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Abstract: This study investigated the removal effectiveness and mechanism of mixed surfactant solutions composed of sodium
dodecyl sulfate (SDS) and polyethylene glycol octylphenyl ether (TX100) on trichloroethylene (TCE) contamination through column
and three-dimensional sand tank experiments, combined with electrical resistivity tomography (ERT). The column experiments
revealed a significant synergistic effect of surfactant concentration and mixing ratio on TCE removal. When the mixing ratio a was
0.9, all tested concentrations exhibited optimal removal performance, with the 3.0g/L solution showing the highest resistivity change
percentage (91.37%), followed by 1.5g/L (87.07%) and 0.5g/L (81.25%). Resistivity monitoring indicated that most TCE removal
occurred during the first pore volume (pv) of surfactant injection, after which the resistivity stabilized, suggesting the completion of
the removal process. In the sand tank experiments, the resistivity difference in the TCE-contaminated region increased from an initial
value of approximately 60 Q-m to 120~140 Q-m during TCE injection, reflecting the accumulation of contaminants. After water
injection, the resistivity difference decreased to 30~60 Q-m with a localized rebound to 80~140 Q-'m, indicating dilution and
redistribution of the contaminant. Following the injection of the mixed surfactant solution (3.0g/L, a = 0.9), the resistivity difference
in the contaminated area significantly decreased to the initial range (approximately 20~60 Q-m), demonstrating a remarkable removal
effect. ERT effectively visualized the contaminant removal process in real time, revealing spatial distribution changes of TCE across
different depths and cross-sections. This non-invasive, real-time, and three-dimensional monitoring approach highlights the unique
advantages of ERT in tracking and evaluating contaminant remediation processes.

Key words: mixed surfactant; DNAPL; electrical resistivity tomography; removal effects

WL E AR KA WA (DNAPL) A = 2 JZEEHEHAR(SEAR)C L) N H T R~ 5K
(TCE). AR5+ B lokw b . 993
, ) A i HER: 2025-01-21
EHE . ERE AR IR AR 5730 KR T B E P A BEEWE: B A RPHAR I H (42277192); 5 =) VUS4
#, T I DNAPL V5 4e b i B BRI e raomsnssii
‘F7K,XTJJ\7<1LEE &R ”ﬂ (24 SRE PER AL K * TUTAER, #d%, livhanle@glut.edu.cn




4936 o

B ¥

45 %%

JEAT WIS G0 B3 v B B 4% i 218 AR
M ALK 1 DNAPL V535X 800 0 J& 2505
YeH3EAIHL N /K DNAPL FRIRT SR AL 4R 1 SEAR
FHOCWF RN S B B AR AT AE VT 2 AN 2 Ak A —2R T
TGP ) 040 2% R 28 R R N 52 L 3B PR R R38R
P BRGS0 P 3 G KB0E I ) AR i
s 3 i s sk UL AR, Zhou 25811 K Ay 454500
(RIS I, B — R TS PR AR R AL i,
XS 52 237 M (P38 N AN A 3 23 3R T M AR 2R 1L AL
i 15 —20(Tween20)! "R 5 111 AL 1§ -40( Tween40)!!!
IR A, 1H M DL AR W B A .SDS FH LI 80
(Tween80) i F A7 [ UF 1f) A2 ) % g vk {0 JE 23 PR3
e S PR PR R I, B T A S B i
H M LA A2 52 2% Ye 3 b 1) 22 AL T KA v il o —
T 7R P Ry B A2, 30 ke, 82 TC 3 T MR ARV
VAR DR L P R T R 22 oh e bk s 21 G R
A PE AR A i AN e S 2 42 T e ) 3
e ), R BE I WY 2 Bl L 3RS YL 4 1F. CAA TR 5K,
TERT AR T R (R 290, 3B % T P R T 3 M
iR VN A TR | AL AR R LY

By 2 A b R ER AR B 1) i o,

T A 2 1 i P AR PR 3G P [ A R 22 T se A, Dl
DNAPL 75 3B 25t 187 1h.

