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In Situ Surfactant Flushing of Contaminated Site
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ABSTRACT

Surfactant-aided in situ soil flushing has been proposed as an alternative for the expensive and time
consuming 'pump and treat' technology in remediation of contaminated soil and groundwater. Injected
surfactants can effectively solubilize contaminants sorbed to the soil matrix or nonaqueous phase
liquids(NAPLs) in residual saturation. The contaminants solubilized in groundwater are recovered and
treated further. The theoretical background of the technology and the results of the field operations,
mostly in the US. were summarized. In addition, the factors crucial to the successful application of the
technology were discussed. Cost analyses and technical limitations in current applications were also
discussed. In conclusion, it is likely that in situ surfactant flushing become a viable option for soil
remediation in limited cases. Currently, further advances with respect to operation cost and to
treatment efficiency are required for more extensive application of the technology. However, the
current trends in soil remediation, specially the growing emphasis on risk based corrective action and
natural attenuation, will increase the competitiveness of the technology. For example, removal of
easily washable contaminants by short term soil flushing followed by long term monitoring and

natural attenuation can greatly reduce the operation cost and time.
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10 g, ¥

2 % B

AR GAHAE o] 4% A EFAH (In situ soil flushingy|&€2 2574 LHEAZ 299 B9
AsE A2 Fol glo] A2 ALE-5o]2 pump and treat 7] &) AIRMA, A AR S5
317] 93 digtez AAHRL. o] 71&e Bl F3Eo] AU EYFFF] nonaqueous phase
liquid (NAPLYZJEi 2 243511 Qs L9922 S AW 849 H/HE B8 Askrz AR R 5o
R 2 AsrE H5sld Melshs A9 2 7)E pump and treat 7)&9) MPo2 £ 4 Qo £ =7
NAE o] 71&e] 0|8 WAL AN v|FE FHoE Y A8l 4L T8 o 7= &
£ AR, AAA, 71€3 A% 52 AR o] B ©] /&9 4HFH B8 gEE U,
218 A AGzAT oo Bwg 58 ANGtnA St dEH oz £ o AW SPAE ol &
& 8% EGAH7EL B Agzho R s duistE Jle2 e B beAd R AldE A&
Hoyell 1 F-848 JALE el Eoth SR FEHRE o9 A He By Add &
A =4, & YN 2AT BE7E HA (risk based corrective action) I AAA S} (natural
attenuation)o]] th3+ 7= 59| AL o] 7)&e FAH F84¢& Fole S 3L Ut F @71F
E%H 3 (soil flushing)s B3] LHEZ F AF7Fed RS A AAS T ZRee F-1oll e
E Ar1des AdAs e e 2UE YT FP5e AV s AAHE Fr1H o= YA
I Q& ohds Mol H4d & Q7] WEeln.

FHI0: B A, AY 44, SHEY B4, 254 L9E3, NAPL

LMEZE BAEL O S48 Bo F 1] 7] wiol
I fFEA0] Wg Yol LFGEAS AR 5
oyo] Ee]sh= pump & treat 7]&-S Feslw
E471E 3HARE AYRA AZke] Bol el
Axr o g vjgo] go] =& Tgo] gltt.

£3] 2F ¥ AHAbe] 4 dol= EYo R
HElQ] e EER &abo] mjg Md3s] dojut
7] W&o Az QHEAY B Ho| &£

Abarel A EE mo)F o G HrH
B4 471BAEL A2 EYY A3E o
AZe B8 O3 A28 T3 A, 3He
2 AztlA HHE FA . ALY 54
F712HES B I =A e 254

(hydrophobic)g Wi 7tge] Uwt G

o,

£59 EYo] FZ= Ay} nonaqueous phase
liquid(NAPL)Z 'Zo} o3 7]7h& B3 13 A
e 2LGATIE 299 E HEE.

Ldd B4 A3 AEsr] Hste] BF
Hog AMgEolL HS QgE ArE A
£Ho7 FF3o A= WH (pump and
treat)1 ] ©] WL 258 LEEEEL AA
g deles 2 dAE B4 o 24 oF

7t vl § @A "ok B3 Feado] e XY
o A$ 2P I Yy HH3] dof
A so] 28 F54E AFsith ol
3 71Z2] pump and treat ¥ 9] IFAHE J&
3}7] A& NAs) $18le ArIsEe] £ Ao
AR ZAA Y ARgo|tt. AREYAE 484
AX 25 BAEY 3=E /M= A
o=z <eA Q7] Yo ARALA] fdoz



AR HAE ol &F In Siw EY AlH 1

LAANYE ALY AF LHEHY F5HE
Z/N7)3 ARHog HyPd o AAHE
SAEAY FE F7HE 5 W] WEeltt. of
el AREAAT ESTIT BHRHA A
¥+ NAPL 4H&-E(ganglia)?] 8 H8& 13o)

542 e RS ¥ 5 ok
Ad GAAE ol-€3t pump and treat2] J
&S F/M7IAE sk A (In Situ  soil

flushing)= 1980 Ath FHto|F N &H o2 A
5ol gtow Z7ldlE Al@AQ (trial & error)?]
o] #Y A¥AFE d¥7t gHUoU
1990t 2RHTEE A 49 983 A
ol gt Bk 22 e g Agd
B9l no} AAFQ A7 £}

o) AT AHE B I 7 A 1R
o] ATE B4 Qo X4 Pl E &
2 3t Bt AAHoE AHHEFH Wt
olFA I gl vHH TUE dHOoE AW &4
Ale] el A gahge] st ool
2 gt}

2, pump and treatol9] H-golslolx Tt
A A3}H(bioremediation)} 3}t A3 51 2
e P2 I HEHee chdstEo] A7t
AP=n ok B =R BEY % A3
Aslell Aol AE A9 G g o]
A WA AFHA HLS A% Y 21
< 2FE D @F EGAES T4 3 A
o HgAEE AvEo2N V& & 94 3
7tet 713 AkzdE, Yy ¥R Wit 5
A\ A8 3L2E BT

2. 0IEH vz
B84 sjolA 2o Z %X gt a5

o
Jlgdel $eEE VT & 1 H54
2718 # gt AVBYAS gL gL

ol

424 mlo Jo

7] thigdel Ho gty 1§ d4EL
o2 A BRZ vFo d 5 ded AAE
Ad &A1) nmlo]d FHEAYT L =571
HFAYE] B3 0|23 dFolx, EAT &7
o2 FAZF H1 e LFE i 2 A
24219 AP e AT, AAZE AYE
AR §4E o8 LFBEY EYoEREY
23 T EY F NAPLY {3id) 93 47
Solth. olo = AA e FopojA 7 A
e drEo]2 {3128 (emulsification)o]u}

