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Enhanced microbial remediation of petroleum-pollutioned environment marine

LIU Yajuan'>™ ZHAO Jianguo'*™ WU Yanfang'

(1. College of Chemistry and Environmental Engineering,Shanxi Datong University, Datong, 037009, China;

2. Institute of Carbon Materials Science,Shanxi Datong University, Datong, 037009, China )

Abstract: Petroleum hydrocarbons ( PHCs) have become major organic pollutants in marine
environments. Therefore, there is an urgent need to develop technology for the rapid and effective
removal of marine PHCs. Microbial remediation is an environmentally friendly, economical, and
effective technology for the remediation of petroleum-polluted sites and management of marine oil
spills. This review summarizes various types of petroleum hydrocarbon-degrading bacteria ( PHDB)
used in marine petroleum pollution control, as well as the environmental adaptability of these
bacteria. Subsequently, the mechanisms and research progress of enhanced in-situ microbial
remediation of petroleum-pollutioned marine environment through methods such as the introduction of
exogenous microbes, dosing biosurfactants, addition of nutrients, increasing dissolved oxygen
concentration and microbe immobilization technology are analyzed and reviewed. Lastly, based on the
benefits and limitations of the current methods, the research prospects in the field of microbial
remediation of marine petroleum pollution are presented.

Keywords : petroleum hydrocarbon-degrading bacteria, biosurfactant, biodegradation, enhanced

remediation, bioavailability.
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(Petroleum hydrocarbons , PHCs ) & 538 il 5| A 1R A7 1075 G 55 7K P 8 A il A 7 16 T 2 e and s, LR R
GRS R S IR BT , D R B SR AR Y RE B, BN PR RO L SR 5 B B
T3 Al , L B R W NS AR AR R T R R TR TR, R R 5 58 38 0 S RV 1 A T T G B R R TR
BRI TE B A T s e, Xl i 5 | & 9 8 RO B T v AR S PR BT ELAT TR 52 i

A6 52 A Y T G T ) AR D DU AN X PR 7 A R I5 J I 0 T SR BRE: A2k A
2 S/ AT G X, I T B RN [RTACHE TET b E pR ET L AT W BRI AR R A TS Y R
AR, BEPRHEA TR BR TR B I, E 2% ] B B, B i I T g, AN S KO . & AR B B
J5 5% B8 04 A I 1 - 3 A S B A T ( Petroleum hydrocarbon—degrading bacteria, PHDB) H B 18 5] #%
REREIT IR A e S A i TS Y O BOR BB B AR SR (] W BRBE AU Ak BESARAF P i, B
AT TS B B — A TR A A TR A TR R R AR e A R, HL 8 SRR A PR A8, 7 S PR
B A B BOR BT iR AL 32 = A i B 2 0%

/ PrpfE i (Physical remediation) \‘.
FiE (Methods) JA PR (Limitation) |
ik o 3 T B/ T BT AR ERBE v ) 5 B
Absorption Suitable for removing oil pollutants in small
o R area and still water environments
Fencing MRS EE R ER
o (i B4l i 25 Need used with other repair methods
Use of the oil skimmer « %% Fil 5 41
High cost
Fid {E24E 535 (Chemic . N FrRPTIrra ™
{ #E8E (Chemical remediation) b T T =4 4 23 3 (Microbial remediation)
FitkE (Methods) JEFRME (Limitation) Fi: (Methods) Ja B (Limitation)
o ek o BB i R LWL B AR o s T R P AR AT IR
Combustion Easy to cause secondary pollution AiheE PHCs degradation efficiency by a
« LRI o AELAE T ok b5 it ki I&:{;lﬁ:}gg&ﬁ,\;hrmh microbial species is limited.
Sedimentation Not suitable for use near HCiBsEOMs I 2 2 g o DA 1 SRR i i O 1
o {ifi ] 43 T ol 8 3 751 shore or fishery speanioons Cegradation. The natural degradation rate of
Addition of dispersants or  « $¢JEY 6 microorganisms is slow.
| oil gelling agents High cost ]
\ 4 K J