LB S AR (ERT) A2 — FHARR AP w0 %
F1Ry 1t TR A7 B B R R i 8 20 B 0 e R BEL R
I 2% 2 1 SR H DT b 4 ) A0 40 e i A A 1 a4

K, ERT BRI ILARRIAE L 250 I 18 K s A

B2 N T SRR AR P L R A L
V5 e ) W 5 16 52 Fh P2 A8 ERT (9 R R 2L
AT I G i) o A R 3 BEVE AN S e 5 BR

RRB 2 ERT A5 Y I 5548 52 v 1 N ) B A
TS R HIA R 2 AP T AR
SEG R g AT I WA A M A 1E R I = Y sh AT
B S5 R 5 gy ERT H Bext o — ¥ g
BT, =4 ERT REMEHHE B 3= 5 1w a5 B, e ft
A HEA )M R B 0 AR R ER B AN TR N
F v HA 38 AR M0, — 4k ERT [ 11 5 g (R 43R
M52, C A Ak 3R J 5 B R 53 ), R T R AR
VFRVEE 22 V1 AR R A A, R A AT % L 0 )
B BN T R A Bk COL BAR = 4k BRT 5 1A
() 3 % 2 (H Al SR 75 5 2 I B R, Tl ok 1
U8/ I B 7 DR A A FRE PR A

N T RAN IR A 2 AR SO A ST IO v 15
PO FIH ERT B2 0 TCE LB 2, A S e
KIMEPER] SDS Al TX100 ¥R AE kX TCE 2
B () B R 2 At B BP RS SR B0 X, TCE 7F = 4D A
T BRI BRI T T AT 3R T TCE s f il
Iy AR FR ) = 4 Sh A G B0 UE T SRR T v
FILER IR ER ZA i 2k TCE Al AT 1, b~
JKFI1 45 TCE ¥5 QL I3RS AL T S50 4.

1 MR57AE

SR ARSI T

WOAE L WA SEIG RS E W 1 P s A0AE th P il
PRI L4 2 PR R 1 2R DY 91 & 9 (PTFE) il 1, N 4%
5em, KT 28em, BEE 0.3em AL LL 4em (1) BgHES)
6 /N HLBMEAT, bR i Ak K A G AL
FE A, WA ST 65emx25em>22em, B i i 43 531
WA 9 MNMUHTHEBRFENSHH W 2 R RS
TR AP AT A = P SR 2 4ERF A (25+1)C.

1.1

zZ
J AR B Zims

(WL TR

HUE R e

RERS

(st

Wt B Mt e B o EHEKIL VTCEEAL]

(b)OHI SR

1 S ]

Fig.1 Schematic diagram of the experimental setup
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Table 1  Surfactant concentrations and blending experimental
parameters
e VIR L $DS (@) TX100 @Jnﬂéﬁj{ L
(gL (I1-9) (g/cm’)
al 1 0 1.558 0.42
a2 0.9 0.1 1.503 0.44
a3 0.7 0.3 1.580 0.47
a4 0.5 0.5 0.5 1.587 0.53
a5 0.3 0.7 1.540 0.47
a6 0.1 0.9 1.530 0.45
a7 0 1 1.488 0.45
bl 1 0 1.509 0.48
b2 0.9 0.1 1.542 0.45
b3 0.7 0.3 1.509 0.42
b4 1.5 0.5 0.5 1.526 0.44
b5 0.3 0.7 1.540 0.45
b6 0.1 0.9 1.450 0.44
b7 0 1 1.485 0.44
cl 1 0 1.437 0.41
c2 0.9 0.1 1.478 0.44
c3 0.7 0.3 1.549 0.49
c4 3.0 0.5 0.5 1.555 0.50
c5 0.3 0.7 1.419 0.42
c6 0.1 0.9 1.549 0.45
c7 0 1 1.518 0.44
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Fig.4 Resistivity variation curve of TCE removal by SDS and TX100 mixed surfactant solution
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Fig.5 Resistivity variation curve of TCE removal by mixed surfactant solution and its background resistivity value
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Fig.7 Variation of resistivity difference in longitudinal profile with time during TCE contamination process

