$£185FE1MH2024F 11 A

;/T‘ fﬁ — gi é jﬁ Vol. 18, No.11  Nov. 2024

CHINESE JOURNAL OF ENVIRONMENTAL ENGINEERING

@ http://www.cjee.ac.cn @) E-mail: cjee@rcees.ac.cn G55 (010) 62941074

DOI 10.12030/j.cjee.202406052 W45 X523 SCHkbREUS A

KB X =3 &5 B 4 5 AL 7 1%

FTAE, T2 RS LR X FE
Lo k2 () KR T K B T 0% () L Lt 1000835 2 06 KRR (I A LA, N
S180005 3. U011 4 2 83 4 AR5 B2 . G 610051

B B BT IR, K8 EX (low-permeability zones, LPZ) HE i AE/K A4 (dense nonaqueous phase
liquids, DNAPLs) [ [l 9 U S BOHR M R KI5 PR KSR B, BESCRINN EZRE ., Mk, KRR E
FIETEHEFIAR (2 000 mg L' NaCl+4% Tween80/MA-80(1 : 1)) M T8 5 B8 &1K R iz JH 24 NAPL tH =4 24
(trichloroethylene, TCE) 15 4 ®r 4, 456 L& (light transmission method, LTM) R 57 = (K75 15 4 i 25 7 X}
TCE R [a1 ¥ #LAgszm . 7K 3l Jy 3458 S R mis MR &R 20T TCE K3 s AL AR R B [ BH 2R 1 36 4 7 X IR 5 58
X H TCE MTERMLEL, 45REH, S-KBEXNBE R, (BEXALTME . FHR RS L e iR, 78
ANEBEZBLAET, RAEERIXT AR A TGS H T TCE MR AN, ARA A R T IR & I R50%,
HE— LRSS X TCE MY M3 . AWFFTEE I Al A 5L bR F >4 52 DNAPL V5 4L AR 3 B )2 s B Ak g 5
FEAR S %

KR  BEX; BERKL; Y G Rk

R AR TR E H A RIS RO, SRR NS AR IS SRk T, R 2 B E BT AR K AR A (dense
nonaqueous phase liquids, DNAPLs) #E A +IEFIH T K H, XA S PRI A AR iy 7 g+, H:
th, =4 (trichloroethylene, TCE) JZHi /K4 ULAY DNAPL 7544y, HAAEUR . Bk, BEASMGRE
BEMEVERL, I TCE MY3RITRERE 1 A28 i) AR W s il B R BCH A BRI DT AR &K 2
H, BRI ARYY, BB RBAHZERK, SEUEERRIATG RYTERIER R 2, RBEX (low-
permeability zones, LPZ) WHIKE &2 5B EKAHMEA (non-aqueous phase liquids, NAPLs) HIfi#f7
HRARK, TEEBIGEINERG, RBE X XELIRE BRI Y AR EERS BE (ORI B Y, i
B GIR HERE SO RON, TFRCATERR . FREAR RIS YLE Y I, IRRIESKEN B R
T anfarsdt DNAPL 952 [mid) HCEAG S py IS L,

PR BEAER B SKER, BASEIHRBEX RS (‘G , mitmsmi2i& X (high-
permeability zones, HPZ) (“fLYcii”) - HAT, RETEHFFNEGREWHARCHIET AT DA REBRGE BN T
Hif) DNAPL {531 G 1F 2 S0 % SEg BB RS IE T ST UIRR LR S mT LA 2 i (k2
B, PRI AR, KANANIZADEH 4672 Sl B EPl e 148 0 i e B b v B A2
SY IR AR A A T4 = AR AR B XI5 TCE kAR N AIEES ; THOMAS %1 KRB
N B JF R FR T P KRR TRYZ AR bR e, hE0e T Sl AR e FR Ei S . 534, Jtidik (light
transmission method, LTM) 7% PN " 4EX A i AR A WU 2 vl 32 P2, [ B R E s
KR LTM X NAPL iERE AL SARFNEEHEA TSR0, SR X TEARRSE R AL LA SRR,
Wl R B R AR B E F B ANERE, BRI EREZES T, BE X H DNAPL J 4 #rmt
GEHE WARGA