AHGAAAZL BH ol nx]e o3 5ol &
dstol] 2&3tx
Z dhe =3 E AR,
2.1 0lolde| BN HFHUE

ARG A = <-}E—r’q (amphipatic) 24z 3
SR 2‘1""33 Wi e F
Z2 B3 A3t A
WA 7E 2 ol FoA e IR ME e
phaseZt AR S AAFAIL F & ol F= v}
2 o] YA ATz J0ET. AFRAAA
o] 44:A BE(CH2- chain}e 23} & 313}5]

A Fat7] "ol & LollA FH EEAEY T

g HAEYA s HAHQA Aol (free
energy)2 Z7HA171A4 At

O EE AAGAEA EAe AT FEd
A2 FEFL g3ty oz HEdtAl Hoj
“—Erﬂ M2 2eEe T A%S v &
ot 7%]‘5%*““\414 A FEL 2R AHE
o] glo} AWYAA EAr} By
A& WA gt
He 7 7 208 353
9 3Re 2% YR &5
rre B3 EeEE YHE /1A 3hcy)
3 uhio] ARG A ExIE0] B3 ke A

oox N



12 g, AT E

o ARGV, EVE, -0
Aolt}. o] A9 AREAIA)2] X

£l
2
ol
i
olt
FE

433 8ol e QHystEr.

= AW gAY a4 R B FF
& Hasgehe & shte] WS AREAA &
Ago] MZ A (ol A-giEE 1Lk 3
EH)E o] Fx AT FE o] JFA Y AdFo
2 g0} £3 FejExn JF4 i vk
oz AP EEAEH Hih= HHoth
Ao g Frrt g W AWEEA 4
59 Aoz HEFHIL Aoz o
FElsh FE7t BobdA 4T Aol AUE
A FAERE ¥3EY 1 olF 2 nlo]Ale
FAo] Al2dle] Aol AE Fole F8 W
7ZlUFo] @t oldf ulo]dFP o] Al HE &
X & critical micellization concentration(CMC)2}
T g},

vlo]d g/do] F83F o) mlojdle] E-84

= 484 BEEE 59 7 A7) "Eelth

T=
274 F71EFEES 4 dfom dAZ=Hq
=58

AV
SRRSRARNRREIRRNSRNVNRSNAN NI N ANV NN

7 ® 0 3
K e o,
P # k o,

0*:’%‘
, B %

Q\

O

X0,

TS

DOO0

OO0

o,

N »
3 v

T S

-

stale 2o 2] X3t E2ld g2 (AR
A = NAPL) EA31A Ao}, 254 223
F Abo)9 o)H HjE}EQ 435342 BE &F
4 &3} (hydrophobic effect)gti 2al=] Qo).
ARt & £ njoldo] EAT = A4
EHEE JAHA AFAUAE S/ &
I 2o &89 4 ot fHoRRE BIHE
A, 25 EFEL vk g3ked §A49 2
ZEigl utojde] FAFEOR Hof Eojgd
7] gFojth. 1Y 12 & oM Aug
Ao EAH e nlojde] F2E HoAFH
o

¥ ox oy o £

2.2 HOCQ| 83l 7}

25E we atolde] e xavk K9
g3lred fAZ FE R wloj A Qlof A9
A (freedom of motiony= ARIAL EhslgEAi
£A a5 A e FFEOE B £ Yo’
u}ehA] mtolde) o& HOCS] &3l B3 wlo]
Ade] A &5kt AtelollA] HOCY £l
(partitioning)2 A =o} A 4 3o} HyPxAs}
4] wlo] A Eolx2) HOCY FxHlE BE

I8 L 58939 AB B4R $AEY AT 2 vlojdd uRTE



A BAAAE o] &3 In Sim EF AH 13

ulo] Al-water partitioning coefficient, Km, 22
o=y T3} o Foidh?:

Xm 3} Xai= 22t B3} wlo] A/t 9] HOC
o E¥EES YEEY. Kme ARG
HOCS] sxof 3gle] 54 HOCH disf 4
gHog A3 e 2 Ye Aoz dHA
Jom AHEFAAT EXHZ HOCS] £3)=d]
oxE Y=E FFs shed A Ha Jop
°. 54 HOCY tid ARSI AHHL A
HWEgdAst HOC SAd we ZAAEo-
HOCH| thg AW 8449 A2gx gdste
AREGAY 54 5 7FE 83 AL A9E
A E2F AR A4S He 2§30
AdEQ Zrlelct. dntHoz, AUGAA L
AHEL ARGAA 22 A4 2§58 o
F31 Q& alkyl chain®} Zol7} Z4E F7)8}
W A5 aFe) F45 g2

o] ¥ 7M AdE 1ER FF F
AU aVE dehe
Lipophilic Balance(HLB) <=A}2] 930z E&
st HLB7}F 2255 Axde Friaa’™
W ARgAgA Y] ol HHE FTodiH Uk

8 :HOC
_:Surfactant monomer

253t
Hydrophilic-

Solubilized

Immobilized

Soil(SOM)

a9 2. Y F3so] AU NAPLE Eqske 4%

o2 AREAdA 2] HOCH i3t 4j3=-2 v)o]
24 AREPAT AY T FolL, Sol2A
ABRGAA Eolh . A MHY
o S 7AE & 3] F8T 81 FF
228 BullAl4 (octanol-water partitioning
coefficient, Kow)Z wh¥Ey &rfo] A4
(hydrophobicity)e. & Y5 logKm3} logKowZ}
ol 119 AFAATL Y Ao vl
Dol i 831 R aFH0) E4E FY
A &Aoo HdiHd & SV 2
oh= A& 9| gt

23 HleigtaAoll 2ft EAoRRE{S] HOCY MY

AVEAAAE o83 EYS AHT dg=
HOCY] ulo]d-Z Fuj o]gdx AAEAY
B9 & Ta8l3 HOCY EY-E Bux
uz=ojof gt} &4 F AHGAA ] IFIt
Eodol] FHTA g9 F nlojde] FEIt Fof
Eo] 8949 yago| agrg HA4stA ot ¥
ok oblet F3E ARE@AAE EYSY 7718
TEE F7HA HOCY FAAZE F7M7I=




