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Abstract. Soil pollution by petroleum hydrocarbons is a major global environmental issue.
Traditional cleanup methods are costly and often do not work well. This review summarizes what is
currently known about how plants and microorganisms help clean up petroleum-contaminated soils.
The review looks at how microbes break down hydrocarbons, how plants and microbes interact in the
root zone, and the use of biostimulation, bioaugmentation, phytoremediation, and rhizoremediation.
Biodegradation depends on environmental factors (pH 5.5-8.8, temperature 15-45°C, C:N:P ratio =
120:10:1) and the activity of certain microbes such as Pseudomonas, Rhodococcus, Mycobacterium,
and Arthrobacter. Hydrocarbons become harder to break down in this order: n-alkanes, branched
alkanes, monoaromatics, polyaromatics, and asphaltenes. Biostimulation with organic fertilizers can
achieve 50-95% degradation, bioaugmentation with microbial consortia 63-84%, and
phytoremediation with grasses up to 99%. Using both plants and microbes together is the most
effective and affordable method. Success relies on creating good conditions for local microbes,
choosing plants with strong root systems, and using specialized microbial consortia.

Keywords:  bioremediation;  petroleum  hydrocarbons;  microbial  degradation;
phytoremediation; rhizosphere; biostimulation; bioaugmentation.

Introduction

Contamination of soil, sediments, and marine environments with petroleum hydrocarbons is
one of the most serious global environmental problems associated with oil and gas exploration,
production, and refining activities. Annually, millions of tons of oil and petroleum products enter the
environment through accidental spills, process emissions, and operational losses, leading to
ecosystem degradation, biodiversity loss, and negative socioeconomic consequences in oil-producing
regions.

Petroleum is a complex heterogeneous mixture containing over 17,000 organic compounds,
predominantly hydrocarbons of various classes: saturated (paraffins), aromatic (benzene, toluene,
ethylbenzene, xylenes - BTEX), polycyclic aromatic hydrocarbons (PAHs), asphaltenes, and resins.
Upon entering soil, petroleum hydrocarbons exert toxic effects on living organisms, disrupt soil
physicochemical properties, reduce fertility, and are capable of bioaccumulation in food chains.

Bioremediation as Alternative Approach. Bioremediation - the use of biological agents
(microorganisms, plants, or their combinations) to degrade, transform, or immobilize environmental
contaminants - is recognized as an environmentally safe and cost-effective alternative to traditional
methods. The main advantage of biological methods is the ability of microorganisms and plants to
completely mineralize organic pollutants to carbon dioxide, water, and biomass without formation of
toxic intermediate products.

The objective of this work is to systematize current knowledge on mechanisms and
effectiveness of bioremediation of petroleum hydrocarbon contaminated soils, with emphasis on the
role of microorganisms, plants, and their interactions.

Research tasks:

. Analyze mechanisms of microbial degradation of different petroleum hydrocarbon
classes and factors determining biodegradation efficiency
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. Characterize the role of plant-microorganism interactions in the rhizosphere in
bioremediation processes

. Evaluate effectiveness of main bioremediation strategies: biostimulation,
bioaugmentation, phytoremediation, and rhizoremediation

. Determine prospects and limitations of biological methods application for soil cleanup
from petroleum contamination

Materials and Methods. For review preparation, systematic analysis of scientific literature
on bioremediation of petroleum hydrocarbon contaminated soils was conducted. Publication search
was performed in international databases Web of Science, Scopus, PubMed, Google Scholar for the
period 1984 to 2019. Key search terms:

. "petroleum hydrocarbons" AND "biodegradation"
. "bioremediation" AND "contaminated soil"

. "phytoremediation" AND "oil pollution"

. "bioaugmentation" OR "biostimulation"

Results. Literature analysis showed that a wide spectrum of microorganisms found in
contaminated soils possess the ability to degrade petroleum hydrocarbons (Table 1). Most frequently
detected are representatives of genera Pseudomonas and Rhodococcus, characterized by broad
substrate range and high adaptability to environmental conditions.

Results. Literature analysis showed that a wide spectrum of microorganisms found in
contaminated soils possess the ability to degrade petroleum hydrocarbons (Table 1). Most frequently
detected are representatives of genera Pseudomonas and Rhodococcus, characterized by broad
substrate range and high adaptability to environmental conditions.