ARG A FETE M S A R A R iz 2Rk TCE 1Y mmbsa, 456 LTM FER—

Yris BEA: 2024-06-19 FFAHHEA: 2024-09-12

E2E&TH: ERAARB IS I H (42072275)

E—1EE: THEX 2001—) , &, W-LAFRA, PRI T KT RMESE, 709892699@qq.com DABEIEE: X JE
(1969—), 2, [+, ¥z, FRFH KRG REN S5, feiliu@cugb.edu.cn


mailto:709892699@qq.com
mailto:feiliu@cugb.edu.cn

3252 o T OB MR %518

(AL AR B ARB BN TR 227X TCE KAy 852, R s HEFIXHEEE X TCE /R FIHL
o DI ABGUIRAEI S K ZBEE S, EEEAEMBE RIS KEE X DNAPL 15K -
iR K ie E A SR
1 MR5EZ®
1.1 SEIEAR

=& LK (CHCL) | 04T O YLt (C,H,N,0) . HEE (CH,0) . &bl (NaCl) #8044l 2R
(C35H,0,0) ZHHIGE: REEEBRIAMR — L 1RE (C\HeNaO,S) | il 80 (C,H,,04(C,H,0),) Jft 4.
1.2 SCIORE

HEST SR E AN 1, B A A5y
A 3 AN K T, 7R K S AR R (6] ik
LRI, FHTKFERREE , SOEERIE AR
ARSI T8 . 3 AEbAE A BIR HIAR ]
BRI B SR I RSN TR R, A — T
BB X IHIFE 20~40 H AP, (KBIE XA Yol
SRHIEFE 200~300, 500, 1000 HATHehb, H-K 1 BNk E TR
BEXNBBRB L E-REBBXEBERELIL Fig. 1 Schematic diagram of the sandbox
1. experimental apparatus
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Table 1 Permeability coefficients of high and low permeability zones of three sets of sandboxes
Wit R B XA B R Bk, (cms™) KBBX AR B R Bk (em's™) klky

w1 20~40 F 135> 7.55%107 200~300 H A7 9k 7.42x107 101.65

i) 20~40 H 13510 7.55%10°° 500 H A1 9&8> 1.25x10°* 605.16

A3 20~40 H A e 7.55%107 1000 H f 9&4b 3.37x10°° 2238.02
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WIS R, @it 3 AEESIZELL 0.83 mL-min™' AR 3 N HEZK S 58 AT SHATR e S
I ALBR ISR . SRS NS P AL B X P ATHAL O Jefaf®) 2.5 mL TCE. HFAZ
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Fig.2 Linear relationship between TCE input and the sum of
relative values of pixel points
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Fig. 3 Comparison of stained area before and after flushing
with background solution in sandbox 1
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Fig. 4 TCE removal and removal rates in low-permeability
zones in three groups of sandboxes at each flushing stage
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Fig. 5 Variation of TCE concentration in effluent during
flushing stage of background solution in sandboxes 1, 2 and 3
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Fig. 7 Sweep process of the mixed surfactant into sandbox
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Fig. 8 Sweep process of the xanthan gum-enhacned system into sandbox
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Fig. 9 Comparison of sweep efficiency of the mixed N - e
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system Fig. 10 Variation of TCE concentration in effluent from

sandboxes 1, 2, and 3
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JyPONfdiAS MUT IRA TR R BIG PO RO B i 2 AR, X TCE BYBGASCR I T8 —1 MA-80; J3—J71M,
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Fig. 11 Interfacial properties of TCE in different surfactant systems
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iF TCE 7EN TP AERS, RIS, SRIATEHERIMREES, X TCE Mshtkife st Ve e 2.

AR R T B R — PR A BT IR AL, s i RO B, VSRR Bt ARG R, 1A
RETUIRRACFERERG NGO, SR 5 2R A TR A AR R BT VIR CRRE, IR AR BEAKIH B
BT A KIMEHRE. [FIRS, SRR AR B RS R SR B E R R, RITEMERDNE AT
ORGSR, S DI LR IR s R AL E AJEI A BB E R AR 3 50, B D HE R R
HPERRIE, AEIHER RIFAE AR BN, [, BB OIR LA rR B S 5 D) R R A C R,
TERBE X P B UTHCRE 5 = T BB X, A AR IS S X R R L T2 X, ARG
HIREA R TR RIGEEX PR, CAMREY, BRSNS, AU T35 UIRs bt
REHARRE, 23 E- OB EN T BB S 2 T,