14 dH, ¢FF

2 A8 582 G, mets Ang
AAe] Edolle] FAAEE AHEGAE A
gl glo] F83k 71Fo] d.

EQo2HEe] HOCY AMAHEL S
nXE FQ 29058 CMC, ARTAAe) EF
g FRAHx, az AUBFA] MY
(Km)zolth. A& F 7H4] 89S Ao AW
BAAE P ) HOC £50] Ro)E £
Z violde T2 & AA3H= kA A WA 22
< 5A vlojde] AH 58S Jehig. 43
H 78 AHEAA FollA vlo]2A POE E}
Qo] HOC €& 714 7=l Aoz LA
ATH?. o] 2g o] AVYHASS YwHo
CMC7} @3’ MEgo] pon®, Egde] F
Adexe 3 HAoF g4 Ut

T3 B¢ F2o|=9] dispersiond ] 4-3}3}7]
2o} 53] insiugZo] Az 7z Yo A
GHAE o8t Eg FAH UAY
NAPLFHIZ EReh= A4 471839 A3
3= A4S UehlE =EEE ¥ 200 By

2.4 572} Z}2 (Emulsification)

FEHRE-2 Bhtel fA7t v Aol e
Uz BAtEol A @ oE AHoqHy
uto] Ae)] 2% 85137 2§ (solubilization)}=
TEEN. 7383 faE Ao SR
Aol & wpoj e oJF fa|Fo] Folo] &
dlg Aoz FEE v f3d WEEL F
HE BRI e S5 EEld 4(phase)
o3 AFAYE Aot gelAE AFE v}
s} o] njojdoj A& 3= FH HLH
o= f23 AAoly F3AEL F A9 M=
oA g2 dAatele] ARE ST
HellA gdgtzo s Eag o).

b {33-e A-2E A7)A| g gE

Al 21A13R1 oA 7} 7hsiz ot deof g 4= 9l
ot A A7idEE Z1AFQ Ay FFol
B dogyo g Eekysie A= #3}
A o] AR 3 F AAYT g REEHE W
Fog yhgo] AT EY BN 9] {3}
Zhg-o] WAL AHBPAE FY3 AR
Hotuls ATEAHA &9 ¢8AH F A3}
T ZF9 Il 93 FEFoz FA4E 5 3
o 9 EY 5 NAPLo| #-312H8-o) o} #-3}
d AHE EA3A HE Zskee BEol 98|
E-7Zol% (advective transport)o] o]Fojx|7] uw)
ol LGEAY] 540 ZA SV ¥
FHA EAIZ He AL f8Ego] dAAE
o] EIEE 71AH YRS AAZ & 3l
= 8% EF AFAME oleigt Efe] oY
7] wjol free flowing phase AEf] ¢ HE o]
0F EAA] G § #-3) 2ol doldrt 3
Hete v$- A ozgl dojudtl= oot
u2ta dPFog {3lhgo] g8 #Y A
FANME 1 dYo] A ¥ AT U
A Aot

25 B 3 Mz

AFBAAAE 2 dx ol FYAE o 2
239 §543 BAs F28 B4 3o 3
L7} vhE NAPL3 Efatel g9 499 A
ol sl% NAPLS] 534 29le] &xlo|c}. o
Y LFGERo] A EHO|Y A5} AFENAZHE
FEHE 39 F2E NAPLE 2o o) 2
3] Atz o] FsHA Hed o] F dFE EY
EHxote] FAGH o3 BXIF EY
(vadose zone) 3=3Fo] ‘gangliad}lal 3= I
2 273 "ot ol dS JRA 23}
(residual saturation)2}31 3h=1) o} 7)o ABEA
A e FUA =R EF oj=dzg



AR ZAAAE o8¢ In Siw EF A 15

NAPLA}ol9] FHAH o] vholz] 74 NAPL
o) 13 FALE FAAA E. ojelg |
42 BX3t E¥F T LgEHE AAIH
ZHoME SAAY Wl AT eHdER
ol i Ald # skl ¥ 2 54
a7] W& &3l= F1o 3 LFEFS
2 AAE FA=Z stoforst It

ok Mo mo

3.7l& HE Al

EJ A3tol] AUGFIAE o] &3t 3=
HE H2 Wl b2 3A F /RHE e T
g1l R WA= 71&<] pump and treat WL
ol g-3ts] AREIAE FYUst ELG AFH9
8L ZAF|3R = W (In-Situ Soil
Flushing)o] 1 th& shbs AHEAAE H7HA)
2 Apgale) Bge) AZHA N 188 57
Al71axt K= W (Surfactant-Aided Bioreme
diationjelt}. shAet B SeHYAL APF
Q) @F A9 RES soil flushingS o]&-3+
Wioln] ARGAYAE o] &3 LIESY] AE

34 APle ok 434 FEolY Y A2
o A7t iREelth a9 3 oM #F EFA
ol HPH MF=E & & Ut & 19 o]
SR HAAY A IAPFA ADEHAE &
§ QHES Aol 8% AE &3 AFHE 1)
9] ‘Groundwater Remediation Technologies
Center o A} 2§ 3k
evaluation report (1996)¢] W88 F4log g
o3t om o] T REAHQA AtElE M F
ol Ao AHH T} (R 2).

Analysis “Technology

1 tnjection Well

Extraction Well

71 Residual DNAPL ——

Vertical Migration
of Mobilized DNAPL

Twao-well injection extraction system.
33 379 ¥ 959 048 4849 A% EY 4
3 A

H 194 E= 295 ARGHAES o] 88 QGEY M 4 A A7

Hy A9 F294d A4 2
Bordon DNAPL PCE surfactant flushing 244
Corpus Christi DNAPL carbon tetrachloride surfactant flushing ) *4
Estrie Region NAPL hydrocarbon surfactant flushing @A
General Motors oils and PCBs surfactant flushing &7
Thouin Sand Quarry DNAPL, chlorinated solvents surfactant mobilization &4
Traverse City PCE and aviation fuel micelle solubilization &84
DOE Portsmith DNAPL TCE and PCBs surfactant flushing AYF
Picatinny Arsenal sorbed TCE micelle solubilization nYF

