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Microbial mechanism of magnetite addition on the biodegradation of phenanthrene in sediments. WANG Hong-yangl’2’3, YOU
Jia**, YAN Zai-sheng®®’, JIANG He-long>*, YE Hua-xiang'" (1.School of Geographical Sciences, Harbin Normal University, Harbin
150025, China; 2.Key Laboratory of Lake and Watershed Science for Water Security, Nanjing Institute of Geography and Limnology,
Chinese Academy of Sciences, Nanjing 210008, China; 3.State Key Laboratory of Lake Science and Environment, Nanjing Institute of
Geography and Limnology, Chinese Academy of Sciences, Nanjing 210008, China; 4.School of Civil Engineering, Southeast University,
Nanjing 210096, China). China Environmental Science, 2025,45(1): 208~222

Abstract: In the surface environments, magnetite (Fe;O4) serves as an electron receptor and donor for microbial extracellular
respiration, facilitating interspecies electron transfer as a means to promote the biodegradation of organic pollutants. It has gradually
found application in the realm of water pollution remediation. The interplay between magnetite and the mineral-microbe interface
assumes a profoundly pivotal role. However, the biodegradation mechanism of PAHs in sediments mediated by different
morphologies of magnetite remains unclear. In this paper, two different morphologies of magnetite (micron Fe;O, and nano Fe;0y)
were prepared to investigate the effect of the magnetite on the biodegradation of PAHs in sediments. Under aerobic conditions, the
addition of magnetite did not appreciably reduce the total content of PAHs and certain high-ring PAHs in the sediment. Nevertheless,
the introduction of magnetite significantly diminished the levels of low-ring PAHs (naphthalene and phenanthrene) in the sediment.
To further investigate the anaerobic biodegradation influence of magnetite on PAHs under varying redox conditions, with
phenanthrene as the target pollutant, enrichment and cultivation experiments were conducted with the indigenous degrading
microbial communities in the sediment. Two forms of magnetite were introduced under different redox conditions. The results
revealed that the augmented treatment with magnetite or electron acceptors somewhat promoted anaerobic biodegradation. Under
natural attenuation conditions, the independent addition of micron Fe;O, significantly enhanced phenanthrene degradation, whereas
the effect of nano Fe;O, on phenanthrene degradation was more pronounced under sulfate and nitrate reducing conditions.The
phenanthrene degradation rate constant under sulfate reducing condition was 1.39 times higher than that of the control treatment.
Electron transfer system (ETS) activity demonstrated that the addition of Fe;O4 significantly enhances microbial respiration activity.

Compared with the control, the ETS activity of the nano-Fe;O4 and the micro-Fe;O, treatment increased by 441.7%~511.2% and

WS HER: 2024-06-21
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113.8%~141.1%, respectively. The microbial community structure indicated that the addition of Fe;O4 increased the abundance of

aromatic compound-degrading bacteria such as Hydrogenophaga and Ignavibacterium, and relative to micron Fe;O,, nano Fe;0,

augments the abundance of PAH-degrading bacteria, Achromobacter and Ensifer. Furthermore, nano Fe;O; may mediate

intermicrobial electron transfer by releasing more Fe(Il) and Fe(Ill). These findings contribute to a deeper comprehension of the

pivotal role of magnetite in the biodegradation of organic pollutants, offering a potential approach for the remediation of

contaminated sediments.

Key words: magnetite; polycyclic aromatic hydrocarbons (PAHs); biodegradation; electron transfer
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Table I Design of magnetite treatment groups under different

redox conditions
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Fig.1

(A) The image of micron Fe;0, and nano Fe;0,4;(B) TEM image of nano Fe;Oy4; (C) SEM image of micron Fe;Oy4; (D)

Particle size distribution of micron Fe;O,; (E) XRD images of micron Fe;04 and nano Fe;0,



134

EESE: DA S UORY T SR I R B B AL

213

2.2 HRASKM TR XU PAHS FHR 152
M) 3 A

ER RN ER IR NG SR/ 2k 7/l R R N
(NO; .« Fe(Ill), SO4*). HL 7 f{:4& Fe(Il),TOC. TN,
TP J PAHs 7 2 55 Hh BR Ak 2% 2 550 R B i KK s
UORLW) T2 AR SOLT IR J ((242.49+28.62)
mg/L) % % 5T NO; ((0.56+0.20) mg/L)F1 Fe(III)
WS ((49.64+ 11.96) umol/g).Hi T ft4k Fe(IT)ik i
H(59.11£4.28) umol/g. T H+ TOC. TN. TP

