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Anaerobic—aerobic bioremediation of DDT-contaminated soil and the compound strengthening of
rhamnolipid—nano zero—valent iron—sodium pyruvate

HAN Yue, SUN Lina’, LU Lianghe, WANG Hui, YUAN Chunli, WANG Xiaoxu, WU Hao

(Key Laboratory of Regional Environment and Eco—Remediation of Ministry of Education, Shenyang University, Shenyang 110044, China)
Abstract : Current dichlorodiphenyltrichloroethane (DDT)—-contaminated soil microbial remediation efficiency is relatively low. This study
used an agricultural greenhouse soil facility in Shenbei New District of Shenyang as the research object of a batch experiment to study the
enhancement of rhamnolipid (RL), nano zero—valent iron (nZVI), and sodium pyruvate (C) on microbial sequential anaerobic—aerobic
treatment for the degradation of DDT and its components. The results showed that the improved sequential anaerobic—aerobic treatments
with RL, nZVI, and C significantly increased the degradation rates of DDT and p, p’ —=DDT in soil (P<0.05). The results also revealed that
the degradation rates of DDT and p, p’ =DDT in different enhanced treatments were in the order of RL+nZVI+C combined treatment >
nZVI treatment > RL treatment > C treatment > CK treatment. After 90 days of RL, nZVI, and C combined with enhanced microbial
anaerobic—aerobic sequential treatment, the degradation rates of DDT, p, p’ =DDT, and p, p’ —=DDE were 43.05% —68.81%, 12.06% —
96.90%, and 3.33%—60.87%, respectively. Among these, the degradation rates of DDT, p, p’ =DDT, and p, p’ =DDE under the combined
enhanced anaerobic—aerobic treatment with 0.05 mg - kg™ RL, 0.50% nZVI, and 0.30 mmol - kg™' C were 68.81%, 96.90%, and 60.87%
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respectively; the ratios of anaerobic to aerobic degradation were 3.97, 6.70, and 5.00, respectively. This study shows that a combination of

RL, nZVI, and C enhances microbial sequential treatment of anaerobic dechlorination and aerobic amplification, which promotes the

efficient degradation of DDT in soil, and avoided the production and accumulation of p, p’ =DDE, which is difficult to degrade and more

toxic. This study also demonstrates the potential of combined RL, nZVI, and C to enhance microbial sequential anaerobic—aerobic

degradation in the remediation of DDT-contaminated soil.

Keywords: DDT; rhamnolipid; nano zero—valent iron; sodium pyruvate; microbial remediation
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Figure 1 Anaerobic—aerobic degradation rate of DDTs enhanced by RL,nZVI and C
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Figure 3 Residual concentrations of DDTs components in anaerobic soil
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Figure 4 Degradation of various components of DDTs in soil under aerobic treatment

DDTs 25 bR HA EEAEM , 3 H IR SN A 2 35
DDTs A (/) S B B8, 5 Jin A Liang 5 WF 5T
455 —5. FEBE RL .nZ VI C BS540 R AR A 7
B p,p’ -DDT ¥ B RMRFEALFI p,p’ ~DDD ¥ FE (K
MR 340, +3% p, p’ ~DDE ¥ J B A iR 22 AR /1N, BOR
RL .nZVIFI C G AL FH L5 p, p' -DDT 8 i i
AT BE G T EAC Y p, p’ ~DDE 77 A 5
S0 [ T 43 DDTs R4~ AR R . fUEY
PRAR G A B DDTs R A 20CR 2% 438 v DDTs B
7% TR 2L T 5 0, 418 Bajaj Z54%) TITRO3 (13K 14 ) &
%2 DDTs 5 4% - S 0F 58 T 41, IITRO3 X 1- 1€ DDTs [%
i 2 E5 1 AT 3K 50%~60% , J& T DDTs G- 58 B At 1 15 3
P RN, LA LA B 1, 2- BUM AU BTG 14 o MR 25 AT
PRS2 DDTs IR 480 fiff 20 358 i DL #5T F, X5 DDTs A5
TRUT W AR RE T, R HAT DDTs R 5L R,
3.3 TIEDDTs B RL .nZVI.C 381 P& AR

7£ RL-DDTs 1A Z v, A [R] ¥ B RL 5 A0 I PR

1% WHART]