Industrial NJ Site
Hill AFB
Cell 8, OU1
ou2
ou2

BTEX and chlorinated organics
NAPL JP4 and chlorinated organics

surfactant flushing

middle phase microemulsion 285
surfactant flushing AYF
surfactant foam flushing 3




16
4. 7|29 g Y UH YE
4.1 AR

ARG AE o83 EYAst T thaiA
oJErEAs} v mee] AATOR FA BAlol
oA oe BAZAE Al ke Aot
t}?t DNAPL (dense nonaqueous phase liquid)
e 2 £A381+= PCE, TCE, 18lx 1,2-DCA%
o2 odd EQ diaix T AHBAEA
Z 0]4-% In Situ soil flushingFA o=z Ae|dd
W 289 AoE GYHE Hl&d s B4
A7E QG o] RIMNE ABEHAE
ol§% EY A3l Al NuY FEIF E 29
Al Hgo] & w FAEe] 7] A= &
%02 Rl ARELA L] &L} H5Tt

FIH, AHF

gasithe 288 Jga Ik X 3o 7P
o7 A2t X Fe] B3 olof tig FAA
A4S ottt

o] Ruxox RAE FA B4 dAHLS
ARGHAE o] &3 FHAA ] ARt vl
o] ¥3t5]o] glar 21 9]¢ trace testL} AF A
4, 2498, 38t 24, & Ag4 {29
feasibility test Tol] 285+ H|E-S EFEA
SRt Folch. WA HA 42Qu]82 o] B
Al AAZE dreHT) 4FE] =& o=
Helct. o] EAHAE B8t EA7H9
AEH Axel A% AHZAF g FME E
= a3 ke HelM A=A E 7P A
A de BAoR EHRg. AREPAE o8&
EF AFTAe] 39 oA 7 E Hlgs
S ARELAZ g oz B 4307 o

R 2. AW S4AE o83 EGAA @7 AY A7 At

WA Bordon Canadian | Coupus Christi | Estrie Region, GM NAQ  |Thouin Sand Quamy, Traverse City
Air Force Base | Dupont Site | Machine Shop | R&D Center. | QuebecCanada Field Test
AL2712¢ 1990.6 -1991.8 | 1991.6~1993.2 1993 - 1994 1991 1995 1995
2MLPCE Carbon Tetrachloride|160,000 kg ©}42] 16,000 ppm PCB 55,000 ppm 1000 ppm PCE,
o ;g%c %E E 1000mgLEA3s) | cutting oil 67,000 ppm$-5:49% | Chlorinated solvents | 1000 ppm jet fuel
X ©
-3x3x3 o cell B4 | -vIHE RS -AHo 2- 43m QY | -2AA 10f, o] 5f|- 4.3x4.3x 2m | -FIYREE B2 27
27192 01%) (182 0028%) | -wIARHF, AsFE| testoell silty sand %, 2949 Azd
-FUR.FEA G | - A 4m -A3d A 94| - 1) 3% FU4, 8| 10fi]s
- 2% ABEAA 14 10-myjsec YRR 107 'msec | B AR T AR £ 4, 333 |-54 8329
Pore Vol. (PV) -6 3304, UR 5% - 40049 423 ¥oZ PCBAA | 124 (VCW) A4y
ATFNR |-31322 445 CEX| 334 - Free Phase 5 3 | - Ultrafiltration & 04| - 1.34PV 2, 054 PV| A9] 4H239], 8
AL AUA GRS | - 1% AREA AN AR Y | SARGAASS | polymer, 0PV AW | PoA$E)
Ad BAA e, 4% BAA, L6PV - 533 74
§ 7FeR, AL, ¢ polymer, 14PV &,| - AHEAAGH(10x
244 24 URER YFE 44 CMO)540gal T
YEMZ A
-5 (PCE: 10%14 1%) | - AF BAA &3 3| -504 59 375w’ free| - 13 : PV ST AHE| - F 86%Y 37| -H3Y 5% 93 A
S5(PCE: 20%44 3%) |  biofouling 24 phase oil 3}4* 10% 998 3% DNAPL3% #4555 5~
SETE - WA PCES 80%35  |-12.5 PV ¢8F|-60Y 5 & AHR(-2 : PV 23 AAE| - polymer A AW & - 5218 controlg 4
= 73gal CTET AA 160000kgs} £ A 8% | 1%L BE 5 A4 A3} £ P 32530 3
-UF2 7% ARZ |- 3374 F70R9 48| A439 10-154
A 35 fojeig olg
g 73 25, 26 25-29 30 31-36 37-40 41-44




AW AYAE o] 88 In Siw EF 4

17

E 304 0 AYEA 2 A 23 wg?
2.4 A9 Yol 5 acre, Z°] 20 ft, EF T=§ 0.3
24 3 DNAPL (2 —?*349] PCE, TCE, 1,2,-DCA)
Ld HE- 29AY F=F By 13 % (516, 4.46, 5.74 millon b of PCE, TCE,
1,2,-DCA)
Al A A TE: CMCH 154), ®¥]8: $ 1 perlb,
AE A A Air Strip/ Incineration
AEE
= 71z 74
A v % 3570 F4/3H 43 570,
(9] $1,000) AR g4 AEL: 1,000
DNAPL #F g 1,250
71} 750
AT YL | F 940 AW 44 100 da ¥ H®7): 125
(24 $1,000) =F9: 100 Z1EbA 2. 470
A1) 180
ol ABgAdAe 35E nefskA] &S we) D> dA v)&
AAu)8-L diFgH oz HF3lo] et ABEA A8 R AF 2 LA A
Ao Foll vl Ao B S 9o AUY - QA& ol i3t tracer A H, 718} BE 4T
AAe] 223 @ GAHof] EAEH= NAPL @ Ag
dEde Fof vlag. olgg FAM AW - LAAY EHZAHENY EAxA} + ARE
AAE 33l A= Fooe Hed AA 82 A B 24D

At AuEtd & GAY] AHEAA S|l
A A 7le e AlAY], Foule-F
< A & o ARGAA AL AA A o]H
2 gdsidEte 18 3A S AR HolY]
ol AHEAA L] HA) A7le e o=
U Fojrlo] FHOZ § 1 - 2/Ib FFolr}.
ghefel] R} Aol AAFQ AHGAA7}
AEEchd ARFAAZ A3 A ew] gL A7t
g ¢ Aok duatd AREAGA ZA9 grol
dFsGa B o AdAFe] NAPLS A|A3H7]
9138t LR3F AUBAA Y Qo] ElE 5 &
7] djZolth. ARBHAE o] 83 EY AHT
A2 BAZY 2988 Y o XTFEH
of & YPEE& HANE, A0S, 188 T
o2 o] goks) ww vhea) g,

