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Isolation, characterization and degradation properties study of
highly efficient acenaphthene-degrading bacteria
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Abstract: A strain AC-1 with efficient acenaphthene degrading ability is successfully isolated from coke-
contaminated soil ,and identified as belonging to the genus Acinetobacter sp.The results show that the degradation rate of
50 mg/L acenaphthene by strain AC-1 at pH 6. 0-8. 0 and 30°C reaches 65. 96%.1It is found by further broad-spectrum
tests that this bacterium can not only degrade acenaphthene,but also degrade naphthalene, fluorene, and phenanthrene
effectively.In addition, by co-metabolizing with naphthalene, the degradation rate of acenaphthene by strain AC-1
increases to 82. 61%. Salicylic acid and others are determined through detecting intermediate products, suggesting that
strain AC-1 can achieve degrading acenaphthene via the salicylic acid pathway. Study results provide effective strain
resources and a theoretical basis for bioremediation of PAHs-contaminated sites.
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% ¥ 35 #& ( polyeyclic aromatic hydrocarbon,,
PAHs) 2Bk PE R M@z —'" | & BA BL &
PE AR PEREURNE , 0 Az PRI A A 1l 1
W g B B, T 2O R B R B K
FUR A=l R I EATTE B SRR v L gl i
MIERRBE OR W R T T R AR T5 e
FAATIAES S PAHs B 2 HERIR 2 — , HoAlk
T A R HE R R Y 13% ~ 16% ) B
MR U, P, SRR ATl 7E PAHS HE
JBCTT T B SE M AN 5 A, o Z00R BT B3

UTAER  PAHs 1594 IR BEOR IRAS T ERE, &
TSR B E B EmAeyEE . R,

1RGN 2248 52 5 I A TR 1 22 Wi, A0 LA
e BEFEE K HATRES |k ki, M2 T, 4
W52 R L BUARAIR R AU B JC — 05 Y AR
BN 2 e B Iy SR R YRR A 2 AR
BENZOTFEZ — (HRAMRZE D FRITZ
W7 (INZERFESE) R X F =25k
J& ( Acenaphthene , ACE ) 1) 1 A= Wy W fif 0T 5% 55 /0,
IR PR G 6 A B T 1405 el i A A5 381 7243
Rt o

AT AT 3 432 S — ok i RO i v
Wk AC-1, RGFIE T FREE 5% A0 0 FLR fidk 58 71 1
SN, IR T RIbR AC—1 XA PAHS )RR

%5 B #A.2025-03-13 ;& B H #1:2025-08-04

EEHR ARSI T I 15 BT AL 4 (RH2200002532, RH2300002821) ; 111 7 38 18 #5 JI 4 A7 BR /A RIRHE 30 H (2022-jkkj—21,2022-y{7)
YEB A FEEEHT (2000 ) , 2, A+ WF5E 05 1A M RUZE B S H R | 13935006192@ 163. com; B2 RAR (1968-) , F 1+, 6z, 1+ S, B 5T
Jr A5 Y3 s Z P SR IR R A | giantianwei @ tyut.edu.cn



- 286 - FAX AL L

fEAE o A e SRR A [a] Bk DL A7 AR
SEH ARTE TR AC-1 XE AR AR JF i ]
FEYIRIAEWT T B R YRR R AR . AT B AR
N PAHs BAEWME 2 LB 228 RIS YR
AU Y RS AR R TT 2

1 #RHn7gE

1.1 E#k AC-1 K5 Bisik
L1 BhAHE

S P A9 8% 9% 3 2 Luria— Bertani (LB ) 5%
FREEAE Y ELHE IR AL (MSM) , LB }5 3 45 10.0
/L EAWR 5.0 g BERHEEUWI T 10. 0 g AL, ff
FHATH pH W E 7.0, MSM 53534 3.24 o/L
K,HPO,.0.87 g Na,HPO, 2.0 g NH,Cl, 0.2 g
MgSO, - 7H,0 Fl 1 mL ffit TG R ,pH 4 7.0, [&
RER SRR TR ARG R E DA 15 /L M 3lE,
TEZR AR, 5535 FE7E 121°C F1 100 kPa F i EK
® 20 min,
1.1.2 R3EHBERE