A -G AL Y B T 4 DDTs [ fif % (P<
0.05) (WL 1) RL# N4 H 0.05 mg - kg™ B, + 33
DDTs [ DR 48— i S B fiff 3 e v, 18 31 27.47% , i RL
N0 & B8 3 0.10 mg kg_l F10.20 mg kg'l w4 1
DDTs 1) JR % - U 480 B i 238 40 IR R 1K 22 25.48% FiI
24.68%. X FEE 5 RLXT+ 3 DDTs (1) 58 35 1% 1E
FXF 143 DDTs A= 0 30 1 fE i A 6, fIRHR B RL 5
FEXT +HE DDTs H RO 34T, — 7 T2 ARV RL
X DDTs F3E A B 58 A= 9y ml F1) A B B, e+
1 DDTs W30 A W) A 2 00 K, RLZEARREE T 5
TV RCBE SR AR, fi o S 2 b R AR K R 1T 5K R B A
UL (% DDTs REA% 5 474 53 B, VT4 /5 DDTs
B K P I AN A A A T e R R MBS R i 7K
AL B2 2 BO5 B0 A YA RO AR s 5
—J7 185 5 e B RL A GU2E 90 8 1% % DDTs B4 i fry 417
T FHAT S, m e B 1Y RL AU B A — 2 55
P X A G A= W R L I M LA T4 A, RL



L. %5 - BB -0k 240 k- PR3 AL Bk B R R SV LS DD TS SRS 807

WP KT 5 mg-kg B, AT A 9 7= A B W, AR
55 5 Wang S7F ] RL 584k - 58 b DDTs A g &2
SR AR T 4 SR A — S, BV B (5 mg - kg ') RL 32
o TERIE R B R DDTs [ R RCR , 150 d 1Y
DDTs #5425 T 60.70% ., HoJ5U A AT fig /& RLAE!
ERRAR K W FTH K 7, 38 55 145 DDTs 143 ff 15 A0
WIAT BOPE , HETT 32 5 1 38 DDTs (2R By R i R [
sk 200 B 40 00 i % R IS S R RIL I 418 A i 7K A L4
DA RERE W 55 A R A B K A ML RS B, 32 1
A WG Y A A R

FE nZVI-DDTs & R, ARk B nZ VI3 Ak Ak 23
XT38 DDTs B fif i e 7 B i (P<0.05) . Bl
nZVIk B W T, 13 DDTs (1 IR 48 - 1748 [ iR %
L AT A, AR 0.509% nZ VI i} DDTs [ i
K H 30.48%, W fn ] 1.00% nZVI B B it RN
36.88% , FEFEAL 3 2.00%ZV 1 B} F4 il 269 33.07% 3%
FE R F nZVIZE5R B R, a] FEAL A AL R
FL AL S A ) DR AR R A B A R ) A 2 F ), [] s
nZ VL& 0] A DDTs [ fff TR H2 LA 25000 e - B0, £
PE 8 DDTs IR JF ST . (H =V B nZVIBE E AL &
Bl Z i+ PR T 2 H R T, 2 1M 3 2L
nZVI KRB, R — 2L 75 . Ieoh, ik
JE B nZ VLI o] 8 YR A1 45 440, 51 7 40 ks 2% T Lz 38 s
L, X AR 7 A B R, T ] - 48 DDTs
P 13 A= W % % o Kishore 2578 BIF 58 nZ VI UKL 15 &2
DDT {54 + 3t i BT 5 ARS8 AL B4, B
nZVIAbBRVR & i AR E] 5 , 13 DDTs B AR 2 e T
Jii %, e R BE nZVI XS DDTs [ A — @ Ve, 5
ARSI W IE 25 AR

TE C-DDTs & 2, B C &b 33 7k 32 i 18 , - 458
DDTs [ fift 52 B Se 3 5 0% =X, & B 78 i 0.20
mmol - kg'C X DDTs #4175 AL RCR f 4, 4% DDTs 1Y
PRAR -1 R B A 5 h 25.28%., RN C AT g ik Ji i 42
R P F T AR MRS AR K TR BEE A
A AR 2 DDTs i Ji i 4, 38 5 DDTs 15 4% - 5 vh +
ETA PR AR DDTs PR 33X 55 7 4 SR S5 1
CAE R B T HE A E BB A5 41 DA HLER AL B 30 S
SRR, 80T LA v Bl 2 e o 35 o AR L B i il
M, DTS2 T 18 52 02— 30 . kdhC
AT D S B4 0 T e S A R VR AR R T B R i A
YN A PRSI ST RE U E M VE T RE S S LA
A A B AR I R, AT ISR e AT =2 IR A B R

