems will depend on the hydraulic conductivity
of the aquifer. The hydraulic conductivity is an important parameter that defines
the ability of the aquifer to distribute nutrients and electron acceptors.® For a
successful application of a bioremediation system, hydraulic conductivity values
should be higher than 104 cm s~1.19 Overall, the application of bioremediation
under field conditions is a complex task, since it requires the understanding and
improvement of site-specific limiting conditions.

The aim of the present study was in-situ groundwater bioremediation in the
Sava River aquifer near the thermo-energetic plant in Belgrade, Serbia.

At the beginning of 2015, during a regular quarterly analysis of the
groundwater quality at the location of the thermo-energetic plant in Belgrade, an
increased concentration of mineral oils and a strong odor of oil pollutants were
discovered. Due to a suspected environmental incident, a large survey of the
quality of the groundwaters at this location was conducted.20 The research
included a system of 10 piezometers for groundwater sampling. Surface water
samples from the Sava River between the riverbank and the dock were analyzed
as well. The results confirmed the presence of diesel and heavy fuel oil in the
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investigated groundwaters.2l The volumetric analysis indicated that the total
predicted volume of contaminated water was approximately 105 m3. Considering
the fact that the concentration of petroleum hydrocarbons in some of the
investigated piezometers was higher than the remediation value for these
contaminants (according to national legislation), in situ bioremediation of the
groundwater at this locality was recommended as the most appropriate
remediation procedure.20-21 The present paper presents the results of enhanced in
situ groundwater bioremediation at this locality.

Details related to geological settings are given as Supplementary material to
this paper.

EXPERIMENTAL

Enhanced in-situ groundwater bioremediation was applied at the site of the thermo-ener-
getic plant in Belgrade. This remediation approach combined both field and laboratory res-
earch activities. The field research activities included a detailed characterization of the inves-
tigated location (exploration drilling, hydrogeological mapping and water table measure-
ments) and the installation of the specific infrastructure needed for the enhanced in-situ
groundwater bioremediation. For this purpose, 15 bioremediation wells (10.10 cm diameter
PVC pipes, fully screened across the saturated zone), 9 control wells (having the same cons-
truction and the same depth as the bioremediation wells), and filtration/adsorption columns
were installed at the investigated location.

During the installation of the necessary infrastructure, from the zone of the groundwater
table, groundwater and sediment samples were collected for isolation of the active consortium
of zymogenous microorganisms to be used in the in situ bioremediation. The soil and ground-
water samples were transferred into glass jars, and kept and transported at 4 °C, and analyzed
within 24 h. From these samples, the zymogenous consortium was cultured according to the
procedure described in details in a previous paper.22 The obtained suspensions of the cultured
microbial consortium were inoculated in Erlenmeyer flasks (5 dm?), each containing 2000
cm? of the medium composed from: 23 g of nutrient broth (Torlak, Belgrade, Serbia); 100 cm?
of groundwater extract; and 20 g of mazut (added as an additional carbon source but also as a
model compound, added to stimulate the flourishing of the most active hydrocarbon degrading
species from the zymogenous consortium). The growth conditions for the microorganisms
were optimized relative to the conditions of the location from which they were isolated. Multi-
plied microbial populations were then used to inoculate (approx. 1 vol. %) a self designed bio-
reactor, under field conditions (total volume 1000 dm?; with a working volume of 800 dm?).
The biostimulation solution for the optimum Cqrganic:Niotal:Protal Tatio, pH and concentration of
biodegradable surfactant consisted of 12 g dm™ meat peptone (Torlak, Belgrade, Serbia), 0.2
g dm (NH4),HPO,4, 50 cm?® dm™ soil extract, BioSolve Clear original solution (1 cm? dm)
and 10 g dm™ of mazut. The growth conditions were: non sterile, at 25 °C; aeration and agitat-
ion: 0.70 volume of air/volume of medium with a minimum of 1 dm3; pH 7.0 (adjusted with
10 M HCI or NaOH); duration 48 h; and sunflower oil (1 cm3 dm™) as an antifoam agent.