(a) B PAHs
40.0 a ! a
';b\n 30.0 T : T :
B // -
= ! T
E 20.0 : \X
< 1
E‘ 10.0 |
0.0
L(OF
20
& b
T 15 T b
§ 1.0 / b
= T
- 0.5 \J\
I
0.0 L
., ©FFH @
5.0 ’ x
- 4.0 a‘ll') T a
E; b |
gﬂ 3.0 /7 T
= 2.0 \
&
1.0
0.0

K2

IedP(mg/kg)

! b
| b b
1 T T
z ! \
I
I
0.00 L
a

()R B 53 53] My (2.05£0.04) %+ (1.06+0.14) mg/g.
(1.55+0.05) mg/g. Ju A KT K2 PRI+ 5 PAHs
W LR B T (31.27+4.10) mg/kg M4 DAY it &
PR 45 20, KK UURA h PAHS V5 4 b T8 V5 4,
FLvR B OO I A2 25 ARG X R A (4mg/kg), 12 X 35
P PAHSs 75 Y& 1] B 2565 A M7= A B TS i, g i A
(1 B A g e O IR i, 70 3 G A b e Ak B
B AR Y A BAE R DU A BTG B i Tl
A

iR R BXE 49KFe 0, A
(b)ZE BREA 2 Il HOKFe,0,Rb B4
a |

)

(d)EE

— &

ab

T
1 b
3.0 /‘V ! T
2.0 E \
1.0 i
0.0 :
(0%#(1,2,3'&(1)%
4.0 ' a a
a ! 1
3.0 T i b
AU
19 !
0.0

ST PAHs & A2 1L

Fig.2 PAHs content in sediments of each treatment group under aerobic conditions
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Fig.3 The color changes of phenanthrene-degrading bacteria liquid medium with time

F2 FRCEEHTIERE /LR EENL

Table 2 Variation of phenanthrene concentration (ug/L) with time under different treatment conditions

IbEA 0Oh 36h 60h 108h 180h
T1O R 4) 683.43+10.09a 289.77+23. 66a 103.21£12.75bed 33.92+16.26d
T2(4K Fe;0, KFH4) 508.63+56.39ab 237.84+26. 00abc 89.02+6.01cde 41.49+3.56¢d
T3(HHeK Fes0, AFHZ) 438.63+118.46b 175.51%25. 06d 73.27+9.84¢ 39.71+1.68d
TABRIR Sh AR FI4T) 575.49+34.66ab 279.72+19.25a 98.87+8.53bcd 41.17+2.85¢d
TS(RHMR Sh AR FI4T) 1120.71+£40.57 431.15+19.03b 207.73+6.88¢cd 108.55+3.65bc 57.01£11.13bc

432.86+104.63b
503.14+107.27b
503.14£107.28ab
503.14+107.29ab

TO(B R 5k M 4K Fe;04 ARFHELT)
TT(HEER 55 B K Fe;04 AbFHEAT)
TR #h K AYOK Fes04 AbFEAT)
TR #h B AYOK FesO, AbHEAT)

215.03+45.37bed 78.53£9.62¢ 22.90+0.99d
241.47+39.26abc 116.46+12.81b 65.59+2.64ab
289.96+23.55a 84.93+4.32de 40.00+8.06cd

272.33+18.09ab 158.46+3.38a 78.57+10.14a

233 AEMIBEMsh % RGN B ST
FRUL A AN R b B 4% A1 S (10 R J32 i B ) 119 22 4k, L
IR AR R RO, R 3 PR S A
[0 % gk 3okt 5 503880 v 1 1 AR B AL (T ), B v
K FesO4 A EEAL(TI)FIAR IR 2 A 4K Fe;0,4 A4
(T6) & B W S B =y 1) % it 3l % 5 4, 0 30l 4
(0.0276+0.0020)h™" F1(0.0266+0.0017)h ", 1= % 1 43
WA 25.0958 Fil 26.0876h. 14K FesO,4 KbFEZ I 4k
TR HOE R FRAL(T D) B AR R HE AU 1.45 £56
W2 R K 4K FesOy AL FHLZE i A0 A 8 6 5 B2 6 24
B R B 1.39 A% PR £h AL BEAL(TS) 3 Bt
TR BN 2 B A R A 1.38 5T L,
X IR ZHA LG, A5 N FesOyn BRIR £k M AR 5 Fi 752 14
FE— e PR AR T 35 I DRAE A M B A T i
W FesOy AEANFISAAIE JR A X TR (1 BRI
HHFRIAE FHAS TR AT L, WA A5 T 0 X S A= 4 B i

ATHTS BRI 25— D .

