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Environmental contamination by petroleum products, which in modern Ukraine has assumed a catastrophic
military nature due to damage to critical infrastructure, poses a threat of nationwide ecocide. The high
toxicity and carcinogenicity of petroleum hydrocarbons migrating through trophic chains necessitate
the implementation of effective "green" accelerated biodegradation technologies using sorbents with
microorganism-degraders.

OBJECTIVE. To evaluate the effectiveness of a biopreparation based on an oil-absorbing sorbent with im-
mobilized active strains of hydrocarbon-oxidizing actinobacteria (Dietzia maris, Gordonia rubripertincta,
Rhodococcus erythropolis) under various application algorithms, and to compare the degree of petroleum
hydrocarbon biodegradation under laboratory and field conditions.

MATERIALS AND METHODS. Studies were conducted under laboratory (modeling) and field (in situ) condi-
tions at industrial power substation sites in Dnipro. Sanitary-chemical analyses of oil content (transformer
and waste motor oils) were performed using gravimetric and IR spectroscopic methods. Microbiological
parameters were assessed using plating and culture techniques on selective media. Statistical processing
of data was carried out using SPSS 16.0 and STATISTICA 8.0 software packages.

RESULTS. In the field experiment under conditions of severe initial contamination (up to 94,700.0 mg/kg)
and application of an integrated algorithm (biosorbent application of 2-4 kg/m2, loosening to a depth of
40 cm, and moistening up to 60%), the degree of transformer oil biodegradation reached 83.4-97.9%
after 9 months. Under laboratory conditions (ex situ), autonomous treatment of waste motor oil without
moistening or nutrient maintenance ensured reliable spatial localization of the spill (at sorbent doses
of 60-80% of the pollutant mass), but the total hydrocarbon elimination after 180 days reached only
10.1-21.8% due to moisture and nutrient deficiencies.

CONCLUSIONS. The evaluated biopreparation demonstrates high bioremediation potential; however, the
rate and extent of biodegradation critically depend on environmental conditioning. To achieve the full
metabolic potential of immobilized strains, adherence to protocols involving aeration, moistening, and
nutrient supplementation is mandatory.

KEYWORDS: sorbents; bioremediation, petroleum, bacteria, cells, immobilized, soil pollutants, environ-
mental restoration technologies.
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3abpynHeHHs [OBKINNA HADTONPOAYKTAMN, ke B Cy4acHii YkpaiHi Habyno katacTpoghi4HOro BOEHHOrO
XapakTepy 4yepes ypaxxeHHs 06’eKTiB KDUTUHHOT iIHPACTPYKTYpH, CTBOPIOE 3arpo3y 3arafibHOHaLiOHaNbHOMro
ekouuay. Bucoka TOKCUYHICTb Ta KaHLEPOreHHICTb HAa(DTOBMX BYINEBOAHIB, WO MirpyloTb TPOMI4HUMU
naHutoramm, noTpe6ytoTb BNPOBAIKEHHA eDEKTUBHUX «3ENEHNX» TEXHONOTIA NPUCKOPEHOT 6io4ecTPpyKLii
32 [IONOMOr0t0 COPOEHTIB i3 MiKpOOpraHizmamn-LecTpyKTopamu.

META. BuaHa4utu eqeKTUBHICTb Gionpenapary Ha OCHOBI HA(PTONOMMNHANILHOrO COPOEHTY 3 iIMMOG6INi3o-
BaHMMW aKTUBHUMM LUTaMaMu BYrNeBOAHEBO-0KNCHIOBANTbHIX aKTUHOGakTepii (Dietzia maris, Gordonia
rubripertincta, Rhodococcus erythropolis) 3a pi3Hux anropuTMiB 3aCTOCYBaHHA Ta MOPIBHATYU CTYMiHb
6iofecTpyKLUii HATONPOAYKTIB y 1a60PATOPHMX | HATYPHUX YMOBAX.

