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Abstract. Petroleum hydrocarbon contamination represents a critical global environmental
challenge affecting over 5 million km? Bioremediation using immobilized microbial consortia has
emerged as a sustainable alternative to conventional remediation methods. This review examines current
advances in immobilization technologies for oil-contaminated soil remediation, with particular focus on
agricultural waste carriers including rice husks, buckwheat husks, and other lignocellulosic materials.
Immobilized systems demonstrate significantly superior performance compared to free-cell applications,
achieving degradation efficiencies of 50-90% versus 20-45% for free cells. Buckwheat husks exhibit
exceptional performance with 58.4% TPH degradation and rate constants of 0.0187 d™!, representing
73% enhancement over free-cell systems. This superior performance correlates with high rutin content
(28.8 mg/100g) providing antioxidant protection, immobilization efficiency of 92.3%, and favorable
moisture retention (55%). Rhodococcus and Dietzia genera demonstrate complementary metabolic
capabilities for comprehensive hydrocarbon degradation. Key factors influencing remediation success
include carrier porosity, surface area, immobilization efficiency, moisture retention capacity, and
biochemical properties including antioxidant content. Despite promising laboratory results, challenges
remain in scaling to field applications under extreme environmental conditions. Future research should
prioritize optimization of carrier pretreatment, development of stress-tolerant strains, and integration of
multi-carrier systems.
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Introduction

Petroleum hydrocarbon contamination affects approximately 5 million km? of land worldwide,
posing severe environmental and public health risks [1, 2]. In oil-producing regions such as Kazakhstan's
Caspian basin and Western regions, contaminated lands exceed 43,000 km?, with approximately 6,000
km? directly impacted by petroleum products [3]. Petroleum hydrocarbons exhibit carcinogenic
properties and significantly alter soil physical and chemical properties, reducing water permeability,
fertility, and overall ecosystem functionality [4].

Traditional remediation approaches including physical removal, thermal desorption, and
chemical oxidation, while effective, are energy-intensive, costly, and may generate secondary
contamination [5, 6, 7]. These limitations have driven research toward biological remediation strategies
that offer environmental sustainability and economic viability.

Among various bioremediation strategies, immobilization of microorganisms on solid carriers
has gained significant attention due to enhanced cell viability, protection against environmental stress,
and improved retention at contaminated sites [8, 9, 10]. Agricultural residues including rice husks,
buckwheat husks, wheat straw, corn cobs possess characteristics suitable for microbial immobilization:
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high porosity, large specific surface area, lignocellulosic structure providing attachment sites,
biodegradability, and minimal toxicity [11, 12, 13].

This review synthesizes current knowledge on immobilized microbial bioremediation for oil-
contaminated soils, with emphasis on agricultural waste carriers, immobilization mechanisms, kinetic
modeling, environmental optimization, and field-scale implementation challenges.

Materials and methods. A comprehensive literature search was conducted using Scopus, Web of
Science, and Google Scholar databases covering publications from 2010-2025. Search terms included
combinations of "bioremediation", "immobilized microorganisms", "oil contamination", "petroleum
hydrocarbons", "agricultural waste carriers", "Rhodococcus", "Dietzia", "rice husk", "buckwheat husk",
and "lignocellulosic carriers".

Studies were included if they investigated petroleum hydrocarbon bioremediation using
immobilized microorganisms, utilized agricultural waste or natural carriers, provided quantitative
degradation data, and employed controlled experimental designs. Extracted parameters included carrier
material properties, microbial strains, contamination levels, degradation efficiency, kinetic rate
constants, immobilization efficiency, and environmental conditions.

Results. Agricultural waste carriers demonstrate significant advantages for microbial
immobilization. Rice husks, with global production exceeding 150 million tonnes annually, possess high
silica content (15-20%), cellulose (35-45%), and lignin (20-25%) [14, 15]. Their microporous structure
provides extensive surface area, achieving immobilization efficiency of 87.6% and TPH degradation of
52.1% over 45 days with first-order rate constants of 0.0162 d™' [16].