TE RL-nZVI-C-DDTs /& & , RL+nZVI+C B 5 5

AT A B b B 5 1 1% DDTs B i %2 (P<0.05) ,
F) & RL5+nZVI10.5+C30 41 & 4b#1 (90 d) , 13 DDTs
) A i R e v, M9 68.81% , FE RL .nZVI I C 454> —
FEAL > 4R 42.93% . 35.33% F148.49% ., ST A
KM FE X L, 13 DDTs Ay 99 25 B 2t B I 2
(P<0.05)"*". AHSCHFFE R WY, V3 0 P9 e 72 1 5 P
HEUR 5 Dy RE A YA BAE FH BRO8 A RUPE i 1+ 1 LA
R A A MLEA 2 R AR, OF ELIRS DRAE R i 15 1
H AR AR IR BRI AR AR R A BEE A Bl
JZ B nZ VR R AR 22 3 1DV 1 R AR AR AR A A& 2 1
FEDDT V5 Y, HL 25 2 18155 14 700 6 R v B g 38 om , ek
nZVT 93RS LA K DDT (R B A gk A2

Hodr, RL5+nZVI0.5+C30 204 40 7 43 DDTs
W i 2% (68.81%) 43 Il J& 0.05 mg - kg 'RL B — 3 {1k
(27.47%) .0.50% mg - ¢ nZVI ¥— 551k (30.48%) Fll
0.30 mmol - kg 'C(13.29% ) Hi— i fk, DDTs B fif 2K (13T
PLZ AN, X AR F RL nZVI A C BERE & 4% H 444~
SRALVE R, B AR S RL . nZVI A C = Z Al (1A
HMRWE A G, nZVIFE A DDTs 5 44 1 HE A i R
UF 30 S IR (R [ B, AR S AR g 2 AR s A s ot
U5 Qe Z [0 5 R Hi - TS e W R AR, A - g
AHLIERAEE R, T CAE R —Fh MR A, 23l
T SR 0 A R RN I U A v vk [T 5 g - 8
15 YL Wy (1) 3 D B g o B, BT 3 5 X DDTs 3 J5L 5 4
[IBE I, Singh ZFPWFSE KA, nZVI 5 CEC A BERS
KA A Z 5 W EHAR R B R /R, 764 DDTs
15 Y 1 R T R AT I SR PR A (R i s - B RURL I
B9 DDTr 55 HL 32 (4 F0 i T bR 2 [a] ) f 56 8
SCPLAIEDDTs (IR JF S IkAh , DDTs S5 04491 5
nZV1 R 2 J5 2 W B nZ VT B0k 1 5 35 2 1 16
B, BT AR i Bl AR )2 25 BHLAR nZVI 5 DDTs 19 4% i,
FECEBRFRAL BN CES A EAER, v LIS
FBRBILZE B T nZVI R AGRJERE 1, E— 4
15 DDTs AR A 3204

RL7EnZVI A RAFHIMEE S, nZVI 5 RLZ
fi1) A 368 1k H 2 1 Y Fe—0 KL A B 5 MR AR B A1 A
A T B8 1 3 % £ DDTs 2645 MLE L &9,
RLIRBIAE nZVIR I, P15 C 45510 AT W] 4 25 B nZ-
VIR P EEAL)Z MR B3 S nZVI IR RE 3, hali 55 141
RS PR

4 £ig
(1) BRZEHEIE (RL) (AR E MR (nZ V) F1 A i 2

WWW.QEs.0r9.CN




sk

VRETS Rt Y F B 45

B (C)BRA TR AL TR Py DR A — G S Ak P T dp 254
7 1 4% DDTs f&f#% % (P<0.05) , Hi /1, RL5+nZVI0.5+
C30 B4 kb B + 3% DDTs .p, p’ ~DDT Fl p, p’ -DDE
R ff % (90 d) fie =, 43 9l b 68.81%. 96.90% Fil
60.87%, It RL &b 3 43 5 4& & 42.93% . 51.95% F
36.51%, [t nZVI 4k 3 53 551 $2 = 35.33% . 11.85% Fil
47.42%, b C &b B2 53 5 $2 % 48.49% . 65.50% F
31.89%; + 3 p,p’ ~DDT Fl p, p’ ~DDE 5% B4 £ (90 d)
A, 2359104 28.59 pg-kg ' F123.71 wg-kg o