TR CRE T EIL A A, R
Yang %7 1 07 1, B e AT R HE AL B B 10 ¢
PAHs 75 4t + 38, Jin A 90 mL JC & 4= &L K, F
30°C 150 r/min 5% 3 TH3% 5 h, # & 30 min J5H
5 mL FVBAE ARG R IR, SR IR R 2
50 mg/L JE (ME—HRIE) B9 MSM 5532364, T 30°C |
150 v/min MY 551F TR GG FR 7 d, L 7 10,
Bt R BERR R (107 ~ 107°) , IR A T E -
MSM [EASEAR,30°C 6137 5 d, BB ¥4 4 3
UFHR R alifh , SRAF LR Bk AC-1,
1.2 HHREE
1.2.1 BEFAER

PR TR R A 2 [R5, 7F B e
XA AT L, AT T R (SEM)
FIEE R R ATER
1.2.2 5 FAESFER

0 2 L 1R D0 A A TR AR LA 2% 114 422 o £ 42
PR IR B35 7 4 SREHUE 2 mL 855 T
DI, kB AN AR REEB A RA R
WP o K 25 S 4 A E] NCBIL W35 54T Blast H
X}, iz MEGA7. 0 SR G LB,
1.3 Bk AC-1 HIFE MRS R

R T RGVAR BRREA [RI AR 2544 R X T e
FRECR AR T T — RIVEHE R LR, HEA
7 pH(5.6.7.8.9) AR (15.25.,30°C 1 35°C)

5645 BIBT 2

FUREIRERILAIREE (0.25.50.75 mg/L F1 100 mg/L)
XA i R R B R, R T TS R B R R B B
AC-1 BEffERE I B2, Lo iR & T 4 A5,
55 1AW 50 me/L AU ZEAE Rk ; 5 2 2SS 3
253 SR e 224 5 4 T T 0 R 4R 28 W 4 R e DR 5 2
4 GG BRAL AN VS AT AR . T A S 56 2 TR
BIVL 2% W) HE P LR, OF E BAIURE . BT AT SC e 8
A 3 HVATHEA, LIRS T vEaf vE AT S 1
1.4 TEHIRE=Y 5

R FRIAEFP 50 me/L JE , 7E 30°C A1 pH A 8 1
SRR 13 d, 436R 48 h, BUEIRRR B 3 0T
10 mL LR CBRIEATES 1 RAEH, RS , &R
P AR R AL 2 pH M 2.3, - R R EA T4 2
WHI, A I 2 BORE |, FHE % 78 KA 45
W5 WA I W WA RAE 200 WL (4 F s rb 4 R AR
O3 T %L (GC-MS) Z0Hr & 1 el i

2 HREITE

2.1 JEfEBERS BINEFERER

W 1 Ca) s, AR 57 2 LR V% 2 FDE
HARZ 2~3 mm SNFOLW, RGO, BEEN, E
TTRETE LAt A i — B 58 1) 355 3 i v A 4 00 W T vk
HAFERRIERIEE S . B 1(b) Fros i3 22 R G (4h
FIoR GO R B2 0, YR AR O A 22 FR A
B 1 (o) AR T B BE, n] WL A AT

W, K20.6~0.9 pm, %27 0.5~0. 7 wm,

(¢)SEM F
1 HHhOBEFWNE

it 16S rDNA ¥ & Genbank K45 1% 751 e
XF, RILHE B AC—1 5 AR 3 #F I (Acinetobacter sp.)
B [R1 P foe s, P A AHABLBE IR 31 99. 9%, SR I 4Bk



2025 F 10 B

U T RAR B (F 2)  BRE B AC-1
SRR A R R, 2L AR bk
AC—1 BB 25 E L I 4 -1 02 s 2 R G
bk AC—1 %55 AR BIFTE

100[AC-1
83 [E%@%Xzﬁ]ﬁ%’%ﬂa UTMR2 (OL589188.1)
B AR ST B AR A-BIA (KJ806471.1)
1001 3¢ A SAF B EHR COLMIS 101 (PP086572.1)
33— MRS REFF A Ak LCS3A (OP935871.1)
BURASIAFE S BIMk OTU-c17 (KJ147085.1)
BB A ST A H bk TBTK040915A (LC0O57712.1)
T ¥ A S AT B B4k 16S rRNAZER: Ths (AB207814.1)
2 00 #ER AR ZIFF R R OAct422 (KC514127.1)
A A SFT R H bk G-N-5-2 (KU570338.1)
BT SR A Jf A SHAF B iRk TI-1-34 (MF157597.1)
ARAFHHITHEBE R JUN-5 (KF228924.1)
KIGFFEHEH U 5/41 (NR 024570.1)