1 AT R E BRI N

Fig.1 Application and limitation of marine petroleum pollution remediation technology

AREEIR I T A IR R A T AR BRS TS L AN Wy, BN A W 3R R i R
ANE e S, USRI AR 0 18 R A B 2 22 Rl AL T Be B S AL B MR S T S8t Ji8 . A BE 5 m] g i
FEBCHAM K R A7 il TS Je R AU DB R TR BES 5 TR .

1 AilEFEfEE ( Petroleum hydrocarbon-degrading bacteria)

AR B T )2 AEAE TV 345 B AR IREE Th  FEB SRR B2 A s e IR P AR
B — A R I A T X — A B TL A R 23 T A R A A R R I A 3 . 15 O A IR T
( Desulfovibrio) & bEH )& (Alcanivorax) % T & ( Dietzia ) “5 X ek BAG B B AR Y AT
J& ( Brevibacterium ) . ¥ ¥F 1 J& ( Corynebacterium ) . f# ¥5 & J& ( Cycloclasticus ) . 18 3 2 ¥ g & )&
( Pseudoalteromonas ) %5 % 22 PR 5k ) W fpk R 7 355 ™) Ly i R o i o1 AR P 0 18 02 1) 0 i S e
LRI TR 1A 2.

A7 TR A T RE PR T Y 52 A0 TS % B PR 0 HA ORI B S B ) R AR A IS B B
TR AT I TS G IR T A AR R A TR 10 A el R R o B, R R R T R S AR AR Y T P T
FEL12) 1980 4 36 [ BT R 7 B BB T T 49 Exxon Valdez M4 G 35 24 53K 35500 o Sl A5
Braddock %' 45 3 4F 25 52 Bl A58 7 5 DX S 1 A il e I A BT 480 G R T I il S a6 XL EL-
Sheshtawy % J3H , IR LTI AT TS Y A 75 5275 4015t 15 o il s e fige v
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Table 1 Petroleum hydrocarbon-degrading bacteria

FF5 Ve 44 ik e RS SCHik FFe 8 44 ik e RS S0k

No. Bacterial species and references No. Bacterial species and references

1 T KT B IR (Achromobacter) 1) 13 2% [C R ( Dietzia) 11

2 REHFT B & (Acinetobacter) [ 14 BB ( Flavobacterium ) 1)

3 S B R (Aeromonas ) [ 15 K R ( Gordonia) 1%

4 FE BB (Alcaligenes) 1) 16 WEFF B ( Marinobacter) ')

5 TIBEH 8 (Aleanivorax) ) 17 JIN ALK 5 ( Micromonospora ) [

6 2 AT R (Bacillus) " 18 53 SCAF IR ( Mycobacterium) %)

7 SEAT & ( Brevibacterium ) [ 19 W R KB R ( Nocardia) 1

8 1A 5B IR B LG B ( Burkholderia ) 17 20 84 B B,  Pseudomonas ) 1)

9 FPEERRAT A8 ( Citrobacter) 12! 21 4525 B ) ( Pseudoalteromonas ) %)
10 FEFT 1 & ( Corynebacterium ) 17 22 LI R J& ( Rhodococeus ) %)

11 IR BRI ( Cycloclasticus) 17 23 22T Y B B ( Sphingomonas ) 124
12 TGN E R ( Desulfovibrio) ' 24 RIS B4R ( Thalassolituus ) 1

R 2RI LA (P

Table 2 Patent bacteria of marine petroleum hydrocarbon-degrading bacteria ( China)