(2)RL.nZ VIl C A 5 Ak D AU Ab R AT A7 R0OR 3
4 3E DDTs i Ji7 6 58, 34 5% 4= 33 63l 2 90 1) DD'T's % fi
fE 77 RL5+nZVI0.5+C30 B4 R A M HHE 60 d B 1 35
DDTs.p,p’ ~DDT #l p,p’ ~DDE B % 85 5, 4 5 Hy
54.95%.93.49% f150.15%, 43 %I 5 RL .nZVI 1 C B A
SRR AR 148 A0 P (90 d) B 43 DDTs \p,p’ ~DDT Al
p,p’ —DDE [ f# %11 79.86% . 96.48% F1 82.39% , H:JK
A SRR A L 43501 R 3.97 16,70 F1 5,00,

(3)RL.nZVIFI C (A AR, 76 4 13 DDTs ik
iR AR AR AR L G ) i A 2SS P [ st o 8 4 S s
W B 9 DDTr 5 H - 32 (i i b 22 1] 19 L 7 5%
B P nZ VI 1E B A2 0 BRI nZVI TR
&+ 38 DDTs (9 3140 s 3 S, [m] Fof i B 1 MERSE A Rk
BRKM p,p’ -DDE 7= £ SRR I by I S 4 R i
255 Sl

S 3k

[1] KOJI I, AHMAD M, RYOTA K, et al. Dichlorodiphenylirichloroethane
(DDT) degradation by Streptomyces sp. isolated from DDT contaminat-
ed soil[J]. Bioremediation Journal, 2021, 25(2) :148—158.

[2] PURNOMO A S, TOSHIO M, ICHIRO K, et al. Basic studies and appli-
cations on bioremediation of DDT': A review|[]|. International Biodeterio-
ration & Biodegradation, 2011, 65(7) :921-930.

[3] ZENG F M, YANG D, XING X L, et al. Evaluation of bayesian ap-
proaches to identify DDT source contributions to soils in Southeast Chi-
na[J]]. Chemosphere, 2017, 176:32-38.

[4] FELR WG, XU, SO T IR R Oy R A ML AR 2 AR R
Be 5y A RAE ] 1 AR ARl 2 2 3 (A AR RS2 1), 2014, 45(5)
768-774. PEISF,LIUHY, YESY. Residues and distribution char-
acter of organochlorine pesticides in soil of main southern cities of Chi-
na[J]]. Journal of Shandong Agricultural University (Natural Science
Edition), 2014, 45(5) : 768-774.

(5] M & AR AL X L A HL R 25 0 15 L BUIR D). BB 41,
2018, 15(11) : 105-106.  XIAO P F. Pollution status of organochlo-
rine pesticides in soils in northeast China[J]. Science and Technology
Innovation Herald, 2018, 15(11) : 105-106.

[6] PN S, B R, SR i i 15 e 1300 A= MBS HOR(D). TR

1% WHART]

KA AR, 2016, 28(6) :446-451, 481, SUNLN, LV
L H, ZHANG H L. Bioremediation technology of DDT contaminated
soil[J]. Journal of Shenyang University (Natural Science), 2016, 28
(6):446-451, 481.

[71 WANG X X, SUN L N, WANG H, et al. Surfactant—enhanced bioreme-
diation of DDTs and PAHs in contaminated farmland soil[J]. Environ-
mental Technology, 2018,39(13) :1733-1744.

[8] LI D, YOU X Y. On optimal condition of plant—microbial remediation
of petroleum hydrocarbon polluted soil[]]. Soil and Sediment Contami-
nation, 2021, 30(1) :35-57.

[9] MURTALA Y, NWANGUMA B C, EZEANYIKA L U S. Isolation and
characterization of a novel p, p’ ~DDT-Degrading bacterium : Aeromon-
as sp. strain MY'1 from agricultural soil[J]. Asian Journal of Biotechnol-
ogy and Bioresource Technology, 2020, 6(4) :12-22.

[10] ZHU C Y, WANG D X, ZHU F X, et al. Rapid DDTs degradation by
thermally activated persulfate in soil under aerobic and anaerobic con-
ditions : Reductive radicals vs. oxidative radicals[J]. Journal of Haz-
ardous Materials, 2021, 402:123557.