MATEPIANIN TA METOJWN. JocnigXeHHs NpOBOAMAN Y NABOPaTOPHUX (HAyKOBO-MOAENbHUX) Ta HATYPHUX
(in situ) ymoBax Ha NPOMUCNOBUX MaaH4MKaX eIeKTponiAcTaHUii M. [JHinpo. CaHiTapHO-XiMi4Hi aHani3n
BMICTY Ha)TONPOAYKTIB (TPAHCHOPMATOPHOI Ta BifNpaLb0BaHOi MOTOPHOT 0/IMB) BUKOHYBANIN rpasime-
TPUYHUM Ta [4-cnekTpomeTpuyHMM MeTodamu. OUiHKY MiKpo6ioLeH03y 3AiCHIOBaNnN 3a A0NOMOr0t0
MiKp06i0NnoriYyHNX MeTO/iB NOCIBY Ta BUPOLLYBAHHA HA BUOIPKOBUX cepeaoBuilax. GTaTucTnyHy o6pobKy
pesynbTaTiB NPoBOANNM 3 BUKOPMCTaHHAM nporpam SPSS 16.0 ta STATISTICA 8.0.

PE3YJIbTATW. Y HaTypHOMY €KCNEPUMEHTI 3a YMOB BUCOKOI0 BUXiAHOr0 3a6pyaHeHHs (o 94 700,0 mr/kr)
Ta 32CTOCYBAHHA KOMMNEKCHOr0 anroputmy (BHeCeHHs 6iocopbeHTy 2—4 kr/mM2, po3nyLuyBaHHs Ha 40 ¢,
3B0JI0XKEHHA [0 60%) cTyniHb 6io4ecTpyKLii TpaHcopmaTopHoi onusK yepes 9 micauis gocsr 83,4-97,9%.
Y nabopartopHux ymoBax (ex situ) aBTOHOMHa 06p06Ka BifnpaLb0oBaHOi MOTOPHOT 0IMBY 6€3 3BONOXKEHHS
Ta arpoOTexHiYHOro 06CNyroByBaHHA 3a6e3rneynna ctabinbHy NpoCTOPOBY JIOKaNi3aLito po3nuey (Npu fo3ax
cop6eHTy 60-80% Big macu montTaHTy), ane KiHuesa Aerpagalia ByrnesofHis 3a 180 4i6 ctaHosuna
nuwe 10,1-21,8% 4epes gediunt BoNOrK Ta GioreHis.
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BWUCHOBKW. JocnimxeHnin 6ionpenapat Mae BUCOKWIA NOTeHLian 6iopemefialii, npoTe WBWAKICTb | NOBHOTA 6i0AECTPYKLIT KpUTUYHO 3a-
nexatb Bifl KOHAULiIOHYBAHHSA cepeaoBuLLa. [ns peanisayii NOBHOro MetaboniyHOro noTeHLiany iMMo6inisoBaHuX WTaMiB € 060B’A3KOBUM
NOTPUMAHHSA pernameHTy i3 3a6e3neyeHHs aepaLii, 3B0/I0XKEHHA Ta BHECEHHSA [0AATKOBUX 6i0OreHHUX eNeMEHTIB.

KJITHO40BI CJIOBA: cop6eHTu, 6iopemeaiallis, HadhTOBi 3a6pyAHeHHS, 6aKTepii, IMMO6INi30BaHi KNiTUHW, FPYHTOBI 3a6pyAHIOBAYI, TEXHONOT I

BiJIHOBNIEHHS JOBKiNNS.

INTRODUCTION

Environmental pollution caused by oil and oil
products (OP) remains one of the most pressing en-
vironmental and health issues of our time. The high
toxicity, bioaccumulative potential and long-term
persistence of these compounds in the environment
(soil, groundwater and surface water) pose a direct
threat to ecosystems and human health. Crude oil is
a complex mixture of hydrocarbons, among which
polycyclic aromatic hydrocarbons (PAHs), ben-
zene, toluene, ethylbenzene and xylenes (the BTEX
complex) pose a particular danger.

When oil products enter the soil, they disrupt
its structure, inhibit the vital functions of the in-
digenous microflora and block self-purification
processes. Recent studies confirm that the hydro-
phobic nature of petroleum hydrocarbons leads to
their persistent sorption by the soil matrix, making
them long-term sources of secondary pollution of
atmospheric air (through evaporation) and adja-
cent aquifers [1, 2].

Whilst, on a global scale, chronic oil pollution
of ecosystems has traditionally been linked to op-
erational spills during extraction, accidents on
ageing main pipelines or logistical failings within
the industry, in modern-day Ukraine this environ-
mental problem has taken on a catastrophic, war-
related character. Systematic and targeted strikes
on critical infrastructure — oil depots, oil refine-
ries and major industrial hubs (in particular, there
are documented cases of large-scale disasters at
fuel storage facilities in the Kyiv, Zhytomyr, Rivne
and Dnipropetrovsk regions, as well as in Kharkiv,
and an attack on the Dnipro Hydroelectric Power
Station) — have transformed local incidents into a
threat of nationwide ecocide.