322 JKUA TCE {5 AfE RIS RE  fEfedtiit
KA TCE VR A m it sciie b (K 8), Kt

NIRRT TCE yo X R/ EIREUD B4 iRk, 1T
¥ K HOBr o A A AL B AR Z2 (0 A0 SR B B B S



9 #A &

&, HRR I PEFRIST DNAPL 75 44 25 i B2 1 = 4 v BH 2R i 4941

TH i shZS A DI RE A (=0.1125m 5 ) 7>
BT, SEEATIH(0~120min) TCE ¥ 44 Tya A\ S,
et L L 28 225 41 DX e (100~160Q2-m) 22 B 75 43t [l )= P,
75 YR B K. Bl A 7K T N (120~300min)i5 441 52 7K
TRRRRE, i P BH 2 2 X 3 i 4 /N 1 L BH 2 ZE AL IX
(30~60Q-m)[n) 24 e AR, 4E 300~480min, i3 A £
e X IR FLBH 6 22 i 30~50Q-m [l 42 60~
100Q-m, 7% V5 G W) L0 XL 7% 1 R vk Az S 8 = 97 40
A5 J5 391(480~660min), fI HL B2 227 X b TR,
o FE P 2 XA T4 80~140Qm, S T V5444

Omin 120min 210min 300min 390min

K8 JKUEA TCE ¥5 5 DX I QLB 22 (b I 1] 22 4K

Fig.8 Variation of resistivity difference in longitudinal profile of TCE contaminated zone with time under water flow injection

3.2.3 HEEmIEMERN TCE M2t 4t
H R KU AT R T B R YE G E RIS AN
FMVEPEFEMERIL TCE ¥5 3 X 1) 25800 7 W AT
HuEBL TCE —ZEWDRE 2 PRk B2, i 52 10 36 i
I L:Br TCE I FE\ ) i FHA: 51 i r BH 2% 2 {F B i
) A5 AL P, an P 9(a)~ B 9(b) T, HL BHL AR ZE(E ) 5 &
AT VG R (AT A 2 R R, 2 T )
2% TCE ¥5 Y ict R ik h BH 6 2 (8 A0 A0 75 I S IR
LLE 9(a),y=0.1125m 4 ], {1 0~60min, iy HL BH 28 2= 1
(120~160Q-m)js [ B K, T TCE HABLHFH
PR X RGN TCE 75 SR BB, o AT Je FA ™
B 75 INF 1) (6 HE F2 (120~360min), V5 42 X 55 1) H, B %
FEAEZH T %, N2 120Q-m P2 70Q-m, 2 W R 11 3%
PEFLE TS B DX N 3 BB AR T A Ta) (%) S 1tk g,
P& T TCE {Erb A5t rh B sl ik, NI e 22 145
P AR P R S P S TCE
(AR AR AR BTG R D I S R R, 5 30X
A4 FLRHL 2 (1)1 B, ik s HY 2 BR AR .420~660min HIPH
RIEE AT B R T TR
20~60Q-m [, 5 I H RS 53v5 Gedy =2 31 3R T Pk
FIIAE R 75 B9 4 /) 30 v BH 28 22 A ) 4R Ve 1]

Fike 5 BBV e R AR R T R R KR AR
TSGR, AT RE T SR B, AT s e ik
(RIS 2R A IR, 5 FE 0K — o, B2 R T
LRRTG Ykt oot — P R ik B AR S PR e
BEART S BRI 5K 7, W Fs it e it )
(TR 5 B CATRF Y (s 5 Y e 2
WIS PEFRI AN RESRE s S IKIU AR 15, 3 RE Dk D>
AR S i AR SR, 1 T8 e e BRSOR DR I, R
PR E A 5 R TCE V53X, gd/b TCE fEH R4
EINE = WINIIE PN A &3

R I (Q « m)

480min 570min 660min

(4 20~60Q-m), % W] TCE 2B i i i 3%

P 9(b)Ks HEAN X S 21 R X3 5 2, 2t
AT z T ANEI P LG H TCE (75 3 224k
HTE 2=0.1625m DL I, 806 2=0.1625m 1356 X 38 i 47
2B HT.0~120min  HiBHZ ZE (K (110~150Qm)
ST H A AR TR AR IR Z XS, I TCE =22
AEAKAR T AFAE, 1 oA 52 21 3R T P 70 1) (2 35 4
F.HHT TCE A5 5 MR, o BH 28 2 (i 25 i 1) X
3ol X I R ¥ G B R B i i A 2 TV R R AN
(120~360min), H 2048 T v5 GL W) 18 o0 A e 1k (2 10E T
TCE AR 2B, X 3 ¥ T e RS T M BH 2 22 (B B
K% 50~70Q-m JuH, 75 4P B IK.360~660min H
BH 2% 7 (i BH {2 B A, PR BH 28 25 (AR b s T35 58 (30~
50Q-m), =y FL FH 2 22 {8 X ek S A 2K, 3 o v B 6 22
I 52 AR AR R TG E AN, TCE [ B4
TR IOAE AR 8] 53 A KA, o BH 26 22 {E 19 43 AT
S AR SV A FR L (2)TCE 12 BRABURAFAE
255 X NI g A2 TCE #IURYS Ge o0 A 22 IO R R
Sk 1, ] r b B e 22 {1 D 730 A 3% T e s ke 7 A I AR
& PEFXS TCE 1 2B AH b T4 S8 1) — bR
U0 LB R[] 57 T AR 0 R R A P, =