75 BR PR (f05) R RS
No. Name (code) of bacterial species Preservation No. of bacterial species
1 VAR IR /N A i (Advenella kashmirensis ) 6-10-1126) CGMCC* No. 13003
2 B8 B 1 (Alcanivorax dieselolei) T6-6127) CGMCC No. 9033
3 W6 25 FUFT B ( Brevibacillus laterosporus) G-401%%) CCTCC* No. M2017400
4 T B i 14 ( Thalassospira alkalitolerans) 1) CGMCC No. 13079
5 AR B T ( Pseudoalteromonas sp.) QN-1130) CGMCC No. 11635
6 ZIBR ( Rhodococcus sp.) QY-213" CGMCC No. 11634
7 AR B T ( Pseudoalteromonas sp.) DC-2132) CGMCC No. 11633
8 B CN-30% CCTCC No. M2015537
9 B W AR AT (Acinetobacter venetianus ) LCL-1134] CCTCC No. M2015538
10 W HuAT 1 ( Polaribacter sp.) DL8-7"%) CGMCC No. 9011
11 FBEMLI ( Citreicella sp. ) DLFJ3-31%] CGMCC No. 9014
12 WM K AT ( Thioclava sp.) DLFJ1-1737) CGMCC No. 9013
13 AN S BRI ( Ornithinimicrobium kibberense ) *%) CGMCC No. 6844
14 iR % 5 R ( Gordonia alkanivorans ) 1) CGMCC No. 6845
15 BT A SHAT B (Acinetobacter venetianus) DW3[ CGMCC No. 5215
16 SE/NFEFAT T ( Bacillus pumilus) "4 CGMCC No. 3384
17 BJR WA ST (Acinetobacter venetianus ) 1) CGMCC No. 3385
18 £ B BB ( Pseudomonas mendocina) 1) CGMCC No. 3386
19 Bz BB IR Wi ( Ralstonia pickettii ) 1) CGMCC No. 3387

* RN DRIBCE H 10 AR W A P R B e s TR DRECAE Hh LT B SR W R
#China Center for Type Culture Collection, CCTCC, * China General Microbiological Culture Collection Center, CGMCC

I FH A ek A 5 e P RS i 7 7 Yo T G R 3 e AR A T o s AR R R AR N T T
AR B A4 TR e e A 0 DAL 30 S B A 40 1 3% P RN 8 A i T 3 00 T 3 A i T e X U2 9. Wang
SO rp EE 3 19-3 AT A SR AR Y UURBY) 5 i R 6 5 L ()15 3 10 AP T R0 B e A R
PREGA DI RETS 16 30 d PR TG [ A DT S R 2 ) AR Tl KTl VS T80 1 Ui 32 2369548 (PAHs ) 75
YUl Ve i | SE AT B —RR LUK TR B 0998 B AR T, o B35 9% 42 d JS I R B R fi
53 31.69%.

R TER AN TS G A PR v e e e AT o P58 v 200 71 S 5 LU SRR 5 A Tl i e ik ™
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A7 R R AT I B Y05 Y AR N A R R AT 1 O B e IR e i
A T P T B ARE 1) 28 A A 2 A 3 5 e ) 7 T T i O AR A BT ) E 8 e i P 2 1 R A

2 EAREWEERMITEA (Enhanced microbial remediation techniques of petroleum pollution)
2.1 GIASMEA R T

AR DA 7 T T Ge g v 1) SR B B R v, B — - 28 A T R e ik TR 0 20 5 2% 1 T
YIAFAE R SR BOCR AR 518 51 KU R S5 Bl s s AMIE A TR B o 5 | A BB R g 5 35 U e ik
TR TRIAE , IS [R] 4 T 9 ok i T X A (Rl 15 A TH G P e A B AMVE D, T DB R B2 18 il 2 B3 £ P
T B — BRGS0 AN 7 1 AR Ve 4 5 G A 1) R, A 0 v A T TS e Y 25 B ) L
T BRI ONGC i1 FH ) JELI 5 Y kb oy 25 HH 1Y) 6 i il e B i s AL R 5 TR RE 280 75 d s &, %
C8—C35 [MFRAR3 IR F] 83.70% , i 35 o T Pl A1 T s Fep Ak T 1) P g fige 200 Allisi S5 BF52 & 3, P
10 Fofr£ i e P gt 1 2H ) ENEA-LAM {5 A 9 e J7 8 52 7 4 Jm RS 5 e e, 759% B S€ 30 7 42 d
B IERR , Hoh C12—C20 1Y IF ke se e