The total petroleum hydrocarbons (TPH) from the groundwater samples were determined
according to the ISO standard: 9377-2: 2000.23 Besides TPH determination, some physico-
chemical and chemical parameters were determined in order to characterize the samples of
groundwater in these studies. Conductivity and total dissolved solids (TDS) was measured by
conductometer model 44600 Conductivity/TDS meter, manufactured by the HACH com-
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pany.?* Dissolved oxygen was measured directly by a digital oximeter (type Oxi 330i)
manufactured by “WTW” (Weilhem, Germany) with a membrane electrode.?> A digital
mV/pH Hanna instruments voltmeter was used for all pH measurements.?® The temperature
was measured using a digital thermometer “Elite”, manufactured by “Hanna Instruments”
(Padova, Italia).?” The concentrations of nitrogen and phosphorus were determined according
to the standards: SRPS EN 12260:0828 and SRPS EN ISO 6878:08.2°

RESULTS AND DISCUSSION

The results for physicochemical and chemical parameters of the groundwater
samples are given in Table I. The obtained results do not indicate any significant
deviations. The analyzed samples were pH neutral while the electrolyte content
was optimal.20 After bioremediation treatment, the increase in conductivity is the
result of dissolution of minerals after biodegradation of the contaminants. There-
fore, the higher conductivities after bioremediation treatment could be associated
with microbial activity stimulated by the presence of petroleum hydrocarbons.30
The same was the case with the dissolved oxygen. Before bioremediation treat-
ment, the results showed that groundwater samples were poorly aerated, but after
bioremediation treatment, the concentrations of dissolved oxygen were higher
because of microbial activity. The concentrations of nitrogen and phosphorus
also indicated good microbial activity in the bioremediation treatment.

TABLE I. Physicochemical and chemical quality parameters of groundwater samples

Groundwater o CTDS Cdissolved oxygen H T N cp

sample uS cm! mg dm™ mg dm- PH oc mgdm?® mgdm3
Before bioremediation treatment

P-5 400 198 1.8 72 14.6 0.13 0.01

P-6 760 375 1.8 7.5 15.6 0.24 0.02

P-7 443 222 1.6 74 15.5 0.20 0.02
After bioremediation treatment

P-5 461 230 2.2 7.5 145 0.12 0.01

P-6 852 426 2.0 7.5 139 0.18 0.01

P-7 558 280 3.5 74 154 0.15 0.01

Preliminary analyses of the groundwater from this location were conducted
using a system of 10 piezometers.2! The aim was to investigate whether the
groundwater at this location was significantly contaminated with total petroleum
hydrocarbons (TPH). According to the national legislation,3! the threshold value
of TPH = 0.60 mg dm—3 indicates a significant pollution of the groundwater with
petroleum pollutants and indicates that remediation of the investigated location is
needed. The results of the preliminary analyses of the groundwater samples near
the thermo-energetic plant in Belgrade showed that the concentrations of 7PH in
the groundwater were in the range from 0.21 to 1.76 mg dm3. It should also be
emphasized that the total amount of contaminants in the study area was estimated
at 8097 kg or about 8 t of petroleum products.20 Based on these results, it was
concluded that the groundwaters in six investigated piezometers were signific-
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antly polluted with petroleum hydrocarbons. Considering all these results, it was
concluded that remediation of the groundwater at this location was necessary.
Microbiological analyses of these groundwater samples demonstrated that the
bioremediation potential, expressed as percentage of hydrocarbon degraders rel-
ative to the total number of microorganisms, was approximately 5 % or higher,
which indicated an acceptable condition for microbiological remediation.