4942 ik o R 45 %
2 M 0 RT AEE n UL M SRR PR A R AE ASTRIR RTINS T L 25 BRACR.
L7 ansumersm

»=0.1125m

360min

() F

y=o.1625m /" /"
Y=0.2125m
Omin 60min 120min 240min
x>
»y
Z2=0.0125m
2=0.0625m
Z=0.1125m
2=0.1625m

2=0.1825m

Omin 60min 120min 240min

360min

(bR
9 RBCRME LR 2 ER TCE i FE G A 5] i v BH 4 2 (B B I ) 22 4k

Fig.9 Variation of Resistivity Difference in Longitudinal and Cross—Sectional Profiles over Time during TCE Removal by Mixed

00

160
140
120
1
80
60
a0
20
o
20
-40
60
-80

420min 540min 660min

PR (Q - m)

.
8388

53°38885583%

»

L8
£355°

420min 540min 660min

Surfactants
4 Zhig ERp et
(1] A% MG, S5 2 4LA i DNAPLs SBBAT AW T i
4.1 WOAESZEG 454 ERT $iA 2200, 5 e 6 1 541 1. B RURS R ARES), 2016,52(3):409-420.

WK E S XS TCE 0B R0 2 0 )
R, IR THE PEFIRT TCE Y22 Bk s g, Horp
3.0g/L. HACLL o b 0.9 IV 2 Bk B fe A, FLpe
A 4) LLIE B 91.37%, @ #40 T HoAh 4 4.

4.2 HFHRIEN LR SR, TCE 1%k =g
REWHHEANTIE 1pv N2 5 LR AR T 5
5, Ut B TCE V5 44 22 B 55 A 5E i ERT RES 2481
I TCE 12 B 72, VPAG &2 B 2 T M 0% TCE
(PR RAE N

4.3 WHSZIGAE A ERT BRI T 9% 1 H i %
A 43 1E 2 10 1 7 (3.0g/L,a=0.9) £E = 4E b + A SR
ZATRXS TCE (1) 22 BRACA. S 50 i F v v B 2 22
8 A48k 4 78 T TCE K175 Y& 03 A Je B 2% 25 Bk
(4Rl B W aT WAL . TCE ¥5 Yo AR B BE
B 25 1) 4 A AR A5 B0, B U Hi 3R X 21 & C 26 1 i
PEFNS TCE 745 B A1 AN [R] R JE R I 8] i F 1) 25 B
BOR K TCE V5 4 1 52 I W I 55 22 B 280 VP4l 4
BET AT R

(2]

B3]

[4]

[3]

(6]

Deng Y P, Zheng F, Shi X Q, et al. Review on the transport of dense
non-aqueous phase liquids in porous media [J]. Journal of Nanjing
University (Natural Science), 2016,52(3):409-420.

PR B, BRIk, S TR P AR AR A 5 G 37 3t 8 22 Al 2
WA TR [ M85 4 5B, 2022,44(10):1386-1391.
Tian Y Q, Chen Z, Wang W J. Research progress on investigation,
assessment and risk management of non—aqueous phase liquid
contaminated sites at home and abroad [J]. Environmental Pollution &
Control, 2022,44(10):1386-1391.

IR, /N, AR 0,55 52 4 DNAPL V5 YL Y5 DX VA AH v Yol
FITERBETSE [0, EABER, 2022,42(5):2095-2104.

Song M Y, Shi X Q, Ma C L, et al. Upscaling dissolved phase mass
flux for complex DNAPL source zones. [J]. China Environmental
Science, 2022,42(5):2095-2104.