A H B T R R A T R E (R PR e S R 22 3R 05 e e e AT Bk SRR U BB 3R L e
AL R PR O R B A AN R EA T R R AL RN B0, T BEKE 20 2 1R PN TR T6 RN FF 38 B U2 W) EDAS e B BF 2 06
SR IR ELER Y R, R TR A TR B A iR i, —Fh ik 4 69 AR = o vl RS2 5 — Rl E A K
AR R, RS T A ) B SR Y R i AR, A RSO RN PR A2 A T g R R Y
1@/5[46, 541

(% 7R 5] ASMEAR IR R, 75 22 5800 % IANEMUAE Y 5 L 3 E Y Z R A 2 an 2k —
FARRERAY T UM E R EAME R, AT DS TS e i o8 e B AEUR: RSN E TR E =Y
JBT R A IR MR P 455 T 5 - 3 TR DAL T 4 DG R | NI A b s Ik ik T 1 5 | D) 2 B AR 2 1
A W) (R A g
2.2 BmA YR S PR

AR R M TR R A W A A A T AR ) LA B FL AT PR R A VR R A,
FEAR A T2 i M0 OREAE B RK BRI S ) AR TR m i vl (IR AR (45 ) 0 38 3 B 4 A i
o it T e B EL 7 A (8 A W 3 T P 00 8 I A ) 3R TR TG PR ) R 1 T st S AR v ) A vl LA 2
S IR, B I0A T ER E EE RAATK e % 5 B A A R D Rt 5 K 0 ST 5K T A i g i —
R V183 TR A0 A N 38 2 o 7 L T 1 o e RS R A TR AR PN, T FS B W SRR R, A8 38 AT 1 A= )
R F ARG B R B S AN TR ( Pseudomonas aeruginosa ) S6 1 F Pk K SR 25140 F 72 A ) b
JE2E A M2 s MR T (K ARV A B 2 23 %5 BRI BT 45 SRR A 100 mg L
AT B AR JS , DAZR R ME— B JR I £LF-2LBRTE FF BB R AR 40 B4R 5 T 145% Fi1 51.86% , FF T4
Xt ZE R 2B RAE 6 d AN RS T 23.86% 11 22.69% . Wang 251 HZ3H | I A= 40 2% 1 % P37 b B 11
- E R YRR TR A IR R B R RO 51.29% , LR G A YR IETE HERIAL B & T 17.8%.

AR TR A B fh 2 R TR 1 301, A 40 3 TR e ) LA AR AP P I S5 e e R O vy ) R T 9 1
REA R b K PEXMERE A AT HLAY) (TN 238058 ) AT e B, (oA it B3R e T 25 2 R P R ffp X 264y o P
S5 LOTV A AG S AU I 7K S8l i s e AR 9 R e B, BRI R 4 A 18 S R B i A2 R
TEPER GM=2 1Y 2.04 5. A= 40 3 TR 1 700 X6 A Tl A e A o e AT B2 VR, T IR 1k s, S B 1 Bl Ik
?_—5‘;}%[68-69] .