—
0.020

K2 HETEHAC-1 t 16S rDNA 2 F K &
AR YW &k

2.2 INEEMAITEK AC-1 BERENEMm
2.2.1 pH

3 WoR T Wtk AC-1 fEAH pH(5.6.7.8.9)
U FRIREARAE T, 11 d 5, BRI AR pH =
6~8, A RAE 60% DL L3 Fok o pH=5 Fil 9, [ fift
RAYHNH 54.26% 1 51. 77% . 45 FBEKW, Htk AC-
1 1£ pH 2}y 5~9 BYFEHI N B BEA i e , HAE pH
H6~8 P PESF FRCR B, TR JE PAHS
(FEACE R O BRRAS % pH Rk, IR 3 85
pH XL MR BAT g, TR B R A
AR 1t 2 PR 2 1 235 4 v i) U, 2 ) A )
figead B2 BeAh, pH X AN B A Kt A AR
Rousk 257 & B, oAb W0 Ae b pe sl vh 4 pH K
SRR ECARERS . L, kR AC-1 7€ pH 5
9 Fisf AR g 5 R AR X IS, T e P pH =6~ 8 F I
[(ESi &S =i

et °
1—pH=5;2—pH=6;3—pH=7;4—pH=8;5—pH=9
B3 AME pH 4T & 8y B A1 L
2.2.2 RE
AWFFEVER T AR BE 254, Wbk AC-1 Xt

RENF . SWCEHREND B EELFRTIEHR - 287 -

VIR HEE A 50 me/L BYJE RIREMRRE ST, Bl 4 WoR T
itk AC—1 7EANRIIRJE (15.25.30.35°C ) T A& firt
A, fat 11 d iR, 45 2R s 18 30°C 1 35°C
I, T8 B R 28k T 60% ; I AE 15°C 1 25°C i}, %
RN 15% ~25% , X BEE5 R F W, 75— a1l
P, BRIRR AC—1 X)) A ik 3 I 2 ek 3 T s T 4 0
X— KI5 Moayed AU BB AT A R — B MR
TEANTRIEE (25.40,60°C F1 70°C) T %% PAHs 1)
R R A MR, R TR S R e R E i AR K
FHT R, D4 2 L R A0, A A il B 2%
FeE PR PAHs BRI X £ ER i TR
T A R A S ORRRAR T PAHSs BT R
U XA W R R SR B R AL 3 A
PUAE 2 A7 T2 — 2 ek B 52 el ol A= 0 200 B PN 5% fi
il (R 35, T S W) PAHs 1 s fige ; — 2 T JEE RE %
AR PAHSs 7E e BV i B 1T AR A 4 A
FAPER

30t 2
20t :i$
10+ 1

o 2 8 10

2 6
Bt /d
1—15°C ;2—25%C ;3—30%C ;4—35%C
E 4 FREREAET SR

2.2.3 RAEAE

K5 WoRERE AC—1 FERRIBIAG B T X E 1Y
FERRBOR . M MRl 25 mg/L B, B fif 3
e, 11 d JFiA %] 95.03%, HuIIRIRE N 50,75
mg/L I 100 mg/L I, B i MK BEAR, 5350 A
65.96% .51.57% F1 35.83%, X SLsE R LB 5 Y
YIRI PTGV BE 5 PAHs 194 4 R A 0% 52 R 5%,
VR BE TS Yy 23 X 22 B 05 e (N e e il A 7 2 W 2
BRI, T AV U B2 175 e 0 0 5 5 R F PAHs
AR g, 308 2 S IO B B R R CR T ARG
o R AC—1 B RS A S8R Bl o T W) B vk B ) 4
TIATREAR , X P BB TR Wk e T L S A
DNA 456, 3t Jilt e Wy 2488 5848 5 B0 022 4 it JB e
B 1 A LRSI ; [FB A ] B B N = A
b TR AR Tk A0 A N AR B R BT, DA A A
AR, AR RCR S BRAh, BV B ) PAHS
R AR e ] 7=y 1) SRR T BE X R At v e A e