Buckwheat husks exhibit superior performance, achieving 58.4% TPH degradation with rate
constants of 0.0187 d?, representing 73% enhancement over free-cell systems [16]. This performance
correlates with higher rutin content (28.8 mg/100g versus 15.0 mg/100g in rice husks), providing
antioxidant protection under oxidative stress conditions typical of hydrocarbon metabolism [17, 18].
Immobilization efficiency reaches 92.3%, the highest reported among agricultural carriers.

Scanning electron microscopy reveals dense bacterial colonization on carrier surfaces, with cell
clusters forming biofilm-like structures within carrier pores. Cell viability ranges from 73-96% post-
immobilization [19]. Immobilized systems outperform free cells through physical protection, improved
substrate accessibility, moisture retention (buckwheat husks maintain 55% versus 38% in controls), and
antioxidant protection from rutin and flavonoids [16, 17].

Kinetic modeling demonstrates first-order degradation dynamics following In(C/Co) = -kt.
Buckwheat husk systems show k = 0.0187 d!, rice husks k = 0.0162 d?, and free cells k = 0.0108 d?,
corresponding to half-lives of 37.1, 42.8, and 64.2 days respectively [16, 20]. Degradation efficiency
varies by hydrocarbon fraction: BTEX compounds (65-75%), short and medium-chain alkanes (55-65%),
and PAHs (30-45%) [16, 21].

Rhodococcus and Dietzia genera demonstrate complementary metabolic capabilities.
Rhodococcus species degrade aromatic compounds through dioxygenase systems, while Dietzia species
show superior degradation of saturated hydrocarbons via alkane monooxygenase pathways [22, 23, 24].
Consortium approaches show 15-30% higher efficiency than single-strain applications [25, 26].

Environmental optimization reveals temperature optima of 25-30°C, pH of 7.0-7.5, moisture
content of 60-70% water holding capacity, C:N:P ratios of 100:10:1 to 100:15:2, and carrier loading of
5-10% by weight [16, 27, 28]. Enzymatic activity measurements show catalase reaching 4.7 mL Oz-g™!
soil-(3 min)™" in buckwheat systems, 68% higher than free cells, while lipase activity reaches 24.3 pmol
fatty acids-g ! soil-h™! [16].

Challenges for field implementation include carrier degradation over extended periods, extreme
environmental conditions (temperature fluctuations, salinity, alkaline pH), indigenous microbial
competition, recalcitrant hydrocarbon fractions, and scale-up optimization [29, 30, 31]. Zeolite-
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immobilized systems achieved 80.7% removal in 21 days in marine environments, though cost-
effectiveness relative to agricultural wastes requires evaluation [32].

Conclusion. Agricultural waste carriers represent promising alternatives for immobilized
microbial bioremediation. Buckwheat husks demonstrate superior performance with 58.4% TPH
degradation, 92.3% immobilization efficiency, and rate constants of 0.0187 d!, attributed to favorable
biochemical properties including high rutin content. Immobilization enhances degradation through
physical protection, improved substrate accessibility, moisture retention, and antioxidant support.

Rhodococcus-Dietzia consortia enable comprehensive degradation through complementary
metabolic capabilities. Key success factors include appropriate carrier selection and pretreatment,
microbial consortium composition, and environmental parameter optimization. Despite field-scale
challenges, immobilized systems offer significant advantages over conventional approaches.

Future research should focus on stress-tolerant strain development, multi-carrier system
optimization, biosurfactant integration, and pilot-scale validation. Agricultural waste valorization
combined with environmental remediation supports circular economy principles while addressing critical
environmental challenges.

REFERENCES

1.Varjani S.J. Microbial degradation of petroleum hydrocarbons // Bioresource Technology. —
2017.—Vol. 223. — P. 277-286.

2.Elshafei A.M., Mansour R. Microbial bioremediation of soils contaminated with petroleum
hydrocarbons // Discover Soil. —2024. — Vol. 1. - P. 9.

3. Khozhanepessova F., Serikbayeva A., Dadrasnia A., Myrzabekova A. Enhanced oil
biodegradation using immobilised Rhodococcus-Dietzia consortium on agricultural waste // Ecological
Chemistry and Engineering S. — 2025. — Vol. 32(1). — P. 45-62.

4. Das N., Chandran P. Microbial degradation of petroleum hydrocarbon contaminants: An
overview // Biotechnology Research International. —2011. — Vol. 2011. — P. 941810.