R 22 A= ) R 10 1 R A 7 DR AR B 302 A T R A TR X S T A ) AN A BB 408 43 Wb A 0 2 1 1 1 711 [
B I 23 TH AR oA TG , XA TG B 88 i A B G %) A ) 4 BV . DRI 0, 2R W 3R T T 1 00 A = o S 5
B I TR A TR R A R 0 A T T Y T B S 0% AR S AR 707 o i el 25 (5T

B SN DA A O B T AR 0 A R T MR AR 7 TR BSM-301 5, 2 IREE & (Vibrio) 4H T SIDQ-

112 1 STDQ-1122 XA R AR R A8CR o B T 64.9% 1 86.2% . ZFh A Wy & i i v AL = R & 5
LA T 0 1 et M R 5 1 38 75 BB 0. Cerqueira 2517 I B 9T 25 2 Wk, i1 BR ZF T B ( Bacillus
megaterium) , P ZR MBI E ( Pseudomonas aeruginosa ) FVSEFE ZEHIAT B ( Bacillus cereus ) %5 5 Fi A1 15 o
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i TR 2H TR A R R B LA TS PR 3R 55.1% , KRB I A5 A 48 B 22 B R 43 1) 38 2] 90.7% Fil 51.8%.

R3S KA R

Table 3 Biosurfactants and biosurfactant—producing bacteria

A2 T P 51 ) 3R T A A A 7 R

Biosurfactants Biosurfactant-producing bacteria

N& ik FHATEE ( Bacillus) (73] 5 S PN JE (Aeromonas) [74] ; kR ( Micrococcus) [59]
MZEHE R % [C TR (Dietzia) 75 R B ( Pseudomonas) 57 ; X% Q& ( Gordonia) 70
b ﬁf*%}%(i@hodococcus) [65] 5 TR (Arthrobacter) (7]

fe&EH REFFE R (Acinetobacter) [

2.3 SEHNE TR BORMIE N A

AMEEZETS YW A SRS T L A i e e e v e L 1 808 AR B UL, (ELR 0T AN RE D SR 2B A it
TR MR E RO R 7 FE A IR R A B O AT HE 0 PR 3R IR AR R I A5 T A R kA
(A ARG, A ) T A 0 2R TR A 7 A A R AT R 4 e A 0 R R R R A R
Nikolopoulou Fl Kalogerakis'* K7 JR R f4 35 Jig FE-5 BRI A 420 2% v 3 4 790 26 [R) 1 338 B v 1 6 s
B, C19—C34 E55 —JH AT 18 d NI BRR50501K 2 80% F1 96% AFUIE it il ik 2 1) 3% 2E F- 4 o nl
RS E A A 20 T 4 15 M N A S B HEAT | 2 IS A A T e k. A1 e S T i > 2 B 3 2
(R ) BTN A BRI S iR A Tk A o0 A T A8 1) 2 fie

H1 TR B MR A T I SR A, DRI IHG , 96 T v V8 Ak S0 A0 5 i 50 T U2 00 ) I e R Tl i )
P A R T R A e S A SO T TR PR P R W R TR, B e A Tl R O ) R A S
FEEE. Boufadel 45 43H , 1) 4 B H T i gl B 105 A R ME R AL TR A H, 0, R F2 ) ST ik A 7 A4 18 5
J& , & A Exxon Valdez JH%S g 1 22 3455 18 19 A W) R ff R 412 55 2 13%—70% . Bellagamba AU B RS 4
SAR  TERA TS G TR A — & ROT 8 B, A 20V A1 s F i T 2K 30K 50 S0 7 A 1
T fige SR E DTN R A TS 1) A= ) e .
2.4 BHBHAEYIEERER

UNIET 2 Bz, R AL H I R 92 RS R 25 [ R A B AR 0 125 A ) IR o 7 A BIR 22 18] A 8 14 [
SE AR ) LA T o ) SR P R g i P 20 AR Bz DA SO A7 A A 8 o DA il ) R A [ 3 95
TR A i 12 HY 8 B B AN BT B (Acinetobacter venetianus) , 283 96 h BYIE SR, 12 6] 78 TR XT Sl 19 [ f 2 5
ik 86.35% "7 Liu %™ FE S Il KB ST i 2k B0, 151 5 A1 1o 450 AR ok T 114 1 986 R 5 fRf ek ot 40) s 25 e o
h 2342 mg L7 I AR 78% AR 3R 29 i B T 1Y) 2 3% Seaki 551 SR FHA MR ol A8 Wy e 1T
T AE 7 B Gordonia sp. JE—1058 i 1t 118 52 57 , BETEBA A 50 A 155 000 T A 28053 B30t O st , AN A
SR A 2 G W T T L R V120 2 T D it T R