The results of a hydrogeological investigation of the research area revealed
that the Quaternary deposits in the investigated area were lithologically domin-
antly represented by sands and gravels.20 Within these sediments, a confined
aquifer with intergranular porosity was formed. The Quaternary clays form both,
the upper and the lower impermeable boundary of the aquifer. The thickness of
the upper impermeable boundary of the aquifer within the study area ranges from
0.5 to 10 m. The clay interbeds within sandy—gravelly deposits is in the range
from several centimeters to several meters. The sandy—gravelly deposits have
significant porosity. Their hydraulic conductivity values range from 10-! to
5.4x102 cm s71.32

Permeability of the aquifer formation is considered one of the most import-
ant characteristics of the subsurface environment for a successful groundwater
bioremediation.33 The aquifer must have sufficient permeability to allow ade-
quate transfer of the nutrients and/or microorganisms through the formation. In
permeable aquifers, such as sandy and gravelly, bioremediation is usually effec-
tive.34 It is generally accepted that the minimum average hydraulic conductivity
for an aquifer is 104 ¢cm s~1.19

According to the results of the hydraulic conductivity measurement at the
location of the thermo-energetic plant in Belgrade, it was concluded that the
investigated aquifer fulfilled the hydraulic requirements for a successful ground-
water bioremediation.

Considering all the characteristics of the investigated location, such as, a
large number of facilities and their technical and technological characteristics,
quantities of material contaminated with petroleum hydrocarbons, security haz-
ards, and proximity of the two radial collector wells of the Belgrade water supply
system, a comparative analysis of the technologies that could be applied sug-
gested an in-sifu enhanced bioremediation of the groundwaters as the best avail-
able technology for remediation of the groundwater at the investigated locality.20

The applied approach for enhanced bioremediation of the groundwaters near
the thermo-energetic plant in Belgrade used biostimulation, bioaugmentation and
treatment of the contaminated groundwater within a closed system.

The term “biostimulation” refers to the addition of electron donors, electron
acceptors, and/or nutrients with the aim of stimulating the naturally occurring
microbial populations.35 In the present research, the biostimulation was per-
formed through the oxygen enhancement (with application of chemical and phys-
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ical oxygenation), and with the addition of nutrients. For chemical oxygenation,
hydrogen peroxide was chosen due to its high oxygen-releasing potential,3¢ while
physical oxygenation was achieved with ejector aeration systems. The nutrients
were added as a biostimulation solution with predefined and strictly controlled
pH and Corganic:Niotal:Ptotal mass ratios in. Finally, an organic biodegradable
surfactant was added to reduce surface tension and stabilize emulsions, and in
that way to increase bioavailability of contaminants to the microorganisms.3¢

Bioaugmentation consists of the addition of specific microorganisms to the
contaminated soil or groundwater in order to supplement the native microbial
community with the aim of increasing the biological activity in the biodegrad-
ation of pollutants.37 In this groundwater bioremediation treatment, bioaugment-
ation was achieved by the injection of a pre-grown active consortium of zymo-
genic microorganisms isolated from the same location.

The groundwater treatment was conducted using the engineered constructed
network containing 15 bioremediation wells, 9 control wells, and filtration/ads-
orption/bioreactor columns. All bioremediation wells were the same in construct-
ion. However, not all of them were used for the same operations during the
enhanced bioremediation of the groundwaters. As a result, they were designated
extraction wells (used for the extraction of the contaminated groundwater), and
injection wells (used for injection of the biostimulation solution, bioaugmentation
solution, oxygen donors, and water after treatment in filtration/adsorption/bio-
reactor columns). The control wells were used for monitoring the 7PH levels in
the groundwater and progress of the bioremediation. Additionally, the control
wells were used as auxiliary control wells, first for chemical aeration but also for
corrections of groundwater flows. The filtration/adsorption/bioreactor columns
were filled with natural inorganic hydrophobic adsorbents. The purpose of this
material was twofold: 1) to filter and adsorb oil pollutants from the extracted
groundwater and 2) to provide a large specific surface area, and in this way to
intensify biodegradation/mineralization of oil pollutants. In these columns, the
concentration of TPH was monitored daily and due to the intense microbial act-
ivity within the columns, the TPH concentrations were drastically decreased over
bioremediation treatment. The filtration/adsorption/bioreactor columns were also
equipped with an appropriate ejector aeration system. In these columns, the con-
centration of TPH was monitored daily and due to the intense microbial activity
within the columns, the TPH concentrations were drastically decreased over bio-
remediation treatment.