5. Mao X., Jiang R., Xiao W., Yu J. Use of surfactants for the remediation of contaminated soils:
A review // Journal of Hazardous Materials. — 2015. — Vol. 285. — P. 419-435.

6. Kuppusamy S., Palanisami T., Megharaj M., Venkateswarlu K., Naidu R. Ex-situ remediation
technologies for environmental pollutants: A critical perspective // Reviews of Environmental
Contamination and Toxicology. —2016. — Vol. 236. — P. 117-192.

7. Khan S., Afzal M., Igbal S., Khan Q.M. Plant-bacteria partnerships for the remediation of
hydrocarbon contaminated soils // Chemosphere. — 2013. — Vol. 90(4). — P. 1317-1332.

8. Abatenh E., Gizaw B., Tsegaye Z., Wassie M. The role of microorganisms in bioremediation -
A review // Open Journal of Environmental Biology. —2017. — Vol. 2(1). — P. 038-046.

9. Dzionek A., Wojcieszynska D., Guzik U. Natural carriers in bioremediation: A review //
Electronic Journal of Biotechnology. — 2016. — Vol. 23. — P. 28-36.

10. Bayat Z., Hassanshahian M., Cappello S. Immobilization of microbes for bioremediation of
crude oil polluted environments: A mini review // Open Microbiology Journal. —2015. — Vol. 9. — P. 48-
54.

11. Kumar V., Singh J., Kumar P. Biochar application in soil: Advantages, opportunities, and
future prospects. In: Kumar V., Kumar M., Prasad R., editors. Phyto and Rhizo Remediation,
Microorganisms for Sustainability. — Singapore: Springer, 2019. — P. 213-236.

12. Dadrasnia A., Agamuthu P. Bioremediation of contaminated soil. In: Singh J., Sharma D.,
Kumar G., Sharma N.R., editors. Microbial Bioremediation and Biodegradation. — Singapore: Springer,
2020. - P. 99-116.

401



Ne4 (53) 2025 «Yessenov Science Journal»

13. Ossai I.C., Ahmed A., Hassan A., Hamid F.S. Remediation of soil and water contaminated
with petroleum hydrocarbon: A review // Environmental Technology & Innovation. — 2020. — Vol. 17. —
P. 100526.

14. Pode R. Potential applications of rice husk ash waste from rice husk biomass power plant //
Renewable and Sustainable Energy Reviews. — 2016. — Vol. 53. — P. 1468-1485.

15. Zuo L. Bioremediation of crude oil polluted soil using immobilized microbes // IOP
Conference Series: Earth and Environmental Science. —2020. — Vol. 510. — P. 042047.

16. Khozhanepessova F., Serikbayeva A., Dadrasnia A., Myrzabekova A. Enhanced oil
biodegradation using immobilised Rhodococcus-Dietzia consortium on agricultural waste // Ecological
Chemistry and Engineering S. —2025. — Vol. 32(1). — P. 45-62.

17. Kreft S., Knapp M., Kreft I. Extraction of rutin from buckwheat (Fagopyrum esculentum
Moench) seeds and determination by capillary electrophoresis // Journal of Agricultural and Food
Chemistry. — 1999. — Vol. 47(11). — P. 4649-4652.

18. Ganeshpurkar A., Saluja A.K. The pharmacological potential of rutin // Saudi Pharmaceutical
Journal. —2017. — Vol. 25(2). — P. 149-164.

19. Mamatkulova N.M., Yuvchenko A.A., Akbarov K.R., Ergashev N.A., Mamatkulova S.A.,
Khamrakulova S. Sorption immobilization of microorganisms for bioremediation of oil-contaminated
soils // Journal of Ecological Engineering. — 2022. — Vol. 23(5). — P. 16-25.

20. Alexander M. Biodegradation and Bioremediation. 2nd ed. — San Diego: Academic Press,
1999. — 453 p.

21. Haritash A.K., Kaushik C.P. Biodegradation aspects of polycyclic aromatic hydrocarbons
(PAHSs): A review // Journal of Hazardous Materials. — 2009. — Vol. 169(1-3). — P. 1-15.

22. Larkin M.J., Kulakov L.A., Allen C.C.R. Biodegradation and Rhodococcus - masters of
catabolic versatility // Current Opinion in Biotechnology. — 2005. — Vol. 16(3). — P. 282-290.