According to monitoring data and consolidated
analysis from the «Slovo i Dilo» portal (based on
verified information from the Ministry of Environ-
mental Protection and Natural Resources and the
State Environmental Inspection of Ukraine), the to-
tal environmental damage caused by the hostilities
has now exceeded the critical threshold of 126 bil-
lion euros. Within the breakdown of these losses,
the consequences of damage to fuel infrastructure
rank among the most significant. For instance, as
a result of large-scale fires, over 4.1 million tonnes

of burnt petroleum products were released into
the atmosphere, accompanied by the deposition
of toxic particulates and the subsequent accumula-
tion of soot, oxides and benzo(a)pyrene in the up-
per soil layers. Specifically, the area of chemically
verified contaminated soil in the country reached
1.4 million square metres, whilst the total damage
to the land fund caused by littering and pollution
is estimated at 26.4 billion euros [3-5].

From the perspective of preventive medicine,
the greatest danger lies in the ability of petroleum
components to migrate through food chains. Many
of these compounds have proven carcinogenic,
mutagenic and endocrine-disrupting properties.
Benz(a)pyrene and other PAHs are officially classi-
fied by the WHO and the International Agency for
Research on Cancer (IARC) as Group 1 carcinogens.
Even at low concentrations, when ingested over
a prolonged period (via drinking water or food),
petroleum products can cause dysfunction of the
hepatobiliary, immune and nervous systems [6].

The scale and duration of this negative impact
call for a fundamental review of traditional ap-
proaches to the comprehensive assessment of the
environmental condition of affected areas. The
search for and implementation of high-tech, envi-
ronmentally safe and economically viable methods
for the remediation of oil pollution are becoming
particularly important. Traditional physico-che-
mical remediation methods (soil excavation, in-
cineration, chemical oxidation) are costly, energy-
intensive and often lead to secondary disruption
of the ecological balance. In this regard, the fo-
cus of modern medical ecology is on the develop-
ment of green technologies, in particular reme-
diation (biodegradation) using effective strains of
degrading microorganisms and environmentally
safe sorbents.

In Ukraine, biosorbents such as «Ekolan-M»,
«Ekonadin», «Rodex-T», «Deivoroil», «Putidoil»,
«Destroyl», «Desna» and «Rodoil» have come into
widespread use. These sorbents belong to the class
of biodestructive sorbents, which are capable of lo-
calising oil pollution and breaking down adsorbed
petroleum products using biological methods.

The degradation of petroleum products occurs
through the breakdown, by microorganisms, of
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the complex hydrocarbon components of crude
oil into less toxic substances, which they utilise
as a source of nutrition. Such microorganisms ad-
sorb onto the surface of petroleum products and
then absorb them through their cell membranes.
Within the cells of the microorganisms, complex
hydrocarbons are broken down into simpler com-
pounds, such as fatty acids, alcohols and others.
The breakdown products are released from the
cells into the environment, where they can subse-
quently be broken down by other microorganisms
that form part of the microbial community in the
water body or soil, down to the simplest inorganic
compounds. An important condition for the effec-
tiveness of bioremediation processes is the main-
tenance of optimal environmental parameters for
the growth of microorganisms, in particular: the
presence of oxygen (for aerobic microorganisms);
the presence of essential accompanying nutrients
(nitrogen, phosphorus, potassium); the presence of
trace elements; stable temperature and humidity
corresponding to the optimal conditions for spe-
cific microorganisms [7-10].

In view of this, the search for and justification
of highly effective, environmentally safe, integrated
methods for the accelerated biodegradation of pe-
troleum hydrocarbons is a pressing issue in mo-
dern hygiene and ecology.

The objective of the study to determine the
effectiveness of a biological preparation based on
an oil-absorbing sorbent containing immobilised
active strains of hydrocarbon-oxidising actinobac-
teria of the species Dietzia maris, Gordonia rubrip-
ertincta, Rhodococcus erythropolis under various
application protocols, and to compare the degree of
biodegraction of petroleum products under labora-
tory and field conditions.