#3 ARCEZHTIEEBEEREER kK RERH 4,
Table 3 Degradation rate k and half-life #,, of phenanthrene

under different treatment conditions

REEAL R R AT 2 110/(h) R
T1 0.0191 £0.0016 36.3857 0.9749
T2 0.0236 £0.0012 29.3582 0.9882
T3 0.0276 £0.0020 25.0958 0.9741
T4 0.0211 £0.0009 32.8817 0.9895
TS5 0.0262 +0.0011 26.4459 0.9903
T6 0.0266 £0.0017 26.0876 0.9797
T7 0.0231 £0.0016 30.0454 0.9724
T8 0.0208 £0.0013 33.4047 0.9797
T9 0.0202 +0.0011 34.3142 0.9830

2.3.4 ANFAEERAE N A B AR R R (ETS)

WETERRIE TRV PAHS 1 R AR A A i Y
3 S0 (DHA) 1T LUHE A6 A3 B A 3 2 B 1,
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T8 3 R SR ) B2 HR VR A A 0 1 W W 9 3 T A A2 4
2P 1 I T 2B W A A HL D 1 i B0 i
INT-ETS 720052 180h 5 Ab B 20 35 77 5 b A 1 B A
Y ETS #5401 4 T8 FesO4 RAFAEXT ETS WitEAT
S A AR T TR SR (TO) 50 BRAL(TT), Bl R
ERIE JF AL PR (T4) R IR #5348 JR AL FRZH (TS) ) ETS
TEVETC 35 7 5 RV N Fes Oy IR AL FRZH 540 UR T4 74
R A 3 M W B AR AR TR N T 402K Fes O, 4
FRZ(T2. T6 F1 TSN T 40K FesOq ALFEL (T3
T8 A T9)M) ETS 3 M B A B4l 2 il 4 = 1
441.7%~511.2%A1 113.8%~141.1%.1X 7] LA — & &
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fik T EE AR L A B T A AT i TR SE R B
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K4 AR T &AL BT ETS i1

Fig.4 ETS activity under different treatment conditions

2.4 JRESAT AN A A H AL A MR Vi i B 5 41
JSRFIE

241 FERMF R ST 4R g
JERT 53R 871348 4547 AU A B, I A it
JPHESL 829464 45,15 A 95.19%. % Ab 34l
) OTUs Fh2EEORI T4 BB 4 P

242 TWAEMEEFEEELKZHESTT T
— D UER VP A5 18 52560 o AN [R) A 4 R A v
AR I e A SRR 2 R (o Z28E1E)
TR AR % o ZRE R S g v I sl 5
7. P R IR U6 B v 5 B ML(TO) i 2 PR PR IR

LA AL BEAT = B 903 W I AR R T ARV AR o B R
TR B Ry (1 52 2 M IR A ION B B AR AL T T A
ORI B 25 180h (597, - A BRZ EVE 22 BF
PEER TO A3 BT BRAR, v] e 2 8572 i R A [ b 1 45
Xk AL WA Ve JBEAT T e, B T B AR N B IR 4
1 B BB ol

x4 BHERBFIIHEKROTU H

Table 4 Number of sample sequences and OTU numbers

LR RE OTUs % Py %k
5 %%%%%%7%%%
.l

I

™ T1I T2 T3 T4 T5 T6 T7 T8 T9

5 ANFAAEEMT a 2RISR

Fig.5 o diversity index under different treatment conditions
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HAZ L 1R | ] (Proteobacteria) (5 #i = S M7 AH X =
IBF T 70.63%~98.26%. W 7K W, K % £t PAHSs i fif
B #4> 253 Proteobacteria | 7P H1&] 6(b) kI
A PR AE DA S IR ) I R T i AR ) VR S5 5 )
AW %R AW TO By B W22 & To Hh B
Pseudoxanthomonas(22.41%)~ Taibaiella(18.53%)
Achromobacter(14.30%) 1 J& 4 3. T1. T2, T3. T4,
T6 1 T8 H' Pseudomonas FHXF =437 4 58.81%-
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Fig.6 Composition of microbial community structure in each

group under different treatment conditions
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Fig.7 Analysis based on Bray Curtis distance
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Fig.8 Heat map of relative abundance of each species in different treatment groups at the genus level
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Fig.9 Changes of bioavailable Fe(I) and Fe(IlI) concentrations with time in Fe;04—containing treatment groups under anaerobic conditions
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Fig.10 Mass spectrum of major detected metabolites under anaerobic conditions
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