Wang Q, Jeong S W, Choi H. Removal of trichloroethylene DNAPL
trapped in porous media using nanoscale zerovalent iron and
bimetallic nanoparticles: Direct observation and quantification [J].
Journal of Hazardous Materials, 2012,213-214:299-310.

Liang C, Hsieh C L. Evaluation of surfactant flushing for remediating
EDC-tar contamination [J]. Journal of Contaminant Hydrology, 2015,
177-178:158-166.

FRES (e, S BB, OR i, S5 RT3 A A8 ST AP ) RUE
RTHHIFT (3] HEPAEIREE, 2019,39(12):5040-5048.

Chen M J, Wu J F, Song J, et al. Upscaling of reactive transport



9 3

A GG DNAPL V5 349 2 B #2 1 = 2 o B AR

4943

(7]

(8]

[91

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

modeling for surfactant-enhanced aquifer remediation [J]. China
Environmental Science, 2019,39(12):5040-5048.

Mulligan C N, Yong R N, Gibbs B F. Surfactant-enhanced remediation
of contaminated soil: a review [J]. Engineering Geology, 2001,60(1):
371-380.

Zhou W, Zhu L. Enhanced soil flushing of phenanthrene by anionic—
nonionic mixed surfactant [J]. Water Research, 2008,42(1):101-108.
WISE B BRI G M VR 24 7 98 1 SRR VY
[7]. B4R, 2020,39(7):2302-2308.

Niu M F, Yin Z H, Wang Q, et al. Selection of cleansing agents for
petroleum—contaminated soil and assessment of their efficiency [J].
Chinese Journal of Ecology, 2020,39(7):2302-2308.

Rongsayamanont W, Tongcumpou C, Phasukarratchai N. Diesel-
contaminated soil washing by mixed nonionic surfactant emulsion and
seed germination test [J]. Water, Air, & Soil Pollution, 2020,231(6):
267.

Ahn C K, Kim Y M, Woo S H, et al. Soil washing using various
nonionic surfactants and their recovery by selective adsorption with
activated carbon [J]. Journal of Hazardous Materials, 2008,154(1):
153-160.

Cheng K Y, Wong J W C. Effect of synthetic surfactants on the

solubilization and distribution of PAHs in water/soil-water systems [J].

Environmental Technology, 2006,27(8):835-844.

LiuJ W, Wei K H, Xu S W, et al. Surfactant-enhanced remediation of
oil-contaminated soil and groundwater: A review [J]. Science of the
Total Environment, 2021,756:144142.

L, R T LR R AR MR AR U S L %
FIBaEER (0], BEib2%, 2022,41(12):3916-3924.

Jiang D H, Dong J, Liang X, et al. Solubilization of
tetrachloroethylene in groundwater by alkyl glycoside compounded
system [J]. Environmental Chemistry, 2022,41(12):3916-3924.

AP AR IR, A AR TS PR S G AR R G S s e e s
% [7]. A THEE, 2021,40(6):3526-3535.

Li W, Wang X F, Shi L X, et al. Remediation of pyrene-contaminated
soil using mixed surfactants solution [J]. Chemical Industry and
Engineering Progress, 2021,40(6):3526-3535.

TRPELE R SRR AR AR AL AURERRE S A TS B LR AT SR
1. MSA#IZ, 2019,38(1):20-25,50.

Zhang Z T, Chen Y, Chen D, et al. Research status on the remediation
of petroleum contaminated soil by chemical cleaning [J]. Oil & Gas
Storage and Transportation, 2019,38(1):20-25,50.

AR, A R S T P 7R 4 v s i Kk A L ek
REVEMT [J]. FR8E4L2E, 2025,44(3):1-12.

Zhu B W, Shi J'Y, Liu S B. Evaluation of typical hydrophobic organic
pollutant solubility enhancement by surfactants [J]. Environmental
Chemistry, 2025,44 (3):1-12.

SRPENE, S TURR, TR 6,55 AR TR PE 77 SDBS 1 Tween 80 5 (L3S il
12 #h S0 S5 g P R B R R AR (). FREE LR R,
2023,17(3):900-908.