23. Wentzel A., Ellingsen T.E., Kotlar H.K., Zotchev S.B., Throne-Holst M. Bacterial
metabolism of long-chain n-alkanes // Applied Microbiology and Biotechnology. —2007. — Vol. 76. — P.
1209-1221.

24.Nie Y., Chi C.Q., Fang H., Liang J.L., Lu S.L., Lai G.L., Tang Y.Q., Wu X.L. Diverse alkane
hydroxylase genes in microorganisms and environments // Scientific Reports. —2014. —Vol. 4. — P. 4968.

25. Pacwa-Plociniczak M., Czapla J., Plociniczak T., Piotrowska-Seget Z. The effect of
bioaugmentation of petroleum-contaminated soil with Rhodococcus erythropolis strains on removal of
petroleum from soil // Ecotoxicology and Environmental Safety. —2019. — Vol. 169. — P. 615-622.

26. Varjani S.J., Gnansounou E. Microbial dynamics in petroleum oilfields and their relationship
with physiological properties of petroleum oil reservoirs // Bioresource Technology. —2017. — Vol. 245.
—P. 1258-1265.

27. Xu Y., Lu M. Bioremediation of crude oil-contaminated soil: Comparison of different
biostimulation and bioaugmentation treatments // Journal of Hazardous Materials. — 2010. — Vol. 183(1-
3). — P.395-401.

28. Walworth J.L., Reynolds C.M. Bioremediation of a petroleum-contaminated cryic soil:
Effects of phosphorus, nitrogen, and temperature // Journal of Soil Contamination. — 1995. — Vol. 4(3).
—P. 299-310.

29. Margesin R., Schinner F. Biodegradation and bioremediation of hydrocarbons in extreme
environments // Applied Microbiology and Biotechnology. —2001. — Vol. 56. — P. 650-663.

30. Adams G.O., Fufeyin P.T., Okoro S.E., Ehinomen 1. Bioremediation, biostimulation and
bioaugmentation: A review // International Journal of Environmental Bioremediation & Biodegradation.
—2015. - Vol. 3(1). — P. 28-39.

31. El Fantroussi S., Agathos S.N. Is bioaugmentation a feasible strategy for pollutant removal
and site remediation? // Current Opinion in Microbiology. — 2005. — Vol. 8(3). — P. 268-275.

402



Ne4 (53) 2025 «Yessenov Science Journal»

32. Laothamteep N., Yamada M., Vejarano F., Saito H., Maneechot L., Kawai H., Sompong M.,
Pinyakong O. Bacteria and archaea mediate crude oil degradation in extremely acidic water //
Environmental Pollution. —2022. — Vol. 292. — P. 1183009.

MYHAM JIACTAHFAH TONBIPAKTHI UMMOBWJIN3AILIUSAJIAHF AH
MHUKPOBTBIK BMOPEMEIUALIUAJIAY YIHIH AYBLI IHAPYAIIBIJIBIT BI
KAJIABIKTAPBI TACBIMAJIJAYHBIJIAPBI: KEIHEH/I IOJIY

K. MycaeBa
Fymap6ek [loykeeB aTbiHAarbsl AJIMaThl SHEPreTHKaA XKoHe OaliIaHbIC YHUBEPCHUTETI,
Anmarel K., Kazakcran
e-mail: zhanna.musayeva@gmail.com