3 Z5ip

D) B EOKEBE REH2ZE R, H T 7K S 3 AMRE 3 X5 2 I BTG, Horb iy
TCE j8fELL 25

2) (GRS A AN REAT A SR IB 3 X TCE [ 4 BUsRAascR, iR A RS
PEFRIARZXHBE X Y TCE A B B ASSARSRACE, AR R AR R MACR e, nTRAiE—
MABEIX. TCE M 3 B

3) £ MA-80/Tween80 AR Z T, 5 Tween80 (5 AR TIRAIA RN TCE, i TCE 5%
TR PRV T ) A fid K, LTS S3ls)N, % TCE AOTREICE ], FTLLS Tween80 AL, MA-80 Xif
TCE Hy¥&ae I osg. [FRF, MA-80 FTRARE/D Tween80 FEA M L IAMLRH

4) FEXIANRIREIE R A TR HUE, AE R RIS B ENBER AR, 28y #ud &
HRRORESA R HIPLE], SRS E A TE R T, LIARI RGBS X AL T . g iy, smibits
X 1 DNAPL V54 [l BRI

% %

(1] ks, skfbas, Botd, % FREA LIS OBLR 0T BB EE (1], 3, 2021, 53(6): 1132-1141.

(2] RE. fEk b fhis i 5 00517 PSRRI BERFE (D], B AR K2, 2017.

(3] =), 208, TR, 45 nUASTH X b R /KIS LB it B . Il S B % SR XT3 (0], BRBERLEISE, 2019, 32(1): 1-9.

[4] CHAOMENG D, KAIT W, JIE Z J, et al. Synergistic solubilization of phenanthrene using micro-nanobubbles and cationic surfactants: Universal verifying,
amplifying, and strengthening the synergy [J]. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 2022, 644: 128837.

[5] vz, B E PR, 45 R EALRIEH T 7K DNAPLs 15 Ye M6 52 vh ik 157 TS R (1], BRBE4E2F, 2020, 39(3): 791-799.

(6] ik, witk, #El%, % TCE/PCE /) DNAPL V53 KB M BiiiAH AR (1], SRS YLIATIE R ik 4, 2006(4): 12-18.

[7] TOMLINSON D W, RIVETT M O, WEALTHALL G P, et al. Understanding complex LNAPL sites: Illustrated handbook of LNAPL transport and fate in
the subsurface [J]. Journal of Environmental Management, 2017, 204(Pt 2): 748-756.

(8]  whEEr IS SERIIE T AR BB MR T T B BT SE (D). K FHAE, 2019,

[9] HERON G, BIERSCHENK J, SWIFT R, et al. Thermal DNAPL source zone treatment impact on a CVOC plume[J]. Groundwater Monitoring &
Remediation, 2016, 36(1): 26-37.

[10] CHENF, FEI L, FUYANG H, et al. Dense nonaqueous phase liquids back diffusion controlled by biodegradation and heterogencous sorption-desorption[J].
Journal of Cleaner Production, 2023, 382: 135370.

[11] JUNXIANG S, XIAOHUI C, BO Y, et al. A comparative study of DNAPL migration and transformation in confined and unconfined groundwater
systems[J]. Water research, 2023, 245: 120649.

(12] S FRE Tl T KI5 4 Bia H RRHMERE 1] FRETRIAEFAT, 2022, 35(9): 2015-2025.

[13] YANG M, ANNABLE M D, JAWITZ ] W. Field-scale forward and back diffusion through low-permeability zones[J]. Journal of Contaminant Hydrology,
2017, 202: 47-58.

[14] C€.BM, EUNICE Y, JUNQI H. Strategies for managing pisk due to back diffusion[J]. Groundwater Monitoring & Remediation, 2021, 41(1): 76-98.

[15] XIANG H D, SHI J F. Contaminant back-diffusion from layered aquitards subjected to barrier-controlled source zones[J]. Water Research, 2023, 238:
120021.