Table 1. Main groups of petroleum hydrocarbon-degrading microorganisms

Gram-negative Gram-positive Yeasts Fungi
bacteria bacteria
Pseudomonas, Nocardia, Candida, Trichoderma,
Acinetobacter, Mycobacterium, Rhodotorula, Penicillium, Aspergillus,
Alcaligenes, Rhodococcus, Trichosporon, Fusarium
Flavobacterium Arthrobacter, Aureobasidium
Bacillus

Different petroleum hydrocarbon classes vary substantially in rate and completeness of
microbial degradation. The generalized order of decreasing biodegradation susceptibility: n-alkanes
> branched alkanes > branched alkenes > low molecular weight n-alkylaromatics > monoaromatics
> cyclic alkanes > polynuclear aromatics > asphaltenes.

Systematization of literature data enabled determination of optimal conditions for microbial
degradation of petroleum hydrocarbons in soil (Table 2).

Table 2. Optimal conditions for petroleum hydrocarbon biodegradation

Factor Optimal values
pH 5.5-8.8 (optimum 6.5-7.5)
Temperature 15-45°C (optimum 25-35°C)
Soil moisture 25-28% of water holding capacity
Oxygen >0.2 mg/L dissolved Oz, minimum 10% air
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Factor Optimal values

Nutrients C:N:P =120:10:1 (molar ratio)

Hydrocarbon concentration  5-10% of dry soil weight

Biostimulation - creating favorable conditions for indigenous degrading microorganisms by
optimizing limiting factors - is the most widely applied bioremediation strategy. Mineral fertilizer
(NPK) application achieved 50-75% TPH degradation, while organic fertilizers (poultry manure)
showed 73-90% efficiency over 4-8 weeks.

Bioaugmentation - introduction of specialized degrading microorganisms into contaminated
soil - is applied when indigenous degrader numbers or activity are insufficient. Mixed cultures ensure
72.7% degradation of heavy fractions (C23-Cao) versus 45.7% under natural attenuation.

Plants release 5-21% of total photoassimilates through root systems as diverse organic
compounds (sugars, amino acids, organic acids, phenolic compounds, flavonoids), which radically
alter the microbiological and biochemical environment of the rhizosphere. In the presence of root
exudates, hydrocarbon-degrading bacteria numbers in the rhizosphere are 10-1000 times higher than
in unplanted soil.

Phytoremediation demonstrated high effectiveness in numerous studies. Most effective are
perennial grasses with fibrous root systems (ryegrass, fescue, vetiver), ensuring 50-85% TPH
degradation over 3-6 months. The main mechanism is stimulation of microbial degradation in the
rhizosphere (~99% of total cleanup), not direct plant uptake.

Table 3. Comparative effectiveness of bioremediation strategies

Strategy TPH degradation,  Time, months Cost, $/m?
%
Natural attenuation 20-40 24-36 5-10
Biostimulation (NPK) 50-75 3-6 15-30
Biostimulation (organic) 60-90 2-8 20-40
Bioaugmentation 65-85 2-6 40-80
Phytoremediation 50-80 6-12 10-25
Rhizoremediation 70-92 3-6 30-50

Conclusion.Systematic literature analysis identified critical factors determining petroleum
contamination bioremediation success: contaminant bioavailability, presence of adapted microbial
communities (>10° CFU degraders per g soil), environmental condition optimization (pH,
temperature, moisture, aeration), and nutrient supply at C:N:P ratio = 120:10:1.

Biostimulation is effective for fresh light fraction contamination, characterized by low cost
($15-40/m?) and suitable for large areas. Bioaugmentation ensures rapid degradation onset of specific
pollutants but has high cost ($40-80/m?®) and introduced strain survival problems. Phytoremediation
is most economical ($10-25/m?) but requires long time (6-12 months) and is effective only in root
zone.

Biological methods are 5-30 times cheaper than traditional physicochemical methods with
comparable efficiency. For a 10,000 m® site: excavation and disposal costs $1.5-3 million,
biostimulation $150-400 thousand, phytoremediation $100-250 thousand.
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Bioremediation is an effective and economically feasible alternative to traditional
physicochemical methods for petroleum contaminated soil cleanup, achieving 50-95% petroleum
hydrocarbon degradation at 5-30 times lower cost.

Microbial degradation is the main mechanism for petroleum hydrocarbon removal from soil.
Key degraders are bacteria of genera Pseudomonas, Rhodococcus, Mycobacterium, Arthrobacter and
fungi of genera Aspergillus, Penicillium.

Biodegradation efficiency is determined by a complex of factors: contaminant structure and
concentration, hydrocarbon bioavailability, environmental conditions (pH 5.5-8.8, temperature 15-
45°C, moisture 50-70%), C:N:P ratio = 120:10:1, and presence of adapted microbial communities.