AnaaTna. MyHail kKeMipcyTeKTepiMeH JacTaHy 5 MUJUTMOH KM?-JIeH acTaM ayMaKThl KAMTHUTBIH
kahaHIBIK ~ DKOJOTHSUIBIK ~ Mocene  Oonblm  TaObuiaapl.  MMMoOOWIM3anMsIaHFaH —~ MHUKPOOTBHIK
KOHCOpLIMyM/IapAbl MaiJanaHaThlH OMopeMequanusi JOCTYpJli Ta3zanay oIiCTepiHe TYpakThl Oajama
peTiHae KojaaHbiaabl. byt momy MyHai tacTaHFaH TONBIPAKTHI Ta3ajlayFa apHaJFaH MMMOOUIIH3AIHS
TEXHOJIOTUSUIAPBIHBIH, dcipece KYpill KaybI3bl, KAPAKYMBIK KaybI3bl JKoHE 0acKa JIMTHOIEIUTION03aIIBIK
MaTepHalap CHAKTHl aybll [ApyamIbUIbIFBl KAIJBIKTAPBIHBIH Ka3ipri JKETICTIKTEpiH 3epTTeii.
HMmMoOwnnn3anusiianFas Kyiesnep epKiH jKacyIlaublK KoJJaHOaIapra KaparaHia aiTapibIKTai 5KOFapbl
eHiMzimikTi kepceremi (50-90% nmerpamamms tuiMzimiri). Kapakymbeik Kaysizel  58,4% JKMK
nerpaganusceiMer xoHe 0,0187 7' XbpUIZaMABIK TYPaKThUIAPHIMEH €peKIle OHIMIUTIKTI KOpceTei.
Rhodococcus xonme Dietzia TybicTapbl KeIIEHII KOMIPCYTEKTEpJl BIAbIpAaTyJa TOJBIKTHIPY
METa0OIUKAIBIK MYMKIHIIKTEP1 KepceTesi.

Tyiiin ce3nep: Onopemenuanys; UMMOOMIIN3AINS; aybUT APy alIbUIBIFBI KAJABIKTAPhl, MyHAN
KeMIpCyTeKTepi; KapaKyMbIK KaybI3bl; Kypill Kaybi3bl; Rhodococcus; Dietzia.

CEJBbCKOXO3AMCTBEHHBIE OTXOJIbI-HOCUTEJH JJIs
UMMOBUWJIN30BAHHOM MUKPOBHOM BUOPEMEJIUAIIMA HE®TE3ATPSI3HEHHBIX
MMOYB: KOMILJIEKCHBII OB30P
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AHHOTanus. 3arps3HeHHe HEe(TAHBIMH YTJIEBOAOPOJAMHU MPEJCTaBISET KPUTHUECKYIO
TJI00ATBHYIO YKOJIOTHYECKYIO MPobJieMy, 3aTparuBarolyro 6oiee 5 MUUTMOHOB kM2, bropemeauarus ¢
UCIOJIb30BAaHUEM  HMMMOOWIM30BAHHBIX ~ MHUKPOOHBIX  KOHCOPLIIMYMOB  SIBIISIETCS  YCTOMYUBOM
ATbTEPHATUBOW TPAJUITMOHHBIM METOIaM OYMCTKH. B maHHOM 0030pe paccMaTpHBaIOTCSI COBPEMEHHBIS
JOCTUKEHHSI B TEXHOJOTHSX HMMMOOMIIU3AIMU NJIsi OYUCTKU He(Te3arps3HEHHBIX MOYB, C OCOOBIM
aKIICHTOM Ha CEeJIhCKOXO3SWCTBEHHBIC OTXOJBI-HOCHUTENIH, BKJIOYAs PHCOBYIO IIEIYyXY, TPEYHEBYIO
IenyXy W JpyTye JIMTHOLEJUTIONIO3HbIE MaTepuaibl. IMMOOMIN30BaHHBIE CUCTEMBI JEMOHCTPUPYIOT
3HAYUTEIIHHO MPEBOCXOANTYI0 d(PPEKTUBHOCTh IO CPABHEHUIO CO CBOOOIHBIMH KJIETKAMH, JOCTUTAs
spdextuBHocTH Aerpamauuu  50-90% mpotuB 20-45%. I'peuneBas mienyxa JEeMOHCTPUpPYET
HCKJIIOUUTENIbHYI0 MPOU3BOAUTENBLHOCTD ¢ 58,4% nerpananueit OHY u koncrantamu ckopoctu 0,0187
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1 '. Poawet Rhodococcus u Dietzia neMOHCTPUPYIOT KOMILIEMEHTAPHBIE META0OTUYECKHIE BO3MOKHOCTH
JUIs. KOMILJIEKCHOM JIerpajialiii yrieBo10pO/I0B.

KuroueBble cjioBa: 6ropemMennanus; MIMMOOUITU3AIINS; CEIbCKOXO03HCTBEHHBIE OTXO/IbI;
He(TsIHBIE YTICBOAOPOIbI; TpeyHeBas menyxa; pucosas menyxa; Rhodococcus; Dietzia.
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