MATERIALS AND METHODS

To achieve the set objective and address spe-
cific tasks identified in the study, a comprehensive
methodological approach was employed, which
involved the following groups of research methods:
sanitary-chemical and analytical methods — to
determine the initial and residual content of petro-
leum products (transformer and motor oils, diesel
fuel) in soil and biosorbent (gravimetric method,
infrared spectroscopy); microbiological methods —
for qualitative and quantitative analysis of the
state of the microbiocenosis during bioremedia-
tion (ultrasonic disintegration method, limit dilu-
tion method on solid media, most probable num-
ber method on liquid mineral media); statistical
analysis methods — to ensure the reliability of

the results obtained, assess data variability and
determine the significance of differences between
experimental and control groups. The data ob-
tained were processed using the SPSS 16.0 software
package, MS Excel v.8.0.3 and the STATISTICA 8.0
software package with an open licence for non-
commercial use.

The study of the destructive activity of the bio-
logical agent under investigation in natural condi-
tions (in situ experiment and assessment of initial
contamination) was carried out at industrial sites
of power substations in the city of Dnipro. These
sites were characterised by systematic anthropo-
genic (technogenic) load in the form of contami-
nation with transformer oil (TO) resulting from
draining and refilling operations, as well as from
chronic fluid leaks through leaks and gaps at the
joints of structural elements and units.

To carry out an initial assessment of the extent
of environmental and sanitary-hygienic problems
in the area, prior to the application of the bio-
agent, the representative spot sampling method
was used. In accordance with current regulatory
requirements, nine soil samples were collected
using the «envelope» method to determine the
initial concentration of petroleum products (PP)
in the contaminated layers of the industrial sites.
Quantitative analysis of the petroleum products
content in the collected samples was carried out
using the gravimetric method in accordance with
Measurement Procedure No. 081/12-0116-03 «Soils.
Procedure for measuring the mass fraction of petro-
leum products by the gravimetric method».

In order to intensify mass transfer processes,
optimise the air-water regime and ensure aero-
bic conditions for the activity of degrading micro-
organisms, a mechanical aeration method was ap-
plied: the contaminated areas were loosened to a
depth of 40 cm and subsequently moistened until
optimal soil moisture parameters were achieved
(60 per cent of full moisture capacity). Simulta-
neously with the loosening process, a biological
preparation was applied uniformly at a rate of
2-4 kg/m? [11].

To determine the optimal parameters for the
spatial retention (localisation) of petroleum prod-
ucts and to assess the potential for their subsequent
biodegradation, a series of laboratory experiments
was carried out (laboratory modelling of the pro-
cesses of localisation and autonomous degradation
of petroleum products). The experimental design
involved three variants of the ’sorbent/petroleum
products’ mass ratio: the addition of biosorbent in
amounts of 40 per cent, 60 per cent and 80 per cent
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of the total mass of the pollutant. Used engine oil
(UEO) with a fixed mass of 100 g was used as a
model ecotoxicant. According to preliminary cal-
culations, the surface area of a free spill of this
quantity of fluid on a dense substrate is approxi-
mately 0.10 m?2.

A key methodological decision was to recreate
laboratory modelling conditions that were as close
as possible to real-life scenarios for the clean-up
of accidental spills (in situ) at industrial sites. The
modelling was carried out on a solid surface, which
had been pre-covered with a waterproofing mate-
rial (polyethylene wrap) to prevent the vertical
migration (seepage) of hydrocarbons.

The biological agent was applied in accordance
with the manufacturer’s technical recommenda-
tions. The composite sorbent was initially applied
along the outer edge of the spill (extending 0.5-
1.0 cm beyond its boundaries to prevent lateral
spread), with a gradual concentric shift towards
the centre until the entire contaminated area was
completely covered.

Following completion of the primary sorption
phase (24 hours after contact), experimental mo-
dels of conical mounds (cone-shaped piles) were
mechanically formed from the resulting organo-
mineral mixture (used engine oil + sorbent). In
accordance with the research programme, no ad-
ditional components (structure-forming agents, soil
conditioners or mineral fertilisers) were deliber-
ately added to the mixture, and the substrate was
not artificially moistened, in order to assess the
preparation’s autonomous capacity and potential
for self-regulation. To maintain a minimum aerobic
condition inside the mounds, the mixture was sub-
jected to thorough mechanical mixing (aeration) at
intervals of once every 14 days.