Song Z X, Wu Y L, Zhang T F, et al. Surfactants SDBS and Tween 80
enhance anoxic biodegradation of petroleum hydrocarbons (PHC) in
soil pretreated with persulfate [J]. Chinese Journal of Environmental

Engineering, 2023,17(3):900-908.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

B31]

[32]

Jones G, Sentenac P, Zielinski M. Desiccation cracking detection using
2-D and 3-D electrical resistivity tomography: Validation on a flood
embankment [J]. Journal of Applied Geophysics, 2014,106:196-211.
Hussain Y, Campos J E G Borges W R, et al. Hydrogeophysical
characterization of fractured aquifers for groundwater exploration in
the Federal District of Brazil [J]. Applied Sciences, 2022,12(5):2509.
Alesse B, Orlando L, Palladini L. Non-invasive lab test in the
monitoring of vadose zone contaminated by light non-aqueous phase
liquid [J]. Geophysical Prospecting, 2019,67(8):2161-2175.

M RAE, A AR v P L AR I B vy T 2 52 PAHEs
VFRIIRIGTIIT [7]. Hh E PR, 2023,43(11):5933-5943.
Liu D, Song Q W, Li L, et al. Field study on electrical resistivity
tomography to monitor high—pressure rotary jet repairing PAHs
pollution [J]. China Environmental Science, 2023,43(11):5933-5943.
Wang Y, Xu Y, Nai C, et al. Assessment of chromium waste
contamination by electrical resistivity tomography: A case study [J].
Journal of Environmental and Engineering Geophysics, 2019,24(1):
163-167.

Boeije C S, Portois C, Schmutz M, et al. Tracking a foam front in a 3D,
heterogeneous porous medium [J]. Transport in Porous Media, 2020,
131(1):23-42.

FENL TR, A, ol R0 A I R BEL AR A T ST SRR KR R
BT[] MM BTRTHE, 2020,36(8):65-73.

Dou X Q, Han D M, Cao T Z, et al. Assessment of seawater intrusion
in the coastal plain aquifers of Yang-Dai River using DC-resistivity
methods [J]. Marine Geology Frontiers, 2020,36(8):65-73.

Chambers J E, Wilkinson P B, Wealthall G P, et al. Hydrogeophysical
imaging of deposit heterogeneity and groundwater chemistry changes
during  DNAPL
Contaminant Hydrology, 2010,118:43-61.

source zone bioremediation [J]. Journal of
Deng Y P, Shi X, Xu H, et al. Quantitative assessment of electrical

resistivity tomography for monitoring DNAPLs migration —
Comparison with high-resolution light transmission visualization in
laboratory sandbox [J]. Journal of Hydrology, 2017,544:254-266.
Koohbor B, Deparis J, Leroy P, et al. DNAPL flow and complex
electrical resistivity evolution in saturated porous media: A coupled
numerical simulation [J]. Journal of Contaminant Hydrology, 2022,
248:104003.

Aizebeokhai A P. 2D and 3D geoelectrical resistivity imaging: Theory
and field design [J]. Scientific Research and Essays, 2010,5(23):
3592-3605.

Aizebeokhai A P, Olayinka A I, Singh V S. Application of 2D and 3D
geoelectrical resistivity imaging for engineering site investigation in a
crystalline basement terrain, Southwestern Nigeria [J]. Environmental
Earth Sciences, 2010,61:1481-1492.

KBRS, JEL IR KT, S M e A KO A v e e R ) vy 32 i BEL 4
L= NI [7]. HUER PR, 2008,51(4):1246-1254.

Liu HL, Zhou Q Y, Wu H Q. Laboratorial monitoring of the LNAPL
contamination process using electrical resistivity tomography [J].
Chinese Journal of Geophysics, 2008,51(4):1246-1254.

Zhou Q Y, Shimada J, Sato A. Three—dimensional soil resistivity
inversion using patching method [J]. Journal of the Japan Society of

Engineering Geology, 1999,39(6):524-532.



4944 A 45 4

[33] 29595, b M, i 27, 2 R T TG M RS L 3 v o b 295 e i Frontiers, 2021,28(5):114-124.