[16] ENGELMANN C, HiNDEL F, BINDER M, et al. The fate of DNAPL contaminants in non-consolidated subsurface systems-discussion on the relevance of

effective source zone geometries for plume propagation [J]. Journal of Hazardous Materials, 2019, 375: 233-240.


https://doi.org/10.1016/j.colsurfa.2022.128837
https://doi.org/10.7524/j.issn.0254-6108.2019103004
https://doi.org/10.1016/j.jclepro.2022.135370
https://doi.org/10.1016/j.watres.2023.120649
https://doi.org/10.1016/j.jconhyd.2017.05.001
https://doi.org/10.1016/j.watres.2023.120021
https://doi.org/10.1016/j.jhazmat.2019.04.083

3258 ok L B ¥ W 18 %

[17]
(18]
[19]
[20]
[21]
[22]

(23]

[24]
[25]

[26]
[27]
(28]
[29]
(30]

[31]

[32]

[33]

[34]

[35]
[36]

(371

[38]
[39]

XUHUI M, RUI J, WEI X, et al. Use of surfactants for the remediation of contaminated soils: A review [J]. Journal of hazardous materials, 2015, 285: 419-
435.

KANG S, LIM H S, GAO Y, et al. Evaluation of ethoxylated nonionic surfactants for solubilization of chlorinated organic phases: Effects of partitioning loss
and macroemulsion formation[J]. Journal of Contaminant Hydrology, 2019, 223: 103475.

TR, #ReTEE, R H, 5. MR /KT Tween80 Xf DNAPL 2B FI4- 1 (152 [I]. vh EFREERIE, 2019, 39(3): 1068-1077.

HEE I, FCRIAE, U, 25 H T KRB B X E AR K AR A (DNAPL) 3B IRSH AR LA 1], BHRHFR, 2024, 38(6): 246-253.

FLEIFEL H. Investigation of tracer-surfactant-foam processes in shallow subsurface environmental remediation: History-matching and performance
prediction[D]. Louisiana: Louisiana State University and Agricultural & Mechanical College, 2020.

KANANIZADEH N, CHOKEJAROENRAT C, LI Y, et al. Modeling improved ISCO treatment of low permeable zones via viscosity modification:
Assessment of system variables[J]. Journal of Contaminant Hydrology, 2015, 173: 25-37.

ROBERT T, MARTEL R, CONRAD S H, et al. Visualization of TCE recovery mechanisms using surfactant-polymer solutions in a two-dimensional
heterogeneous sand model[J]. Journal of Contaminant Hydrology, 2006, 86(1-2): 3-31.

X, B, TRE0EE, 55, $hBEXT PCE et/ SRR s A% 3 A B et 5 L B2l D). R mOR“2 224 (11 98F18), 2021, 57(3): 426-436.
COLOMBANO S, DAVARZANI H, VAN HULLEBUSCH E D, et al. Comparison of thermal and chemical enhanced recovery of DNAPL in saturated
porous media: 2D tank pumping experiments and two-phase flow modelling [J]. Science of the Total Environment, 2021, 760: 143958.

Tr3CHE, MU, SR, AR BLBRA BT P AR IR A B N ST (], /K SCH BT TR, 2015, 42(02): 112-119.

XUFE, RN, RBFE, . —Fhiiz e b1 DNAPL Y5 IX i A 7 1 CN202210615392.7[P]. 2023-04-07.

FEHAZL, HBUH, S R OGBS e ARV P AR R R B O A (0] PR A7, 2014, 35(6): 2120-2128.

AT, BRAR, SRAESC, 5. A7 CURERAIBEME SR EHE Wik 0] 35 ROR2224R (HBIRBL2ARR), 2018, 48(3): 846-853.

ZHENG F, GAO B, SUN Y, et al. Removal of tetrachloroethylene from homogeneous and heterogeneous porous media: Combined effects of surfactant
solubilization and oxidant degradation [J]. Chemical Engineering Journal, 2016, 283: 595-603.

T0g, MR, PN, 45 R [R S AL MR = S IR A EFH L], SR5E1k~%, 2013, 32(6): 1051-1055.

E o, XULT, S A R, 4. Bk A H1500 ZR ik Aol i s (3], TR 3441, 2020, 41(3): 709-714.

NOWROUZI I, MANSHAD A K, MOHAMMADI A H. Effects of dissolved binary ionic compounds and different densities of brine on interfacial tension
(IFT), wettability alteration, and contact angle in smart water and carbonated smart water injection processes in carbonate oil reservoirs[J]. Journal of
Molecular Liquids, 2018, 254: 83-92.