- 288 - FAX AL L

PERT, il A M i A R AR 0

100
90}
80t 2 3

< Tof

T 60t

# 5ol

§4m 4
30} s
20}
10} f
0% %5 4 6 8§ 10

HEFemfiE)/d

1—0 mg/L;2—25 mg/L;3—50 mg/L;4—75 mg/L;5—100 mg/L
B5 O REKERETE W ERE L

2.3 E#k AC-1 3t PAHs B i (&R 1EH

K 6 W Tk AC-1 % 4 FhEA PAHs (%,
J& S FEE) BRI 0L, 4R B, Ak AC-1 X
X4 P YRR AR B 2 R, (R
(2 FETR A PAHSs 1, 28 (%) [ A o B e PR, 7E 24 h
WIFLR R, 76 7 d J5 58 R, X 2 0 3
AC-1 fRICHI I ZE/E BRI, X 5 Zhang 25" £
FEE R SHPI -2 [ IR & PAHs B () L5 45 . —
H, MRS, JELE 1 d 5P RIS, 7 d J5RERRIA 3
48.86% , 5 EAIMREREIEIA LL  IR A AR 7 d IRE
fif FELARL 4% ,iX — S5 KR W], HoAth PAHs BAFETE
A BELANHE 19 B A, 1X 55 Hennessee 251" UHF 5%
G5 —3, R K L — PAH F&ff 5 1R A& PAH
R figt 2 ] AR 22 5 | DA SR A I P 45 VR

100
90}

80} !
£ gol

@50—

40}

& 5l 2
30 5
20}

10}

0 4

0 1 2 3 4 5 6 1
BrgRmt ) /d

1—2%;2—8 33— 7 ;4—3E
B6 THHk AC—1 % PAHs By ) ¥ [ A AE A

ZikEfN 1 d JEIFER 2 d JRFaELE 13. 65% , 1
AEREAR 12,7 d JGREMEAR R 11, 73% . X BE45RAIE
SET R AC-1 X JE SRR BRI RE ST, X
ZSTRESE FH T PAHSs [P 2R vk 2 380, %o B it
T B PR A T I S A AR, Song 45
AR LI, A TDUEL RN B PR SO1 X B — IR 25 |
qE FEE 19 B R R 4r 5 A 95.34% . 87.59% Al
55. 11% ., #R1, 241X 4 PAHs 7776 TR &9 h i),
Wit 3 I 22 75. 22% .66. 03% F11 46. 54%

Ansari %[20] WS T e AR s A2 T RS

545 HIZT 2

fift PAHs (4R M0 A KA B, & 31 PAHs 11
PR DR AL 2 S5 R T 5 /N TR R Ak
Yyid ReE R B A W . a0t 5 d IR
RERGHE AC-1 XT 4 F PAHs 1) F%AR AE 1K IR
RHZESTE>D>3E, ML Fh PAHs L7, 415 1l g
SARYE I I b Ve ek R fif— Fh sk 2 R 9

AN B A 0] BB Pl 00 T 25 A AR A
AN [) 3 )« 2502 7K P o e (R R 2 34 D5 e T
JE 2 FEE 2 =LA, Foh s i Kt e s
Sharma 45" R &L, 7 d J& IR A WA 25 FE I
I R AR R 75% 67. 8% Fl 39. 2% , K& fift 2 It
B IRE RN FEAG, BLAh, PAHSs 43 F KNSR
M 555 7K 1 R EEL A 2 R e 3t 2 5 i) R i 11
SRR
2.4 HRFXTE R AC-1 EETEHIMN

7 JR7R T e 6 AN [l Bl 5 7 2000 | T 2 0 R
Z) XM PRSI, 25T 12 d BREFR, LAZEE
SRR AN R B B A R 1R B 82. 61%, T LA T iR 1 A
25 W A A 0 9 i VR 1) B8 i 2R 43 00 R 78. 30% il
73.10% , -5 ANUS IR 5 %) oot A L A i 38 0 S 4
BT 16.86% 12.55% 1 7.35%, %2, B sh
i U5 RE A% S 25 HE THE R 50%

(] 3 9 12

6
YhFRatiE/d
18 2— R+ 28 3 + R I s 4— B + TR 7
K7 FREBEAM AC-1 B4 g8 %

ININZEE R BRI IR, X AC— 1 B AR B s
PIAE S AF S W, X AT BB BT — LB ik 3
(LMW) PAHs Jin A F: A1, 1R 25 5 {2 i )5 PAHs 1)
Rfi > SRR DEE F T RE 55 KR s i 0 25 2
ik £ AT P A4 L PR 1 R 0 A B AL s P oA oG, X —
TR T T AH DGR A Bl 0 A 3508, e i T &
i b HAl PAH YIRS
2.5 Btk AC-1 X RERIPE RN H