[11] EWESE, FhRRME, KB 2R, 45 . DDTs 75 LA H - R s b i v s
SEIEN)). A IR RL2E 4], 2018, 37(1) :72-78.  WANG X X,
SUN L N, ZHENG X H, et al. Enhanced microbial remediation of di-
chlorodiphenyltrichloroethane (DDT) —contaminated farmland soil[J].
Journal of Agro—Environment Science, 2018, 37(1) :72-78.

[12] BAO P, ZHENG Y H, WANG X J, et al. Dechlorination of p, p’ -
DDTs coupled with sulfate reduction by novel sulfate—reducing bacte-
rium Clostridium sp. BXM[J]. Environmental Pollution, 2011, 162:
303-310.

[13] CHEN C, YU C N, SHEN C F, et al. Paddy field — A natural sequen-
tial anaerobic — aerobic bioreactor for polychlorinated biphenyls trans-
formation[J]. Environmental Pollution, 2014, 190:43-50.

[14] HUANG H F, ZHANG Y, CHEN W, et al. Sources and transformation
pathways for dichlorodiphenyltrichloroethane (DDT) and metabolites
in soils from Northwest Fujian, Chinal]]. Environmental Pollution,
2018, 235:560-570.

[15] SANTANU P. Surfactant-enhanced remediation of organic contami-
nated soil and water|J]. Advances in Colloid and Interface Science,
2007, 138(1) :24-58.

[16] WEN J, CHARBEL A K, MEGHANA P ], et al. Behavior of surfac-
tants and surfactant blends in soils during remediation: A review[J].
Environmental Challenges, 2021, 2:100007.

[17] BR75, SdE, SRR, 45 . RIS M0 - GUE MBS 18 S i 15 U 1
HE ST, A IR BE 4R, 2016, 25(9) : 1522-1527. CHEN S,
SHAN Y, CHAO L, et al. Study on surfactant —microorganism com-
bined bioremediation of DDT contaminated soil[J]. Ecology and Envi-
ronmental Sciences, 2016, 25(9) :1522-1527.

[18] AISLABIE J M, RICHARDS N K, BOUL H L, et al. Microbial degra-
dation of DDT and its residues: A review[]]. New Zealand Journal of
Agricultural Research, 2010, 40(2) :269-282.

[19] KISHORE K B, FAIYAZ A M, TANVEER A, et al. Synthesis and
characterization of zero—valent iron nanoparticles, and the study of

their effect against the degradation of DDT in soil and assessment of



L. %5 - BB -0k 240 k- PR3 AL Bk B R R SV LS DD TS SRS 809

their toxicity against collembola and ostracods[J]. ACS Omega, 2019, 4
(20):18502-18509.

[20] &5 bl bl J it 2 . oK AN Bk AR 5 Y L 318 52 o g LT 5 i B ).
b FREE RN 22242, 2013, 32(3) : 418-425. GAO Y Y, ZHOU Q
X. Application of nanoscale zero—valent iron to contaminated soil re-
mediation: A review[]]. Journal of Agro—Environment Science, 2013,
32(3):418-425.

[211 CAO F, LI F B, LIU T X, et al. Effect of aeromonas hydrophila on re-
ductive dechlorination of DDTs by zero—valent iron[J]. Journal of Agri-
cultural and Food Chemistry, 2010, 58(23) : 12366—12372.

[22] SINGH S P, BOSE P. Degradation of soil-adsorbed DDT and its resi-
dues by nZVI addition[]]. RSC Advances, 2015, 5 (114) : 94418—
94425.

(23] J7 4 5%, WA, T B3, 45 ORIR] R R = SURE 938 5
SR BFFE ). BREE R 22, 2013, 34(5) : 1808-1814. WAN J Q,
HU M D, MA Y W, et al. Mechanism of reductive dechlorination of tri-
chlorophenol with different electron donors|J]. Environmental Science,
2013, 34(5) : 1808-1814.

[24] S5 DDT A BRI TED]. o SR £ R, 2020, 38(7)
129-131. SHI N. Research on DDT microbial degradation[J]. China
Resources Comprehensive Utilization, 2020, 38(7) :129-131.

[25] JIN X, KENGARA F O, YUE X H, et al. Shorter interval and multiple
flooding—drying cycling enhanced the mineralization of “C=DDT in a
paddy soil[]]. Science of the Total Environment, 2019, 676:420-428.