D> A4 Bl&
- AREAA & FAA IS AT B
:\‘Ijﬁ

- AREAA L 2P TEL W AR S
o A4 (Gan)

- ABGAA] % 2 25 A4

-AHE 2 gEde HeE A% A4

> ¢l g
- AR B4

-84 e AREAA 7Y 2 ARS 85E
A% 34
-ARBEA 5% % HEE AT SAE

- A9 A

R



18 dIH, HFE

Q1w
42 ¥& A U DAY

EG A3E A3 AREAAY -8k §l
o] 714 & el shurt uiE A Aol
oj¢} #HEA A F IHAE AH E F U
AAE ABEEAY F99 X yH A
o)1, B e AUBAAE ol EY Al
o] A3} 7|1FEXE WEA 7 H 4ot &
g7tel EAlolth. A HA EAe EY A¥E
A3A ARBAHAE BEHo2 FUshe 2o
SALAE Hstd BAHE T 77129 A3}
FUE FARRE 71E Hek] AFEde 3
olt}y. ulse] 9ol lojxlE  Underground
Injection Control (UIC)d] 2] E43k 3|71 &l
ol BHE TF AAwE WA FYx FAF
3 A7) wFe] AWEdAY] B H Lo T A
7} Holgitt. 375 7] s ABREA
A FYA FH GH el 71X = ol B F
A7 E ATt ol S Hoof &=
o ol E¥ FAF HALUL oA A
1996 EPACIX= AREAEAIY dF HEe
st A& Golsked 1 =4+ UICY £
FAAL Aste] drds BRI A% Aoy
FAHEAR 2 F9 AYQY A3 FrdeR
AHEE 5= ql7] wEel] UICH 93 B tido]
ohlehs Aot dfAlwt oJH Hgolx A
£ =2 A S40] A ABREEAY AL
& AFE 1 Qlok. o2 38 AHEAYA T4
I #EE HA =3s Hase] Hste 54
o) gl ARY ARGEHAE AHE3AY 1)
AL FH|ES ol 88 AETH ARGAIAY
ARl B3 ATk IFHH gtk B 2y
ol He FAHE T3 AA Y FYH B¥E
AH Ae AR oA HogE FFHH)

U AR A $7HE e Aol 4ad A
o2 xHojn o] w] APGAA TP R A F
A FRALRT AHGYA ggo= g F
BH A7t WX 3o € RY F de A
9} glojg wjo)27} A QT Ao}

ARGAAAE o] &% 2 AA Y H3FAH J
|3 AHste E3hte] T35 HH AFERS u}
2 gAY A3 Bxe 24 oo &
Y Az Aol 18dtRo] ABEALAE o &
& A EGANY B EG T FEE VIS
2 3 A3 71EAE 2Eve AL E7FsdkA
£ Fuigts ddFo=w v ¢ ojzfg Zow B
At

53] g2 8% @A ge] egd A A
Z71Zke] ATt Ao Kol vl o3 B %
ol= F3}(weathering)t} ‘aging T2 Q& o
FEHol EY Foll 13Ho FAY 44 75
3t5A 7] iZdd LPAE 71FA oFkE U
g Zo] HA &

A5 LEEZ9 100 % AFolge A 7Fs
814 gfom dAFo= A Alzhel AlF
Ve B2 AEIFeEA 2 o2
FolAed 8% LEELY A AFssHA

< 789 ¥57t A 71EXEY & F¢
7t Brhe dolt). 7189 EY F L85 ¥
T AERAWE 7|Eo2 B AHEAIA
£ o83 EGAEL a8 5839 7isold
I E 4 glok

A v Ao fEjde] 2AT A3t o
B owl B3 dA (risk-based corrective action)o]
= A9 FAE 71EY o] 719 FAE A
A=) & =8°] Hi vt S ARELAR
5 ‘AlFo] 7}5EA] e BEE R ol
e R g47] wiEd fsjide] A e ez
2 ow ‘Marlsd il Bate]

o] 01)7) wo]c}.



A" ZAYAE o8¢ In Siw EF AF 19

SEivEtlM e A4 EGe s #H8 Ve
L EY F vEFoenl 5o g7 g 8
ANZAE AHGIAE o] &3 A EGAA)
<9 AL Fof7t & Aoz Holut AFL 9
33 #elE A% #REEVE £ 12 A3}
F 7)1E)e2 BeEo] g Aog Holy] i
o o] 719 ALl digt ZEAQ] Fel= HX
%S AoZ Bl

43 71&H Mt

E 1945 & 5 lxol AUBAHAE 0§
T LEAY Edol e Hxo Aol
A o)A 6-TdE HA| B2 Aot

A o] M2 TRl FEAA AHHET
Aot 7 2 Bzt He AL o] el
e 5 T AAA 7843 g Rt
e A3 AAZ HEd AR} g A
o ke Aol

AErS] In situ FH A= vp7EAIA|RE A
BEAE o] &3 EFAHL 53] AzEory
AEE "R g dh= 533 y)e Eof(multi-
disciplinary technology)2A1 %7459 sty
2 E T U4

ol 7l&d HuH M2 7lEold ® 719
e A, HH5} o] 2 Fe] EAdo)
v 2 EEAS T et F9-E0] WEY &
T A 7)ot Rdo] sEsx] 23t
At €& 5o} FH7EAY FdsE AR &
AFAA ofd ARBHAE Y AQ7} 8}

Ak Foly stol=aiRle w2t g AA 3}

Rol ozt AP TRAMTE AFAE

ol27|71A1¢] d¥e HHS T ARH
of gtc}. “ojm ARBAAZ} 7F EAAL
7, AR AUREEAE 2 F9EF Y e/
3437] YAsle] old 71&& olgsfof sh=vt

ki

.‘

ox

L L2

7, "EgdS) 3 5 dui) e AP
A7 EHE A7 T, ARG njEdd e
2 A EBAle %A dAsfoF & A T
59 7 71RAY ZEEY diEME dA=
A Gurste 92 F8717) o 3 4Foln.