FESUE D A Rt v, 437 rh R AG S P X 148
INE I TTIE (PAHSs) FEARALE B EE R X, A
FUARSFFHE R AC-1 AR S ,#id GC-MS
G3 BT LT T B Ak R v 4 v D, LA B AR



2025 F 10 B

Mefists, S5RRW, WPk AC—1 76 %M E 1Y 1t 72
BRI R PR AR E 1 - TE R 1, 2-
FHLE MK IR IE LR, X 2% R 2h AT 1 7 bk
AC-1 1] g3 1 7K A R A I ik 4% S BN s 4 I A
HEE A K 8 FrR,

ool )

i

1—J8 52— |- JE B 53— 1-JE B ; 4— 1 -5 I -2 Wil L
5—1,2- "R HE ;6— KR ; Jr 455 R AR H 5

W8 THHk AC—1 [F# g o 7 &k 42

JE B G A A SO A N 1 -TE R, SRR FE
Ji6 S A H R 4k 1-JE B, 1X 55 Ghosal %1
WHRAIFE AGAT-W FEff e 45 R —3, 1-8
P E— 20 e R B RN, A N 1 - FR 3 - 2 — i
J& , Bifi i 8 3k AT A B AR AR AR SN AR AR 1,2 -
FiE, Mallick %517 76 i 20 B o0 18T B8 A (9 0F 9
PR T AL B R R AR, 1-JE B 4t FE Ak
NEAR R 1= 56 -2 P 5L ), P8l A b S A Ak S
A1, 2- TR AL . 7E Wang 25028 % B A L
(Shinella sp.) KA & i o ] 7= Py hdo g 1) 1 1 -
JERERN1,2- "R HE AATE, X R FIR R R R
BIEANF AR A — @ B iE s, 1,2- 53
JETEM S B AE R T o — 20k U IR, S A ik
KGR, IKIGTRAE Ry S v [l 7= 4, ] ik — 20 A
FFE A ZIRERIEIR (TCA TEH ) , T 78 BUE 1Y 78 4
e,

3 it

(1) IEEAL) 5 Y - b 23 Hh — bk = 255 i
JE YRR AC-1, B4 4 == [RGL A F 168
rDNA I3 | %8 58 HoA AN ST I (Acinetobacter sp.) .

(2) Wtk AC—1 BEffIYIE B4 N pH=6.0~
8. 0 A A 30°C , FE ML 4514 X 50 mg/L JE i i i
Rl 3K 65.96% .,

(3) FkE AC—1 ARAUK i BLA = %00 B A g
J1, X 2R 205 1 (EZE 2 faE) R )T
TEFEARRE ST X — RS T H AR A s R

73—t

RENF . SWCEHEEND B EELFER

IR - 289 -

I,
(4) AR 2 50 A B, B3 Im 2248 D SN e P 3%
AR AT BE— 2D MR R AR AC—1 XITE A FERESCR
(5) 38 i X A figp ot 8 o 1) 4 QI 00 64 20 e e BT
Bk AC-1 il i KRS, X — U AR Y
A A AR e 4R Bt T BRIB LR

S 3k

[1] Meng Y,Liu X,Lu S, et al.A review on occurrence and risk of poly-
cyclic aromatic hydrocarbons (PAHs) in lakes of Chinal[ J].Sci-
ence of the Total Environment,2019,651;2497-2506.

[2] Ren C,Zhang Q,Wang H,et al.Characteristics and source appor-
tionment of polycyclic aromatic hydrocarbons of groundwater in
Hutuo River alluvial-pluvial fan, China, based on PMF model[ J ].
Environmental Science and Pollution Research,2021,28(8) ;9647-
9656.

[3] Jones K C, Grimmer G, Jacob J, et al.Changes in the polynuclear
aromatic hydrocarbon content of wheat grain and pasture grassland
over the last century from one site in the U.K[]J].The Science of
the Total Environment, 1989 ,78.117-130.

[4] Goswami L,Kumar R V,Manikandan N A et al.Simultaneous poly-
cyclic aromatic hydrocarbon degradation and lipid accumulation by
Rhodococcus opacus for potential biodiesel production[ J].Journal
of Water Process Engineering,2017,17.1-10.