In this experiment, the residual content of pe-
troleum products in the mass of the biosorbent was
quantified over time at 2, 30 and 180 days from
the start of the experiment using the gravimet-
ric method, in accordance with Methodology No.
081/12-0724-10 «Waste. Methodology for measuring
the mass fraction of petroleum products (non-polar
hydrocarbons) using the gravimetric method».

RESULTS AND DISCUSSION

Field experiment (in situ) and assessment
of the dynamics of the reduction in initial con-
tamination. The exposure of the biological agent
under investigation to natural conditions lasted
for nine months. Following this period, nine soil
samples were collected for monitoring purposes
with a view to conducting a comprehensive assess-

ment of the degradation dynamics of petroleum
products (PPs).

Laboratory and analytical studies have shown
that, within the industrial sites of power substa-
tions, the transformer oil (TO) content in all sam-
ples analysed-taken both from the top 30 cm layer
as well as from the deeper 30-60 cm layers of the
soil profile, had undergone a significant reduction
compared with the baseline data.

In particular, the residual content of PP in the
samples studied ranged from 895.52 mg/kg (sample
No. 2) to 3,988.03 mg/kg (sample No. 5). The average
data showed a clear trend towards the elimination
of hydrocarbons: in samples No. 1 and No. 7, the
residual content was approximately 1,984.00 mg/kg
and 1,988.07 mg/kg respectively; in samples No. 4 and
No. 6 — around 2,994.01 mg/kg and 2,985.07 mg/kg;
samples No. 3 and No. 8 showed values of 3,984.06
mg/kg and 996.01 mg/kg respectively (Table 1).

These figures indicate that the preparation has
a high destructive capacity, as the residual amount
of PP relative to the initial contamination level did
not exceed 16.6 per cent in any of the cases.

Numerous environmental and hygiene studies
have scientifically demonstrated that when pe-
troleum products migrate into deeper layers of
the soil profile — 30-60 cm or more — an oxygen
deficiency arises and the conditions for self-puri-
fication deteriorate. It has also been established
that, given the nature of this ecological effect, the
most technologically sound approach is the use of
consortia of degrading microorganisms immobi-
lised on an oil-absorbing sorbent. This formula-
tion design ensures a prolonged effect, enables
«targeted» delivery of the bioagent to the required
depth within the ecotope, and allows its destructive
impact to be reduced with sufficient precision.

Thus, the results of the field experiment demon-
strated that the biological preparation under inves-
tigation exhibits pronounced destructive activity
even under conditions of a critical level of anthro-
pogenic oil pollution (up to 94,700.0 mg/kg), ensu-
ring a reduction in the concentration of transfor-
mer oil 9 months after introduction to a level of
4.2-16.6 per cent relative to the initial values [11].

Laboratory modelling of the processes of lo-
calisation and autonomous degradation of used
engine oil. Visual and laboratory monitoring of
the geometric parameters of the formed mixtures
showed that a dosage of 40 per cent by mass of the
pollutant is insufficient for reliable spatial localisa-
tion of petroleum products. In this scenario, secon-
dary seepage and desorption-induced spreading
of engine oil onto the adjacent surface beyond
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Table 1. Changes in the concentration of transformer oil in the soil of industrial sites
under field experiment (in situ) conditions

Soil sample Sampling Initial PP Residual content Proportion _ Degree
number depth concentration of PP after of PP in stock of biodegradation
(cm) (mg/kg) 9 months (mg/kg) (%) (%)

Sample Ne 1 0-30 94,700.0 1,984.00 2.10 97.90
Sample Ne 2 0-30 23,800.0 895.52 3.76 96.24
Sample Ne 3 30-60 24,000.0 3,984.06 16.60 83.40
Sample Ne 4 0-30 45,000.0 2,994.01 6.65 93.35
Sample Ne 5 30-60 24,000.0 3,988.03 16.62 83.38
Sample Ne 6 0-30 35,000.0 2,985.07 8.53 91.47
Sample Ne 7 0-30 32,000.0 1,988.07 6.21 93.79
Sample Ne 8 0-30 23,800.0 996.01 4.18 95.82
Sample Ne 9 30-60 28,000.0 1,850.20 6.61 93.39
M+m — 36,700.0 = 7,420.0 2,407.22 + 388.40 7.92 +1.75 92.08 £ 1.75

Note: The baseline contamination levels are based on background monitoring of power substation sites. The
remediation process involved the application of a biosorbent (2-4 kg/m?), mechanical aeration (loosening to a depth
of 40 cm) and moistening (to 60 per cent of water-holding capacity).

the primary boundary were observed. For this
reason, the investigation of samples containing
40 per cent sorbent was discontinued on day 180,
as this system configuration proved to be techni-
cally unfeasible.