[26] YAKAMERCAN E, AYGUN A. Anaerobic/aerobic cycle effect on di
(2-ethylhexyl) phthalate and pentachlorophenol removal from real
textile wastewater in sequencing batch biofilm reactor[J]. Journal of
Cleaner Production, 2020, 273 :122975.

[27] FANG H, DONG B, YAN H, et al. Characterization of a bacterial
strain capable of degrading DDT congeners and its use in bioremedia-
tion of contaminated soil[]]. Journal of Hazardous Materials, 2010,
184(1):281-289.

[28] ALTUNTAS K U, DEBIK E. Dechlorination of dichlorodiphenyltri-
chloroethane (DDT) by Fe/Pd bimetallic nanoparticles: Comparison
with nZVI, degradation mechanism, and pathways[J]. Frontiers of En-
vironmental Science & Engineering, 2020, 14(1):17.

[29] OROZCO-BORBON M, ROSA-VELEZ J, RAMIREZ-ALVAREZ N,
et al. DDT in sediments from the northwest coast of Baja California
(Mexico) and its biotransformation by Vibrio sp.[J]. Ciencias Mari-
nas , 2008, 34(4) :419-432.

[30] CHATTOPADHYAY S, CHATTOPADHYAY D. Remediation of DDT
and its metabolites in contaminated sediment|J]. Current Pollution Re-
ports, 2015, 1(4) :248-264.

[311LIN D, CHO Y M, OEN A, et al. Toolset for assessment of natural re-
covery from legacy contaminated sediment: Case study of Pallanza
Bay, Lake Maggiore, ltaly[J]. Water Research, 2017, 121:109-119.

[32] XUIFEFE, FVEV: . G PR AR A DL 2GR SE )], TR All. 2019
(11):34-35. LIUY D, WANG Y Y. Study on the microbial degra-
dation of organochlorine pesticides[]]. Agriculture of Henan, 2019
(11):34-35.

[33] KENGARA F O, DOERFLER U, WELZL G, et al. Enhanced degrada-

tion of “C—HCB in two tropical clay soils using multiple anaerobic—
aerobic cycles[]]. Environmental Pollution, 2013, 173:168-175.

[34] FURUKAWA K. Oxygenases and dehalogenases : Molecular approach-
es to efficient degradation of chlorinated environmental pollutants|J].
Bioscience, Biotechnology, and Biochemistry, 2006, 70 (10) : 2335-
2348.

[35] JIN X, KENGARA F O, WANG F, et al. Natural attenuation of C—
HCB and C-DDT in Kenya paddy soil and sugarcane field soil[]]. Ac-
ta Pedologica Sinica, 2017, 54(1):108-117.

[36] BEUNINK J, REHM H J. Synchronous anaerobic and aerobic degra-
dation of DDT by an immobilized mixed culture system[J]. Applied Mi-
crobiology and Biotechnology, 1988, 29(1) :72-80.

[37] LIANG Q, LEI M, CHEN T, et al. Application of sewage sludge and
intermittent aeration strategy to the bioremediation of DDT-and
HCH-contaminated soil[]J]. Journal of Environmental Sciences, 2014,
26(8):1673-1680.

[38] FOGHT J, APRIL T, BIGGAR K, et al. Bioremediation of DDT—con-
taminated soils: A review[J]. Bioremediation Journal, 2001, 5(3) :
225-246.

[39] ABBES C, MANSOURI A, WERFELLI N, et al. Aerobic biodegrada-
tion of DDT by advenella kashmirensis and its potential use in soil
bioremediation[J]. Soil and Sediment Contamination, 2018, 27 (6) :
455-468.

[40] BAJAJ A, MAYILRAJ S, MUDIA M, et al. Isolation and functional
analysis of a glycolipid producing Rhodococcus sp. strain IITRO3 with
potential for degradation of 1, 1, 1-trichloro-2, 2—bis (4—chlorophe-
nyl) ethane (DDT)[J]. Bioresource Technology, 2014, 167 :398-406.

[411LI'Y, ZHAO Z Q, YU Q L, et al. High—efficiency ethanol yield from
anaerobic fermentation of organic wastes via stimulating growth of eth-
anol—producing Fe ( Il ) - Reducing bacteria with magnetite[J]. ACS
Sustainable Chemistry & Engineering, 2021, 9(3) : 1246-1253.