44 WE WE U BY

ARVBAAE o &3 2PN Asprlee 1
59| o] ol i Be BT ATFIE B
FEn o4 E A 29X GE Hajshedl 4
dHoz Hgd vt 9 FEZ olNE Y
9% g s1&olth. @AZAxY B AMES
F2 71%e] 384 Wht 47402 oF
o4 $X ThE 1% 5o HE 1 HAH 484
o) BFE e Yok BB FolAE 8%
& Avind WA A4 FRE o) 714 g3t
71l ok AR FE Holy o]t
PEsches 48 5 5 Ak

olH7kx 719 Hgol gloixel Autste A
A7)t 2A7IFo) Yu uheky SRz
N $AHYE B 2 2ol R dZo] vhe
oA Frh o] AL EHoE ANBYAE
olg @ A&l SAXGY S et B
£ G von @ Ay 3§ 2nE o
g e ol 283717k oY) e
Ji=3

E e 2% BY ARBYA FYo 9
& A $2go) @ S8 5 & A

ARBYA FJo] BE WM EAlE A5
ks Egd AR ARSAAC A F
A 87 Gt 22 A AYEA, E A
247 FYo| 2B FAIE opIF % 8l
£ 7bs Aol o el ol 7149 e A
et Qe AeZ ¥Rl

e Sl A o] 71&Y AL UF



20 dod, 4FE

t Wgoz g3 Hed F EY 87 st
Ao AmgAA AsH B g A7
gesH Ju & AdBAA 23 2 FE
ito] dojuhx] ¥ Fjlsy] AT Bk A
A FEAFSA EAJZAL, trace AlEFol 2
23}7] Holrt.

A WA 8Rleg & ¢ e Aol 714 4R
golt}.

Z o] 719 713 ZA=ol flM EAE A
3 2L AP FEY ¢ Ug AEZ A&
71EERT} Zolof sl AL oele] A%
A3} 71e5d Hlg) 7t4 AAYe] nissAv
238 FAATh= Hojrt.

2 3 o]e] e A3l = Bela Ad g
A o83 2dXq Hzrizd T A
3 77 ASHI Qe 2 olhE 4 o
o] A3 A3} FAHLS A3l UF Arke &
ol ol v AUHSYAE L3t o] A3t
71ZH8 diE SE5AY - Qs 7Fe Aol

H & o7t A]E A 7sd el Sdo] Z4ét
71 A Aglel Wadt Alzte] @2 e
3] Aoz upd 4 gLy ol oleidt &
He ARNGHAE o] 85 Hsriee & FA
o2 B g & O ojf2E 54 L¥9E
A2 299 AY9 A5 54 digte] vk=
4L & < 9o E3] TCE, PCE, PCB £9]
DNAPLZ g€ AHe| 79 olejst BAE0]
ERY A9 A3E olgR stetetr] &
of Ex-Situ H2] 7|¥-& 0] 8&}7|7t ojgf91 &
oo 8=} o} Ak Ao ZAE A3t
NEEY AT oJHrh

g ol2g BAELS A w3 =4 o}
air sparging 52| 7|AE oj&& HFIr|YPE @
A7t vk & @9 NAPL pool & A JH 0.
Z AAE 5 7] ol ofE o2 E X3l
£ F3A AstA Hed 971 L9EAY

£ =9 EMEEE Folt Aol Huje] #A
o] =n o] ZWojA ARG ] ARl
A FHE /M At

AWRGAANE o] 83 A7 B A Fr]|&9] o]
g AAAA FARH FAA 7hedE TR
Hoz HE & 8 o o] 7[&g QgAY o
wxoz Heg 5 & 7ERE BUle oeE
9 B3 24, 53 A9 diaix FH &
HE M 4 & Aog 8. o] Y& o
g o 2o wbdulge] dis) & o TAHoR
AAS B &3 2

1) ARGHAZ o] 43 LFGXY Fipr)eL W)
TE AF9] HLHTPE AR AHd <]
A go] frejshy oel 7]z vls] iz
AL 27 HEide A w2 299 AY
Hobe SEEF Foto] B2 XY F
fo] g Aoz HRAr}. st Avg
Aol FY7 345 agHoz ALY
AN e A Al Hgo) falzhy
T 2FEE QPE AYd L8 o o
ARGGA AR O LA E AATES
SFuist & 5 A7) W et

2) ABEEAE H&3=d dAME AL
4, B84 EFYSSE, 18 354 &4
I4E I AdH FHe]l Ik & 5 9
o} 3 5} 7}8E LNAPL 38 0E
e ArEE HEE7I7E oA=&
DNAPL 29 EAS Ash=d) o &3 o)
i S

3) ARFAEAE o] 83 Asprge] F o gt
H o2 851 A7) Haixe 8733
Q FAELe HoWME AHIEE ¥ F
o &3 ARG A e} HHdoz
e L EEAT AUIAE Eel/E5A
U edEATE dd¥oz AAY F+ U



AP HAE ol 4T I Siw EF M3 21

717l 71831

4) @ DA 71=F Ao, F HA R A
71 A3 G EFAA] EAE st
71 98K & o g2 @3 Ade] dast
o 7|1&9 @ AHEARERYH £ o 9
2 A8 EE T&3 Uit Aol Basi A4
ASHAE 0|83 A3t 7|He LFEHY
£3= F7}(solubilization), {+3}2&
(emulsification), ¥ ¥ A3}(surface ten-
sion reduction) 59 234 WAUZ AW
8449 EgAY £, ADEYASL 7F
3te S EEHY AR T W EFe 33
& FuEl] &Y o]23Q) dFoly &
diide % A4S 53 AEEAT b
ol ¥AE& B3 AA HR dad wvog
AgHHERl hol= ERlE Y o A& AL
2 X3

5) AVEGAE EE31E 7]Ee HIWHAA
gojiu} F4 vt H Lol asith. &
71&9 AREHA FU& T LFEHY
Fr53tol 9ok ol AVEAZAE EF
FHANA LAEHY FiHE A= U,
AREAAZ I E HE (organo-clay Ei=
surfactant-modified clay)g ©]-&3}lo] A3}
F LEEAS AASE HHT g &8
Wl o AEZE dasit 53 AU
AAE o] &% AUy & Aee] AEFH
A2t sehy AE)7)gel Q838 st &
&< Foigksts WS Tl o a7 2
83t}