In contrast, the use of the biological agent in
quantities of 60 per cent and 80 per cent of the
mass of used engine oil ensured the effective re-
tention of petroleum products within the structure
of the formed conical embankment, establishing
stable spatial boundaries for the waste and de-
monstrating the system’s full technical capability
regarding the spatial containment of the spill.

An analysis of the destructive potential of the in-
troduced preparation revealed a moderate decline
in hydrocarbon concentration at the intermediate
stages of the experiment. On the 30t day of expo-
sure, a reduction in the content of PP was recorded
compared with the initial data obtained on the
2nd day: in the variant using 60 per cent sorbent by
mass of the pollutant, the concentration decreased
from 404.6 g/kg to 364.6 g/kg, and in the variant
using 80 per cent sorbent, it fell from 439.6 g/kg
to 342.9 g/kg.

However, between days 30 and 180, a marked
stabilisation of the process was observed, with the
concentration reaching a steady state: the NP con-
centration remained virtually unchanged, standing
at 363.8 g/kg for 60 per cent sorbent and 343.9 g/kg
for 80 per cent sorbent. An overall assessment of
the preparation’s effectiveness over the entire 180-
day observation period showed that the net degra-
dation (elimination) of PP in samples containing
60 per cent and 80 per cent sorbent amounted to

only 10.1 per cent and 21.8 per cent of the initial
level, respectively (Table 2).

Such a slow rate of biodegradation over a pro-
longed period is attributable to limiting environ-
mental factors. As the experiment was conducted
in an autonomous mode — without artificial hu-
midification or optimisation of the salt (nitrogen-
phosphorus) balance — the metabolic activity of
the immobilised degrading microorganisms was
limited by a deficiency of moisture and biogenic
elements. This led to the inhibition of the pro-
longed phase of biodegradation of the heavy, hard-
to-access fractions of engine oil.

For a more accurate interpretation of the results
we have obtained and a better understanding of the
potential limits of the effectiveness of the techno-
logy for the biodegradation of petroleum products
using a system of hydrocarbon-oxidising micro-
organisms immobilised on a sorbent, it is appro-
priate to present data from a similar experiment
conducted under conditions of minor soil conta-
mination, including the necessary details of the
experimental conditions in this case [12]. The ex-
periments were carried out under laboratory con-
ditions using air-dried sod-podzolic soil, to which
moderate amounts (1 per cent and 5 per cent) of
crude oil, or 5 per cent of diesel fuel (DF), were add-
ed separately. The soil samples were additionally
fertilised with NPK) at a rate of 0.65 g/kg of soil for
1 per cent contaminant and 2.65 g/kg for 5 per cent.
The initial cell count of hydrocarbon-oxidising bac-
teria in the preparation was at least 1 x 10° cells/g
of soil. Control samples consisted of clean and con-
taminated soil without the addition of the biologi-
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Table 2. Trends in the degradation of used motor oil (UMO)
under conditions of an autonomous laboratory test (ex situ)

Overall
Experimental variant %Il’lct(;llétg,{ht zll: :ﬁgt;glﬂf gfl fl(;l;t:g; elimination Technical assessment
(sorbent dose) day (g/kg) day (g/kg) (g/kg) 13(1; I(’]-I;l ;svg;; ) of the spill’s location
40 per cent of the mass Unsatisfactory
of the UMO 412.5+12.1 | 398.0+114 o o (desorption spreading)
60 per cent of the mass o Effective
of the UMO 404.6 +85 364.6+7.2 363.8+6.9 10.1% (secure retaining wall)
High
Sopercentofthemass | 4396192 | 3429868  343.9:64  21.8% (complete localisation
of the spill)

Note: The study of the 40 per cent variant on day 180 was terminated due to secondary fluid seepage. The experiment
was conducted in autonomous mode (without artificial humidification or the introduction of additional sources of