[42] WANG B, WANG Q, LIU W, et al. Biosurfactant—producing microor-
ganism Pseudomonas sp. SB assists the phytoremediation of DDT—-con-
taminated soil by two grass species[J]. Chemosphere, 2017, 182: 137~
142.

[43] ZHONG H, YANG L, YANG X, et al. Aggregation of low—concentra-
tion dirhamnolipid biosurfactant in electrolyte solution[J]. RSC Ad-
vances, 2015, 5(108) : 88578-88582.

[44] RANDHIR S M, KARL J R. Comparison of synthetic surfactants and
biosurfactants in enhancing biodegradation of polycyclic aromatic hy-
drocarbons[J]. Environmental Toxicology & Chemistry, 2003, 22(10) :
2280-2292.

[45] SONG B R, TANG J C, ZHEN M N, et al. Effect of rhamnolipids on
enhanced anaerobic degradation of petroleum hydrocarbons in nitrate
and sulfate sediments[J]. Science of the Total Environment, 2019, 678:
438-447.

[46] ROMAN M, JOANNA W K, LUKASZ L, et al. Rhamnolipids increase
the phytotoxicity of diesel oil towards four common plant species in a
terrestrial environment[J]. Water, Air, and Soil Pollution, 2012, 223
(7):4275-4282.

[47] STANGHELLINI M E, MILLER R M. Biosurfactants: Their identity

WWW.Qes.019.CN




NGEGS

VRE SRRy FA2E54H

and potential efficacy in the biological control of zoosporic plant
pathogens[J]. Plant Disease, 1997, 81(1) :4-12.

[48] LIU G S, ZHONG H, YANG X, et al. Advances in applications of
rhamnolipids biosurfactant in environmental remediation: A review[J].
Biotechnology and Bioengineering, 2018, 115(4) : 796-814.

[49] JAEJIN L, JEONGDAE I, UNGTAE K, et al. A data mining approach
to predict In Situ detoxification potential of chlorinated ethenes[J]. En-
vironmental Science & Technology, 2016, 50(10):5181-5188.

[5S0] WANG S Q, CHEN S'Y, WANG Y, et al. Integration of organohalide—
respiring bacteria and nanoscale zero—valent iron (Bio—nZVI-RD) : A
perfect marriage for the remediation of organohalide pollutants? [J].
Biotechnology Advances, 2016:34(8) : 1384-1395.

[511 ZHU M, ZHANG L J, FRANKS A E, et al. Improved synergistic de-
chlorination of PCP in flooded soil microcosms with supplementary
electron donors, as revealed by strengthened connections of functional
microbial interactome[]J]. Soil Biology and Biochemistry, 2019, 136:
107515.

[52] SHI L X, CHEN J J, WANG Q W, et al. Effects of carrier on the trans-
port and DDT removal performance of nano—zerovalent iron in packed

sands|J]. Chemosphere, 2018, 209 :489-495.

1% WHART]

[S3]1 ZHAO Y F, CAO X, SONG X S, et al. Montmorillonite supported na-
noscale zero—valent iron immobilized in sodium alginate (SA/Mt-NZ-
VI) enhanced the nitrogen removal in vertical flow constructed wet-
lands (VFCWs)[J]. Bioresource Technology, 2018, 267 :608-617.

[54] ZHOU H'Y, YE M Y, ZHAO Y K, et al. Sodium citrate and biochar
synergistic improvement of nanoscale zero—valent iron composite for
the removal of chromium( VI) in aqueous solutions[J]. Journal of Envi-
ronmental Sciences, 2022, 115:227-239.

[55] SANG L, WANG G H, LIU L, et al. Immobilization of Ni ( Il ) at
three levels of contaminated soil by rhamnolipids modified nano zero
valent iron (RL@nZVI) : Effects and mechanisms[J]. Chemosphere,
2021,276:130139.

[56] ZHANG H, ZHANG B Y, LIU B, et al. Integrated nanozero valent
iron and biosurfactant —aided remediation of PCB~contaminated soil
[J]. Applied and Environmental Soil Science, 2016, 2016:179-189.

[57] XUE W J, HUANG D L, ZENG G M, et al. Nanoscale zero—valent
iron coated with thamnolipid as an effective stabilizer for immobiliza-
tion of Cd and Pb in river sediments|J]. Journal of Hazardous Materi-

als, 2018, 341:381-389.
(THALG%HE 16