The construction of the bioremediation network was organized into several
bioremediation units. Each bioremediation unit consisted of one extraction and
two injection wells, with a filtration/adsorption column between them. The nut-
rients were added from the reservoir through the injection well into the aquifer.
In order to increase the oxygen level in the aquifer and stimulate aerobic bio-
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degradation, hydrogen peroxide (as an oxygen donor) was added in the same
way. Bioaugmentation was achieved using laboratory-grown consortia of zymo-
genous hydrocarbon-degrading microorganisms, previously isolated from con-
taminated groundwater and sediment from the same location. These micro-
organisms were grown under laboratory conditions, multiplied in a bioreactor
under field conditions, and finally added into the aquifer through the injection
well. Recirculation was achieved by extraction of contaminated groundwater
using the extraction well followed by filtration through the filtration/adsorption
column filled with natural inorganic hydrophobic adsorbents, and finally inject-
ion to the subsurface through the injection well. The process was managed and
controlled with appropriate submersible pumps. The average flow rate was 0.5
dm3 s~! per injection well.

For monitoring of the TPH levels in the groundwater and progress of the
bioremediation, three wells with the highest 7PH levels measured during the
preliminary investigation were chosen. The TPH concentrations before and after
bioremediation treatment in different groundwater samples are given in Table II.

TABLE II. Concentration of TPH before and after bioremediation treatment in the ground-
water samples

TPH concentration, mg dm

Groundwater sample Reduction of TPH, %

Initial Terminal
P-5 1.39 0.02 98.55
P-6 1.76 0.03 98.30
P-7 1.57 0.03 98.09

As can be seen in Table II, in the piezometer P-5, from the initial 1.39 mg
dm3, the concentration of TPH had decreased to 0.02 mg dm™3 at the end of the
treatment. In the piezometer P-6, the initial concentration of TPH was 1.76 mg
dm3, while it was 0.03 mg dm=3 at the end of bioremediation treatment. Finally,
in the piezometer P-7, the initial concentration of TPH was 1.57 mg dm3, and it
was 0.03 mg dm=3 at the end of bioremediation treatment. In percentage, the
reduction of TPH in all three piezometers was close to 100 %.

Gas chromatograms for TPH in groundwater samples from piezometers P-5,
P-6 and P-7 are shown in Fig. 4. As can be seen, the peaks had negligible inten-
sity at the end of the bioremediation treatment (Fig. 6, P-5b, P-6b and P-7b),
compared to the beginning (Fig. 4, P-5a, P-6a and P-7a).

It could be concluded that the applied bioremediation treatment was very
successful. After twelve months of enhanced bioremediation of the ground-
waters, the TPH levels were reduced and lowered to well below the threshold
level regulated by National legislation. It should be emphasized that this reduct-
ion of contamination was achieved under field conditions.
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CONCLUSIONS

Due to their widespread use, petroleum hydrocarbons are among the most
common groundwater contaminants. Compared to the traditional remediation
methods for groundwater contaminated by petroleum hydrocarbons (e.g., pump
and treat), bioremediation is both a reliable and cost-effective technology. This
remediation approach eliminates liability costs of hazardous waste transportation
and storage since it aims at transforming contaminants into non-toxic compounds
by microbiological activity.