[5] Kuppusamy S, Thavamani P, Venkateswarlu K, et al. Remediation
approaches for polycyclic aromatic hydrocarbons (PAHs) contami-
nated soils: Technological constraints, emerging trends and future
directions[ J].Chemosphere 2017, 168 ;944-968.

[6] Rejiniemon T S, Lekshmil R, Alodaini H A et al.Biodegradation of
naphthalene by biocatalysts isolated from the contaminated environ-
ment under optimal conditions [ J ]. Chemosphere, 2022, 305
135247.

[7] Yang J,Li B,Li W, et al.Degradation of naphthalene by degrading
bacteria isolated from coking contaminated sites[ J].Chemical In-
dustry and Engineering Progress,2023,42(8) :4351-4361.

[8] Othman N, Abdul-Talib S, Tay C C,et al.Optimization of low ring
polycylic aromatic biodegradation[ J ]. Materials Science and Engi-
neering,2016,136( 1) :012054.

[9] Rousk J,Baith E,Brookes P C,et al.Soil bacterial and fungal com-
munities across a pH gradient in an arable soil[ J].The ISME Jour-
nal ,2010,4(10) :1340-1351.

[10] Moayed H K, Panahi M, Ghazizade M J, et al. Removal of PAH
compounds from refinery industrial sludge as hazardous environ-
mental contaminants through anaerobic digestion [ J].International
Journal of Environmental Science and Technology,2021,18(6) :
1617-1626.

[11] Eriksson M,Sodersten E,Yu Z,et al.Degradation of polycyclic aro-
matic hydrocarbons at low temperature under aerobic and nitrate-re-
ducing conditions in enrichment cultures from northern soils[ J].

Applied and Environmental Microbiology,2003,69( 1) :275-284.



- 290 -

[12]

[14]

[15]

[16]

[17]

[18]

[11]

[13]

[15]

[16]

Mueller J G, Devereux R, Santavy D L, et al.Phylogenetic and phys-
iological comparisons of PAH-degrading bacteria from geographical-
ly diverse soils[ J].Antonie Van Leeuwenhoek ,1997,71(4) :329-
343.

Romano I, Ventorino V,Schettino M, et al.Changes in soil microbial
communities induced by biodegradable and polyethylene mulch res-
idues under three different temperatures [ J ]. Microbial Ecology,
2024,87(1) :101.

Goswami L, Manikandan N A, Dolman B, et al.Biological treatment
of wastewater containing a mixture of polycyclic aromatic hydrocar-
bons using the oleaginous bacterium Rhodococcus opacus| J]. Jour-
nal of Cleaner Production,2018,196:1282-1291.

Wang Z,Wang W,Li Y,et al.Co-metabolic degradation of naphtha-
lene and pyrene by acclimated strain and competitive inhibition ki-
netics| J ]. Journal of Environmental Science and Health Part B-
Pesticides Food Contaminants and Agricultural Wastes, 2019, 54
(6) :505-513.

Zheng S,Dong J,Chen Q,et al.Elevated toxicity and high-risk im-
pacts of small polycyclic aromatic hydrocarbon clusters on microbes
compared to large clusters[ J |.Environmental Science & Technolo-
gy,2024,59(1) :224-233.

Zhang L, Liu H, Dai J, et al. Unveiling degradation mechanism of
PAHs by a Sphingobium strain from a microbial consortium[ J].
mLife,2022,1(3) :287-302.

Hennessee C T,Li Q X.Effects of polycyclic aromatic hydrocarbon
mixtures on degradation, gene expression , and metabolite production
in four Mycobacterium species[ J].Applied and Environmental Mi-
crobiology,2016,82(11) :3357-3369.

Song Q, Li X, Hou N, et al. Chemotaxis-mediated degradation of
PAHs and heterocyclic PAHs under low-temperature stress by
Pseudomonas fluorescens SO1 ; Insights into the mechanisms of bio-

degradation and cold adaptation[ J ].Journal of Hazardous Materi-

(EH#% 284 )

Chen R,Tang H,He P, et al.Interface engineering of biomass-de-
rived carbon used as ultrahigh-energy-density and practical mass-
loading supercapacitor electrodes| J].Advanced Functional Materi-
als,2022,33(8) :2212078.

Chen J, Huang B, Cao R, et al.Steering local electronic configura-
tion of Fe-N-C-based coupling catalysts via ligand engineering for
efficient oxygen electroreduction[ J ]. Advanced Functional Materi-
als,2022,33(4) :2209315.