Hydrocarbon biodegradation susceptibility decreases: n-alkanes (85-95% in 2-4 weeks) >
monoaromatics (60-80% in 6-12 weeks) > 2-3 ring PAHs (70-90% in 2-4 months) > 4-6 ring PAHs
(30-60% 1in 6-12 months) > asphaltenes (5-20% in 12-24 months).

Biostimulation with organic fertilizers is more effective (73-90% TPH degradation in 4-8
weeks) than mineral fertilizers (50-75%). Poultry manure is optimal for high contamination levels,
pig waste for low levels.

Bioaugmentation with microbial consortia outperforms monocultures, achieving 72.7%
heavy fraction degradation versus 45.7% under natural attenuation through complementary metabolic
pathways.

Plant-microorganism rhizosphere interactions play a key role. Root exudates stimulate
degrader growth, whose numbers in the rhizosphere are 10-1000 times higher than in unplanted soil.

Phytoremediation achieves degradation predominantly through rhizosphere microorganism
stimulation (~99% of total cleanup). Most effective are grasses with fibrous root systems (50-85%
TPH degradation in 3-6 months). Rhizoremediation demonstrates synergistic effect (synergy index
1.2-1.8), achieving 70-92% degradation, which is 20-40% higher than sum of individual component
effects.

Combined plant-microorganism systems represent the most promising direction, ensuring
optimal balance of effectiveness, cost, and environmental safety for petroleum contaminated soil
cleanup.
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MYHAM KOMIPCYTEKTEPIMEH JIACTAHFAH TOIIBIPAKTAP/IbI
BUOPEMEJIUALIUAITAYJA OCIMAIKTEP MEH MUKPOOPI'"AHU3MAEPAIH POJII

Dadrasnia A.
Buk Yuausepcureri, bapcenona, Mcnanus
e-mail:are.dadrasnia@gmail.com

AnHoTranusi. TomblpakThlH MyHail KeMIPCYTEKTEepiMEH JacTaHybl ayblp kahaHIbIK
SKOJIOTHSUIBIK Macene Oonbin Tadbutaabl. JocTypii pusuka-XUMHSIIBIK Ta3apTy dficTepi KbiMOat
KOHE KMl THIMCi3. byn momy MyHalh KeMIpCYTEKTEpIMEH JlaCTaHFaH TOMBIPAKTAPIbI
Oouopemenuanysuiayia ©CIMAIKTEp MEH MHUKPOOPTaHM3MIEPIiH pelli Typaibl Kasipri Oimimii
Kydeneimi. FreutbiMu  GachuUIBIMIApABl  Tajujay  MHUKPOOTHIK — BLABIPATY  MEXaHH3MJEPIH,
puzocdepanarsl 6CIMIAIKTEP MEH MUKPOOPTaHU3MAEPAIH 03apa dPEKETTECYiH KoHE OMOCTUMYIISIIIHS,
OunoayrmeHTanus, puTopeMenranus KXoHe pU30peMeualMsIHbBl KONIaHyabl 3epTTeai. bruosiasipay
Kopiaral opta ¢akropiapsimet (pH 5,5-8,8, temneparypa 15-45°C, C: N:P katsinacer = 120:10:1)
xoHe Pseudomonas, Rhodococcus, Mycobacterium sxone Arthrobacter cUsKTBI MaMaHIaHIBIPBIIFAH
MUKpPOOPTaHU3MJIEPIiH MeTa0ONUKaNbIK OeJCeHIUTriMeH aHbIKTanaael. KemipcyTekTepin
BIJIBIPAyFa CE3IMTAIABIFBI TOMEHICH I H-aJKaHIap> TapMaKTaJFaH aJKaHIap> MOHOapoMaTTap>
nonuapoMartap> acdanbrengep. OpraHukanblK ThIHAUTKbIIITapMeH Ouoctumymsius 50-95%
BIIBIpayFa KOJI KETKi3elll, MUKPOOTHIK KOHCOpIHyMIapMeH OnoayrmeHtamnus 63-84%, menrtepmi
nargananran puropemearanus 99% neiin. OCIMIIKTED MEH MUKPOOPTaHU3MIIEPAiH OipiKTipiaTreH
KyHenepi eH THIMI JKOHE SKOHOMHKAIIBIK TYPFBIIAH OPBIHIBI TOCLT OonbIn TaObutaabl. Tabbic
KEPriTKTI MUKPOOTBHIK KaybIMIACTBIKTAp YIIIH >KaFdainapibl OHTalIaHIBIPYFa, JaMbIFaH TaMbIp
KyHeci Oap eciMmiKTepAi TaHIayFa XOHE MaMaHIAHIBIPBUIFAH KOMIPCYTEKTEpIi BIABIPATYIIBI
KOHCOpLWYMIap bl Naiiananyra OailllaHbICTHI.