On the other hand, its application requires a site-specific approach, in order
to satisfy physiological and nutritional requirements for the activity of the indi-
genous bacteria in contaminated sites. The enhanced in-situ bioremediation
approach presented in this paper included both biostimulation (chemical oxid-
ation, the addition of nutrients) and bioaugmentation (addition of laboratory-
-grown zymogenous hydrocarbon-degrading microbial consortia previously iso-
lated from contaminated groundwater/sediment) in order to overcome site-limit-
ing factors for the microbiological activity. The reliability of this remediation
approach at the industrial level has been proven at the hydrocarbon-contaminated
sites in Belgrade. The applied remediation treatment was highly efficient in red-
ucing TPH to acceptable levels. These results provide strong evidence for the
potential of this remediation approach for successful application under field con-
ditions.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
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CAHJIPA BYJIATOBHWR', HEHATl MAPHUR’, TATJAHA IIOJIEBUR KHYICEH®, JEJIEHA ABIAJIOBUR®,
MWJIA WIWR’, BPAHIMUP JOBAHYMREBUR' 1 MUPOCJIAB M. BPBUR"
1YHusep3uu76u7 vy Beoipagy — Xemucjxu paxynimeti, Ciygentticku twpi 16, 11158 Beoipag, ZYHueepsumem y
Beoipagy — lIymapcku paxynimeii, Knesa Buwecnasa 1, 11030 Beoipag, 3YHusep3uu76w y Beoipagy,
Hnctiutiy 3a xemujy, wiexHonoiujy u meimanypiujy, Ebetowesa 12, 11000 Beoipag u *BPEM I'PYIIA g.0.0.,
Ynuua Ocnodoherwa 396, 11090 Beoipag

Ycnen mupoxe ynorpebe, HadbTHH YIJbOBOLOHULM cranajy mehy Hajuemhe 3arabyjyhe
CyICTaHLe y MOA3eMHUM Bojama. Y nopehemy ca KOHBEHLMOHAJIHUM MeTojaMa (U3UYKOT
upremwa 3arahema U3 u3ganu (“mymiaj U Tpetupaj”), duopemenujanja je eKOHOMCKH HCIIIA-
THBAa TexXHOMOrHja. LIW/b OBOT pemMenujallMOHOT TOCTYNKa je ga ce OHOMOIIKH, Hajyenrhe
MHUKpoOHOIomKOM axkTuBHOIIhY, TpaHcdopmuiy 3aralyjyhe cyrcTaHue OO HETOKCHUYHHX
jenumema. [IpeLn3HUje, OBO je akTUBaH peMelHjallMOHU MpOLiec KOjH YCKbydyje dMoCTUMY-
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nauyjy (mosehawe OKCHYHOCTH CpefivHe, IolIaBaie HyTpHjeHaTa) W/Wiau OHoayrMeHTalujy
(DomaBame KOHLIEHTPOBAHE U CIeLiWjalu30BaHe MoIyaanuje MUKpoopranusama). Kopucrehu
duocTuMynauyjy U drMoayrmeHTauMjy, CTUMYyJIHMCaHa uH Cuily duopeMenujanyja NOS3€MHHX
BOJla NMpHUMEHEHA je Ha JIoKaluju 3araheHoj yrisoBomoHulMMa y beorpanmy. buopemenuja-
LJMOHHU TPETMaH, IPUMEemUBaH TOKOM NEPUOZA Of JBAHAECT MecelHy, Ouo je BeoMa eduKacaH
y CMamewy KOHLIEHTpalMja YKYNHUX Ha(THUX YIJbOBOJOHHUKA 1O MPUXBAT/BUBUX BPEJHOCTH.
Y nuesometpy P-5 xoHuentpauuja TPH cmameHa je 3a 98,55 %, y nuesomerpy P-6 3a 98,30
%, a y nuesometpy P-7 koHuentpauuja TPH cmamena je 3a 98,09 %. JobdujeHn pesynraTtu
noTBphyjy NoTeHIMjaln NPUMEBEHOT PEMESHjallMoOHOT IOCTyTKa y TpeBasuaXkemhy OrpaHHuyda-
Bajyhux ycioBa CpelvHe W CTUMY/IMCAaky MHUKPOOHOJIOLIKE aKTUBHOCTH y LIWBY CMameHma
3arahema MoA3eMHUX BOJA.

(ITpummeno 23. oxktodpa, peunupano 30. nenemdpa 2019, npuxsaheno 3. janyapa 2020)
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