Chen Z,Zou Y, Chen H, et al. Bamboo-modulated helical carbon
nanotubes for rechargeable Zn-air battery [ J ]. Small, 2023, 20
(14) :2307776.

Chi K, Wang Z,Sun T, et al.Simultaneously engineering the first
and second coordination shells of single iron catalysts for enhanced
oxygen reduction[ J].Small,2024,20(33) ;2311817.

Guo Q,Yu X F,Zhang K, et al. Atomically dispersed Co-Mn dual
sites anchored in photoresponsive carbon nitride mediated peroxym-
onosulfate activation for elimination of petroleum hydrocarbon in
water[ J].Applied Catalysis B;Environmental ,2024,343.123581.

Jiao Y,Gu X,Zhai P et al.Three-dimensional Fe single-atom cata-

LA AL T

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[17]

[18]

[19]

[20]

[21]

545 HIZT 2

als,2024,469.133905.

Ansari F,Momina,Ahmad A ,et al.Review on bioremediation tech-
nologies of polycyclic aromatic hydrocarbons ( PAHs) from soil ;
Mechanisms and future perspective [ J ]. International Biodeteriora-
tion & Biodegradation,2023,179.105582.

Singh B K, Walker A.Microbial degradation of organophosphorus
compounds[ J ]. FEMS Microbiology Reviews,2006,30(3) ;428 -
471.

Sharma A, Singh S B, Sharma R, et al.Enhanced biodegradation of
PAHs by microbial consortium with different amendment and their
fate in in-situ condition[ J ].Journal of Environmental Management,
2016,181:728-736.

Sahoo B M, Kumar B, Banik B K, et al.Polyaromatic hydrocarbons
(PAHs) :Structures , synthesis and their biological[ J ].Current Or-
ganic,2020,17(8) :625-640.

Zhu X Z,Ni X, Waigi M G,et al.Biodegradation of mixed PAHs by
PAH-degrading endophytic bacteria [ J ]. International Journal of
Environmental Research and Public Health,2016,13(8) :805.
Mohapatra B,Phale P S.Microbial degradation of naphthalene and
substituted naphthalenes ; Metabolic diversity and genomic insight
for bioremediation[ J ] .Frontiers in Bioengineering and Biotechnolo-
gy,2021,9:602445.

Ghosal D,Dutta A, Chakraborty J,et al.Characterization of the met-
abolic pathway involved in assimilation of acenaphthene in Acineto-
bacter sp.strain AGAT-W[ J].Research in Microbiology,2013,164
(2):155-163.

Mallick S.Biodegradation of acenaphthene by Sphingobacterium sp.
strain RTSB involving trans-3-carboxy-2-hydroxybenzylidenepyruvic
acid as a metabolite[ J].Chemosphere,2019,219,748-755.

Wang Z,Hu H,Zhang Z ,et al.A multiple PAHs-degrading Shinella
sp.strain and its potential bioremediation in wastewater[ J ].Science

of the Total Environment,2023,879:162974. 1

lyst for high-performance cathode of Zn-Air batteries[ J].Nano Let-
ter,2022,22(18) :7386-7393.

Xiong Q,Zheng J, Liu B, et al.In-situ self-templating construction
of Feni/n co-doped 3D porous carbon from bimetallic ions-coordi-
nated porous organic polymer for rechargeable zinc-air batteries[ J].
Applied Catalysis B:Environmental ,2023,321 ;122067.

Wang Y, Katyal N, Tang Y ,et al.One-step pyrolysis construction of
bimetallic atom-cluster sites for boosting bifunctional catalytic activ-
ity in Zn-air batteries| J ].Small,2023,20( 11) ;2306504.

Wei Y,Xia H,Lan H, et al.Boosting the catalytic activity of nitro-
gen sites by spin polarization engineering for oxygen reduction and
wide-temperature ranged quasi-solid Zn-air batteries[ J ]. Advanced
Energy Materials,2023,14(4) :2303011.

Chi B, Zhang L, Yang X et al.Promoting ZIF-8-derived Fe-N-C ox-
ygen reduction catalysts via Zr doping in proton exchange mem-
brane fuel cells: Durability and activity enhancements[ J].ACS Ca-
talysis,2023,13(7) :4221-4230.

Tan P,Wu Y, Tan Y,et al.In situ fast construction of Ni;S,/FeS
catalysts on 3d foam structure achieving stable large-current-density

water oxidation[ J].Small,2023,20( 14) :2308371.1