NPK).

cal preparation. Soil samples for further analysis
were collected at intervals of 1, 10, 30, 60 and 90
days from the start of the experiment.The hydro-
carbon content was determined using infrared (IR)
spectroscopy with carbon tetrachloride extraction.
As in our experiments, a significant increase in the
purification of the soil matrix was observed fol-
lowing the addition of the biological preparation,
compared with natural self-purification (biologi-
cal control). By day 30, the introduced microflora
had facilitated rapid primary degradation of the
hydrocarbon fractions. Under conditions of 1 per
cent oil contamination, the degradation rate was
56.4 per cent (control — 32.1 per cent), whilst un-
der conditions of a massive 5 per cent oil load, it
was 43.7 per cent (control — 25.5 per cent). The
highest initial kinetics were recorded in the variant
with 5 per cent diesel fuel contamination, where
the degree of purification reached 63.1 per cent

compared with 40.3 per cent in the control, which
may be due to the greater availability of linear
alkanes in diesel fuel for microbial metabolism.
By the end of the experiment (day 90), the diffe-
rence between the test variants and the control had
reached its maximum. Thus, under other similar
conditions, this experiment yielded comparable
results; in particular, a significant improvement in
the natural degradation rates of hydrocarbons (on
average 1.6 times) was observed compared with
the control variants. At the same time, it should
be noted that such efficiency of biodegradation
was observed only under conditions where a very
moderate amount (up to 5 per cent) of petroleum
products had been introduced into the soil.

An analysis of the comparative effectiveness of
the biodegradation of petroleum products (Fig. 1)
demonstrates the crucial role played by the reme-
diation process parameters.

Degree of biodegradation, %

92,10% 89,60%
79,20%
21,80%
10,10%
Laboratory In situ experiment Laboratory UMO stand-alone Stand-alone
experiment on transformer oil, rxperiment: laboratory test laboratory test
on diesel fuel (5%), 9 months, crude oil (1-5%), (80% sorbent) bed for used engine
90 days + NPK humidification + 90 days + NPK (ex situ), oil (60% sorbent)
aeration 180 days (ex situ), 180 days

Fig. 1. Comparison of the overall efficiency of the biodegradation of PP under different process conditions
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The optimised process, involving the addition
of NPK and aeration, ensures a high level of re-
moval of both light fractions (diesel fuel — 92.1 per
cent) and medium-weight oils (transformer oil —
89.6 per cent; crude oil — 79.2 per cent).

An autonomous mode requiring no operational
maintenance during the treatment of used motor
oil (UMO) achieves only 10.1-21.8 per cent total
destruction.Thus, in the event of a UMO spill, the
biosorbent primarily serves to immobilise and lo-
calise the contamination; for in-depth purification,
however, a comprehensive phyto- and bioremedia-
tion algorithm must be employed.

CONCLUSIONS

1. A comparative analysis of the results of field,
laboratory and vegetation experiments leads to the
comprehensive conclusion that the biological agent
under investigation has high remediation potential
and is capable of ensuring the thorough remedia-
tion of habitats from various types of hydrocarbons
(up to 72.8-85.5 per cent for crude oil, 92.1 per
cent for diesel fuel and up to 83.4-95.8 per cent for
transformer oil) even under conditions of critical
anthropogenic loading (94,700.0 mg/kg).

2. The nature and rate of biodegradation de-
pend critically on the operating conditions and the
system’s architecture. Thus, in an open soil matrix
(field and growing seasons), mass transfer process-
es, mechanical aeration and the maintenance of
moisture at 60 per cent ensure the prolonged and
dynamic activity of degrading microorganisms. In
contrast, under conditions of an isolated labora-
tory disposal pile, the autonomous activity of the
preparation is limited by a deficiency of moisture
and biogenic substances, leading to the stabilisa-
tion of the process with a biodegradation plateau
at 10.1-21.8 per cent.

3. It has been scientifically established that,
in order to fully realise the biotic potential of the
introduced strains under any spill remediation
scenario (both in situ and ex situ), it is essential to
adhere to the technical regulations stipulating envi-
ronmental conditioning (moistening, aeration, bio-
stimulation), which, together with the high succes-
sion-based self-regulation of the microbiocenosis,
guarantees an environmentally safe and effective
restoration of the environment without the risk of
secondary biological contamination.
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