Tyiiin  ce3mep: Ouopemenuanusi; MyHal KeMIPCYTEKTepl; MHUKPOOTBIK  BIIbIpAY;
dbuTopemeauanus; puzochepa; OMOCTUMYIISIINS; OMOayTMEHTALHS.

PO.JIb PACTEHUM 1 MUKPOOPTI'AHW3MOB B BUOPEMEIUAIIVH ITIOYB,
SATPABHEHHBIX HE®@TAHBIMU YTJIEBOAOPOJAMU

Dadrasnia A.
Yuusepcuret Buk, bapcenona, Ucnanus
e-mail:are.dadrasnia@gmail.com

AHHOTauMs. 3arps3HEHUE MOYBbI HE(PTIHBIMU YITIEBOJOPOJAMH MPEJCTABISET CEPbE3HYIO
rII00ANBHYIO DKOJOTHYECKYI0 mpobiiemy. TpaaunmoHHbie (HU3UKO-XHUMHUYECKAE METOABI OYHCTKH
noporu 1 yacto HeadexkTuBHbl. [laHHBIN 0030p cHcTeMaTU3MpPYET COBPEMEHHbIE 3HAHUS O POJIU
pacTeHMi W MHKpPOOPTraHM3MOB B OHOpeMenuamuyd TI0YB, 3arps3HEHHBIX  HEPTSIHBIMH
yIJI€BOOPOAaMU. AHAIIN3 HAYYHBIX ITyOJIUKAIMNA HCCae10Ball MEXaHU3Mbl MUKPOOHOH Jierpaialiii,
B3aMMOJICHCTBHE pAcTeHWH ¥ MHKPOOPTraHM3MOB B pu3ocdepe, a Takke NPUMEHEHHE
OMOCTUMYJISALIK, OHOAyIrMEHTAllMM, (UTOpeMeAnalud | puszopeMenuanuu. buoaerpananus
ompenensieTcss Gpakropamu okpysxkaromieit cpeast (pH 5,5-8,8, temmneparypa 15-45°C, cooTHomeHNnE
C:N:P = 120:10:1) u merabonn4yeckoi aKTUBHOCTBHIO CIEIHATU3UPOBAHHBIX MUKPOOPTaHU3MOB,
Bkmroyasi Pseudomonas, Rhodococcus, Mycobacterium u Arthrobacter. BocnmpummunBocTh
yIJIEBOAOPOAOB K  JIETpajallud  CHID)KAeTCs:  H-aJKaHbl>  Pa3BETBJICHHbIE  aJKaHbI>
MOHOApOMAaTHYECKHE™> MOJIMapOMaTHIeCKue™> achaibTeHbl. BHOCTUMYISIIAA C OpPraHWYECKUMU
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yaoopenusmu gocruraer 50-95% nerpananuu, OuoayrMeHTanusi ¢ MUKPOOHBIMH KOHCOPIIUYMaMH
63-84%, dutopemenuanus ¢ HcCHoiIb30BaHUEM TpaB A0 99%. KomOuHHMpOBaHHBIE CHCTEMBI
pacTeHHE-MUKPOOPTaHU3M  MPEACTABISAIOT  HamOonee  APQPEKTUBHBIA W  IKOHOMHYCCKH
1eJ1eco00pa3Hblii OAXO0. YCIeX 3aBHCUT OT ONTHMH3ALUU YCIOBUH JUISI MECTHBIX MUKPOOHBIX
cooOmiecTB, BBIOOpPa pacTeHHWH € Pa3BUTOM KOPHEBOM CHUCTEMOH M  HCIOJIb30BAHUS
CTCIUATM3UPOBAHHBIX KOHCOPIIMYMOB, JACTPAAUPYIOIIUX YIIIEBOJIOPOIBI.

KuroueBble cjioBa: 6uopemenuanus; HeTIHBIC YIIIEBOAOPOIbI, MUKPOOHAs AeTpaiaius;
dburopemennanus; puzocdepa; OMOCTUMYIIAINS, OMOayTMEHTAIIHS.
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