gy [ SRARRATIRIE GURRGHY. 7B RGNS )
(Entrapmenty | TEAs BEAESTLAIKNGTLE B

+  PHDB are immobilized within the pores of natural or synthetic I

carriers (sodium alginate, chitosan and PVA, etc.) through mixed |

withicarriers! J
7 g ik} i JE 3o A B T, A b A TR R g TE AL A LA A h e S
[ R AR\ (Adsorption) AR MRA . Prmss) . [ A
. [ié B 17 PHDB are immobilized on the surface of inorganic or organic carriers e [ R |
Eree PHRDB. (activated carbon, zeolite and bamboo charcoal, ete.) with large specific Immobilized |
\ surfaceareajthrough surface adsorption. J QREHDERY

~

Y

T8 3 T ) B R RE A A AR (R TR 4T A AR

1T 48 5

ik PHDB are immobilized through crosslinking among reactive groups
(Crosslinking) on the surface and molecules of chemical reagents (glutaraldehyde ete ).

< )

B2 iR e A o A AR

Fig.2 Immobilization technology of petroleum hydrocarbon—degrading bacteria
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FeEFRIC R G Y IR R A 1 T HE— 2D B i A kg pH SR RIS SR MR T 32 0. 24 R
A, PLO.1 g KA 88 00 2R 5 0 s I8 A T A7 45 SR A B D3 B, XoF S il 119 2 B SR ] ik )
94.3% A= WITE N E AT B vh 23 43 WA R i 5 Z2 B AN AR 1 5T 1 ML A SR 6 ) X S L AN R S W 0 U W TE
AT A B 55 11 2 AR A 0 ) ) SR AR B AR AR .

3 Z5i2F1REE ( Conclusions and prospects)

A1 IR PR A T RE PRI N 52 A0 TS Y PR (LB — B OGS 2 53 5 2% ) A TS G ) 1 R e S0 A I
A AN AT IR R T PN A ) 3 TR AR G A R ) SO R AN e R T R A TR R A
A [T A AR AR AR, T AT RO o A TR 3R e TR0 X Y T 2 ) ) e i 28

AR B —HOARERME LI B BRAR (18 S OR  WE 90 6 o e AR A R0 19 BRAB S HR IR L 5 1A
RIKA N FH A5 A s e PR B8 52 1) 3= BP9 5 1) o5 i A AL 5 A W R A 30k & HoR 2150 = IS
TE AT DA e X R A T Y PT A A B8 i i A X6 T R 1 2 B 23R A0 m v 35 5 T A ) A 5 1)
Az A 2 B AR T i R F BRORT 200 TR AR B e Rk A PR A TR Y S BRBE T AR W Ak 2R R R A
82325 Y R 1 R SCRE = LR A LR RN RE i, SEEE W ot AL A TSR 2 AR () 7= L TR LA
TR R AR A8 2 R T A DR R VR LB, F A AL A A 5 22 i — D AR

TUCsE 5 240 TR [ FH ATt i ity 5 98 v B B 0 TR A RR AR, T e o 3R 5 B ) A il — A )
LR A TS e N I 178 R B R AR, AR A P A BB 208 0 4K T R 2
TE R A0 AR A TR TR TR AR EL VR T TR A 2R e A DU R I LB, TR0 0 W ) B D 3R B W %oF
A8 ) RO SR BEARTE B S 75 B — 2 WE 5 A 1B 52 BORTE AR 1 S v il 75 0 A T
YRSt A RE IR 0 R BGIEA T 255 5 K.
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