OMIRBEKOV S, COLOMBANO S, ALAMOOTI A, et al. Experimental study of DNAPL displacement by a new densified polymer solution and upscaling
problems of aqueous polymer flow in porous media[J]. Journal of Contaminant Hydrology, 2023, 252: 104120.

kA R FLIRO DU 215 e K 2 B R B SRS (D] KR EAR%, 2021.

ZHONG L, OOSTROM M, TRUEX M J, et al. Rheological behavior of xanthan gum solution related to shear thinning fluid delivery for subsurface
remediation [J]. Journal of Hazardous Materials, 2013, 244-245: 160-170.

HAUSWIRTH S C, MILLER C T. A comparison of physicochemical methods for the remediation of porous medium systems contaminated with tar[J].
Journal of Contaminant Hydrology, 2014, 167: 44-60.

BRI MEARRGEEJREE T KMnO, X TCE HE84 B S /K E 5 Qe it i AL B AL 52 (D] KA H MR, 2018.

ZHONG L, SZECSODY J, OOSTROM M, et al. Enhanced remedial amendment delivery to subsurface using shear thinning fluid and aqueous foam[J].
Journal of Hazardous Materials, 2011, 191(1): 249-257.

(US4 2BE )


https://doi.org/10.1016/j.jhazmat.2014.12.009
https://doi.org/10.1016/j.jconhyd.2019.03.007
https://doi.org/10.3969/j.issn.1000-6923.2019.03.021
https://doi.org/10.1016/j.jconhyd.2014.11.009
https://doi.org/10.1016/j.jconhyd.2006.02.013
https://doi.org/10.1016/j.scitotenv.2020.143958
https://doi.org/10.1016/j.cej.2015.08.004
https://doi.org/10.7524/j.issn.0254-6108.2013.06.020
https://doi.org/10.1016/j.molliq.2017.12.144
https://doi.org/10.1016/j.molliq.2017.12.144
https://doi.org/10.1016/j.jconhyd.2022.104120
https://doi.org/10.1016/j.jhazmat.2012.11.028
https://doi.org/10.1016/j.jconhyd.2014.08.002

55114 THERESE: RBEX =W Oy eIk 3259

The strengthening method for trichloroethylene back diffusion from low-
permeability zones

YU Chunwen', NING Ke?, XIONG Ling’, FENG Chen', LIU Fei”

1. Key Laboratory of Groundwater Conservation of Ministry of Water Resources (in preparation), China University of
Geosciences (Beijing), Beijing 100083, China; 2. Everbright Environmental Protection (China) Limited, Shenzhen 518000,
China; 3. Sichuan Yekan Design Group Testing Co., Ltd, Chengdu 610051, China

*Corresponding author, E-mail: feiliu@cugb.edu.cn

Abstract Due to the heterogeneous underground media, the back diffusion of dense non-aqueous phase liquids
(DNAPLs) in low-permeability zones (LPZ) is the primary cause of prolonged remediation time and reduced
remediation efficiency in the corresponding groundwater pollution source area. In this study, a mixed surfactant
system (2 000 mg-L™" NaCl+4% Tween80/MA-80 (1:1)) and a xanthan gum-enhacned system were applied to a
sand box contaminated with NAPL-phase trichloroethylene (TCE). These systems were combined with the light
transmission method (LTM) to investigate that the effect of permeability contrast between high and low
permeability media on the back diffusion of TCE, the impacts of hydrodynamic enhancement and the surfactant
compounding system on the back diffusion of TCE, and the mechanism of surfactant action on TCE in low-
permeability zones. The results demonstrated that a greater contrast in permeability coefficients between high
and low permeability zones increased the difficulty in overcoming the characteristics of low-permeability zones,
specifically the challenges of mass transfer and slow flow. Under different permeability coefficient ratios and
heterogeneous conditions, surfactants exhibited different solubilization and mobilization effects on TCE in low-
permeability zones. The compounding system can improve the sweep efficiency and further promote TCE back
diffusion in these zones. The findings of this study could provide insights into selecting appropriate DNAPL
remediation strategies in low-permeability zones in heterogeneous formations with varying permeability
coefficient ratios for practical applications.

Keywords low-permeability zones; permeability coefficient ratios; back diffusion; surfactant
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