JBBCRISE (7], 13, 2016,48(3):516-522. [41] BAZD e, B A 2 22 A T K5 ek 5 B A WU S R I
Li S'S, Sun Y H, Hu X F, et al. Elution effects of surfactants on Fagd (7). ERABTR A 254, 2018,35(6):814-821.
petroleum contaminants in soil [J]. Soils, 2016,48(3):516-522. Zhao S H, Dong Y H, Li X L, et al. Establishment of the relationship

[34] 38 ZEAHE T R M, A SR v RSB v w3 e 2 IR T IR 1 between contamination concentration and electrical resistivity in
SMAWFIT [J]. FREERL2ETTAT, 2022,35(8):1885-1892. shallow aquifer based on groundwater numerical modeling [J]. Journal
Yuan X, Xiang L L, Zhao Z H, et al. Surfactant-enhanced of University of Chinese Academy of Sciences, 2018,35(6):814-821.
solubilization and elution of polycyclic aromatic hydrocarbons in soil [42] BBEEEEGK 2T S R TG M5 15 ST M T Kb PCE i
[7]. Research of Environmental Sciences, 2022,35(8):1885-1892. FE S0 B (3], R EERET AR, 2018,38(9):3398-3405.

[35] F& 9,5 & IR 40 RS, % DNAPL {6 1& B A SR I ERIE - R 110 Guo Q Z, Zhang Y, Jiang B L, et al. Experiment and numerical
BRI [J]. HEPREERF, 2014,34(11):2888-2896. simulation of surfactant-enhanced aquifer remediation in PCE
Cheng Z, Wu J C, Xu H X, et al. Investigation of the migration contaminated laboratory sandbox [J]. China Environmental Science,
characteristic of DNAPL in aquifer with lenses and under the action of 2018,38(9):3398-3405.
surfactant flushing [J]. China Environmental Science, 2014,34(11): [43] AocE, W A iSRRG R L DNAPLs V54«5 /K2
2888-2896. AR BRI, (7] HERERA (B RO AR 244, 2012,37

[36] F S, e, BN, A R K KA AR S S A K AR (5):1075-1081.

TARIERE I [J]. KFI2ER, 2015,46(8):925-933. Lu W X, Luo J N, Xin X, et al. Numerical simulation of surfactant
Zheng F, Gao Y W, Shi X Q, et al. Influence of groundwater flow enhanced aquifer remediation processes at DNAPLs contaminated
velocity and geological heterogeneity on DNAPL migration in aquifer [J]. Earth Science-Journal of China University of Geosciences,
saturated porous media [J]. Journal of Hydraulic Engineering, 2015, 2012,37(5):1075-1081.

46(8):925-933. [44] fI R0 T, RN AR SR AL fh Ak B Kz

[37] Kueper B H, Stroo H F, Vogel C M, et al. Chlorinated solvent source DNAPL 75410 L BRIFAE [7]. S8 TRE2EIR, 2014,8(5):1956-
zone remediation [M]. New York: Springer, 2014. 1964.

[38] XS P,k e JtE /N, S5 AR R BR A Boh AR KA AR IS B Wu B, Yang B, Li H Y, et al. Removal characteristic of DNAPL
[7]. KBl BERE, 2015,26(5):722-730. contaminants in surfactant enhanced equifer remediation [J]. Chinese
Deng Y P, Zhang Y, Shi X Q, et al. Study on the migration of dense Journal of Environmental Engineering, 2014,8(5):1956-1964.
non-aqueous phase liquids in heterogeneous fractured media [J]. [45] HMEK, REDL, ESIHF RGP 240 8 4 R I [a] R %
Advances in Water Science, 2015,26(5):722-730. VEBVER [J]. HEER, 2014,45(3):743-748.

[39] Wipfler E L, Ness M, Breedveld G D, et al. Infiltration and Xiao P F, Song Y Z, Wang J Q. The solubilization and elution of
redistribution of LNAPL into unsaturated layered porous media [J]. benzo[a]yrene from black soils of Northeast China by surfactants [J].
Journal of Contaminant Hydrology, 2004,71(1-4):47-66. Chinese Journal of Soil Science, 2014,45(3):743-748.

[40] SRIET VAR BT, 48 = 50 L0 5 G L 8 10 52 v BEL 3 RFAE A0 450
WSS (). H2EHTS, 2021,28(5):114-124. PEEE N Wk € (1998-), 9, Z Fg KB HARE T R 22 Wi 50 A,

Zhang Z Y, Xu W W, Deng Y P, et al. Complex resistivity properties

and spectral parameters of TCE contaminated soils [J]. Earth Science

FEWEFIT M DNAPL BRI R s B R i KRB 1 6.
1462792182@qq.com.