AREAAE o] 83 EFAS] 7i&9] vige
o oji a3 H|AHoX e gt d &
Ao A o] Z1&e] Yuky HE-& Al QU=
[AEL 7R A 29 AeR HIile
olgt}. A o] 7|&L Yutatd sie2e] WA

FeduthE Agd AL HUoA o1 -8
A& QALE 7Aool =t 7l A
HEYHE ol Axe Jedd FEEHE
T3l Sul HE¥E A zog Holn AT HY
el A st 7Festeleta 2ot &4 3
23R 299 A9 B} #Ad dA9 F
A, & A 2AS FsrlE 4% 1 &AA
%3} (natural attenuation)el] thgt = 9] 23}
< AREPAE o183 Hsprigd oM e
FelEHAl 2 Aoz Holr & o] FH|FH o
B2 9713 EYAH(soil flushingys T3] 24
B4 F AFZbsE S 4 AAS N JF
3 FiEd dEide Ar)Fes AdAst
271W RUEYPTE FeE AYRleE &
F Atk ol#E H WELS IF LH€EY A
Aol & A7k v)go] 285 AF EYA
Hel e FE3N BALE A FENZ
T AE 7Vl AUt

& 1 & 8

1) Rosen, M.J. (1989). Surfactant and In-
terfacial Phenomena., chap.3-4, 2nd ed., John
Willy & Sons, Inc., New York, NY.

2) Tanford, C. (1980). The Hydrophobic Effect:
Formation of Micelles and Biological Mem-
branes, chap.1, 2nd ed., John Willy & Sons,
Inc., New York, NY.

3) Edwards, D.A., Ruthy, R.G. and Liu, Z.
(1991). Solubilization of Polycyclic Aromatic
Hydrocarbons in Micellar Nonionic Sur-
factant Solutions. Environ. Sci. Technol., 25,
127-133

4) Steamns, R.S., Oppenheimer, H., Simons, E
and Harkins, W.D. (1947). J. Chem. Phys.,
15, 496-507



22 A=, AFE

5) Almgren, M.A., Grieser, F. and Thomas, J.K.
(1979). Dynamic and Static Aspects of Solu-
bilization of Neutral Arenes in Ionic Micellar
Solutions. J. Am. Chem. Soc., 101, 279-291

6) Jafvert, C.T. (1991). Sediment- and Saturated-
Soil-Associated Reactions Involving an An-
ionic Surfactants (Dodecylsulfate). 2. Par-
titioning of PAHs. Environ. Sci. Technol., 25,
1039-1045

7) Ismail, A.A., Gouda, M.W., and Motawi, M.
M. (1970). Micellar Solubilization of Bar-
biturates I: Solubilities of Certain Bar-

biturates in Polysorbates of Varying Hy-

drophobic Chain Length. J. of Pharm. Sci.,

59, 220-224

8) Barry, B.W. and El Eini, D.ID. (1976). Solu-

bilization of Hydrocortisone, Dexamethasone,
Testosterone and Progesterone by Long-
Chain Polyoxyethylene Surfactants. J of
Pharm, Pharmacol., 28, 210-218

9) Saito, H. and Shinoda, K. (1967). The Solu-
bilization of Hydrocarbons in Aqueous Solu-
tions of Nonionic Surfactants. J. Colloid In-
terface Sci. 24, 10-15

10) Kile, D.E. and Chiou, C.T. (1989). Water
Solubility Enhancement of DDT and Tri-
chlorobenzene by Some Surfactants below
and above the Critical Micelle Concentration.
Environ. Sci. Technol., 23, 832-838

11) Diallo, M.S., Abriola, L.M. and Weber Jr.,
W.J. (1994). Solubilization of Nonaqueous
Phase Liquid Hydrocarbons in Micellar Solu-
tions of Dodecyl Alcohol Ethoxylates. En-
viron. Sci. Technol., 28, 1829-1837

12) Saito, S. (1967). Solubilization Properties of
Polymer-Surfactant Complexes. J. Colloid In-

terface Sci. 24, 227-234

13) Tokiwa, F. (1968). Solubilization Behavior
of Sodium Dodecylpolyoxyethylene Sulfates
in Relation to Their Polyoxyethylene Chain
Lengths. J. Phys. Chem., 72, 1214-1217.

14) Liu, Z., Laha, S. and Luthy, R.G. (1991).
Surfactant Solubilization of Polycyclic Aro-
matic Hydrocarbon Compounds in Soil-Wat-
er Suspensions. Wat. Sci. Tech., 23, 475-485.

15) Valsaraj, K.T. and Thibodeaux, L.J. (1989).
Relationships Between Micellar-Water and
Octanol-Water Partitioning Constants for Hy-
drophobic Organics of Environmental Con-
cemn. Wat. Res., 23, 183-189

16) Yeom, L.T. and Ghosh, M.M. (1993). Sur-
factants in Mobilizing Soil-Bound Polycyclic
Aromatic Hydrocarbons Using Nonionic Sur-
factants. Proceedings CSCE-ASCE National
Conference on Environmental Engineering
(NCEE), 1342-1352, Montreal, Canada

17) Edwards, D.A., Adeel, Z. and Luthy, R.G.
(1994). Distribution of Surfactant and Phenan-
threne in a Sediment/Aqueous System. En-
viron. Sci. Technol., 28, 1550-1560

18) Sun, S., Inskeep, W.P. and Boyd, S.A.
(1995). Sorption of Nonionic Organic Com-
pounds in Soil-Water Systems Containing a
Micelle-Forming Surfactant. Environ. Sci.
Technol., 29, 903-913

19) Vigon, B.W. and Rubin, A.J. (1989). Prac-
tical Considerations in the Surfactant-Aided
Mobilization of Contaminants in Aquifers, J.
Water Poll. Control Fed., 61,1233-1240

20) Jafvert, C.T., Van Hoof, P.L., and Heath, J.
K. (1994). Solubilization of Nonpolar Com-

pounds by Nonionic Surfactant Micelles.



AH GHAE ol &3 In Sim EYF A3 23

Wat. Res., 28, 1009-1017

21) Abdul, A.S., Gibson, T.L. and Rai, D.N.
(1990) Selection of Surfactants for the Re-
moval of Automatic Transmission Fluid from
Sandy Aquifer Materials. Gound Water, 28,
920-926

22) Attwood D. and Florence, A.T. (1983). Sur-
factant Systems; Their Chemistry, Pharmacy
and Biology. Chap 5, Chapman and Hill, Inc,,
New York, NY

23) Chen, Y, Chen, LY., and Knox, R.C.
(1995) "Modeling the effectiveness of In-
novative Measures for Improving the Hy-
draulic Efficiency of Surfactant Injection and
Recovery Systems", In Surfactant-Enhanced
Subsurface Remediation, Sabatini et al., eds.
American Chemical Society, Washington D.
C.

24) Groundwater Remediation Technology
Analysis Center (GWRTAC), 1996. Tech-
nology Evaluation Report; Surfactant/Co-
solvents

25) Fountain,JJohn; Hodge,D., "Project summary:
Extraction of organic pollutants using enhanc-
ed surfactant flushing: Initial field tests, Part
1," NY State Center for Hazardous Waste
Management, February, 1992.

26) Fountain, John; Waddell-Sheets, Carol : La-
gowski, Alison; Taylor, Craig; Frazier, Dave:
Byme, Michael. "Chapter 13: Enhanced re-
moval of dense nonaqueous-phase liquids us-
ing surfantant,”" in Surfactant-Enhanced Sub-
surface Remediation: Emerging Technology,
ACS Symposium Series 594, Dave A. Sa-
batini, Robert C. Knox, and Jeffrey H.
Harwell, eds., 1995

27) FountainJohn., "Project summary: Ex-
traction of organic pollutants using enhanced
surfactant flushing, part I ," NY State Center
for Hazardous Waste Management, No-
vember 1992

28) Fountain,J.C. Waddell-Sheets, C., "A pilot
field test of surfactant enhanced aquifer
remediation: Corpus Christi, Texas," Ex-
tended Abstract from ACS symposium in
Atlanta Georgia, September 27-29, 1993

29) Fountain,J.C. "A pilot scale test of sur-
factant enhanced pump and treat," in Proce-
edings of Air and Waste Management
Association's 86th Annual Meeting, Denver,
Colorado, June 13-18, 1993.

30) Ross, Amold; Boulanger, Charles; Trem-
blay, Charles, "In situ remediation of hy-
drocarbon contamination using an injection-
extraction process," Remediation Manage-
ment, March/April, pages 42-45, 1996

31) Abdul,A.S.; Gibson,T.L., "Laboratory stu-
dies of surfactant-enhanced washing of po-
lychlorinated biphenyls from sandy ma-
terials," Environ. Sci. and Technol, 25:565-
670, 1991.

32) Ang,C.C.; AbduLA.S., "Aqueous surfactant
washing of residual oil contaminated from
sandy soil," Ground Water Monitoring Re-
view, 11:121-127, 1991.

33) Ang,C.C.; AbduL,A.S. "A laboratory study
of the biodegradation of an alcohol ethoxy-
late surfactant by native soil microbes," J. of
Hydrology, 138:191-209, 1991.

34) Abdul,A.S.; Gibson,T.L., Ang,C.C., Smith.J.
C.; and Sobczynski,R.E. "In situ surfactant
washing of polychlorinated biphenyls and



24 A=, ¢FF

oils from a contaminated site," Ground Water,
30:219-231, 1992.

35) Abdul,A.S.; Ang,C.C., "In situ surfactant
washing of polychlorinated biphenyls and
oils from a contaminated field site: Phase II
pilot study," Ground Water, 32: 727-734,
1994.

36) Ang,C.C., Abdul,A.S., "Evaluation of un ul-
trafiltration method for surfactant recovery
and reuse during in situ washing of con-
taminated sites: Laboratory and field studies,"
Ground Water Monitoring and Remediation,
1994.

37) Martel, Richard; Gelines, Pierre; Desnoyers,
Jacques E.; Masson Anne, "Phase diagrams
to optimize surfactant solutions for oil and
DNAPL recovery in aquifers,” Grbund Water,
31:789-800, 1993

38) Martel, Richard; Gelines, Pierre; Laurent
Saumure,"In situ recovery of DNAPL in
sand aquifer: clean-up test using surfactants
at Thouin Sand Quarry,"presented at the 5th
Annual Symposium on Groundwater and
Soil Remediation, Toronto Canada, Oct. 2-6,
1995.

39) Martel, Richard; Gelines, Pierre, "Surfactant
solutions developed for NAPL recovery in
contaminated aquifers,” Ground Water, 34:
143-154, 1996.

40) Martel, Richard; Gelines, Pierre, "Residual
diesel measurement in sand columns after
surfactant/alcohol washing," Ground Water,
34:162-167, 1996.

41) Knox, Robert C.; Sabatini, David A,
Harwell, Jeffrey H.; West, Candida C.; Blada
Frank: Griffin, Chri; Wallick, David; Quenc-

er, Lisa, "Traverse City field test," presented
at Workshop on In Situ Surfactant Use, Kan-
sas City, MO, sponsored by the K.S.Kerr En-
vironmental Research Laboratory, Ada OK,
held September 20, 1995.

42) Sabatini, D.A.; Knox, R.C; Harwell,J.H;

Soerens,T.S.; Chen,L.; Brown,R.E.; West C.
C., "A field demonstration of surfactant in-
jection and recovery for subsurface remedi-
ation: I. Laboratory and modeling studies," in
review, Ground Water, submitted February
22, 1996.

43) Knox, R.C,; Sabatini, D.A.; Harwell, J. H.;

Brown, R. E.; West C.C,, Blaha, F., Griffin,
S., "A field demonstration of surfactant in-
jection and recovery for subsurface remedi-
ation: [ Field demonstration results," in re-
view, Ground Water, submitted February 22,
1996.

44) Sabatini, D.A.; Knox, R.C.; Harwell, J. H.

eds. Surfactant enhanced Subsurface Remedi-
ation: Emerging Technologies, ACS Sym-
posium Series, number 594, American Chem-
ical Society, Washinton, D. C., 312 pages,
1995

45) Krebs-Yuill, B., Harwell, J. H., Sabatini, D.

A., and Knox, R.C. (1995). Economic Con-
siderations in Surfactant Enhanced Pump-and-
Treat Design, In Surfactant-Enhanced Sub-
surface Remediation, Sabatini et al., eds. Am-

erican Chemical Society, Washington D.C.

46) U.S. EPA Technology Innovation Office,

1996. State Policies Concerning the Use of
Injectants for In Situ Groundwater Remedi-
ation, EPA-542-R-96-001



