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ABSTRACT

A variety of physical, chemical, and microbiological techniques have been developed to deal with soil and groundwater
contamination. However, in the presence of the large portion of soil micro-environments, contaminant rebound and/or
tailing have been frequently reported. Case study of total petroleum hydrocarbons (TPH) removal by full-scale land
farming showed that contaminant rebound and/or tailing occurred in 9 out of total 21 cases and subsequently resulted in
problems of a long term operation to satisfy TPH guidelines of contaminated soil and groundwater. The main cause of
contaminant rebound and tailing is considered to be the strong interactions between contaminants and micro-environments
including micro-particles, micro-pores, and organic matter. Thus, this study reviewed the effects of soil micro-
environments of soil and groundwater on the removal efficiency for both heavy metals and petroleum contaminants. In
addition, the various methods of sampling, analysis, and assessment of soil micro-environments were evaluated. Thorough
understanding of the effects of soil micro-environments on contaminant removal will be essential to achieve a cost-

effective and efficient solution to contaminated sites.
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B $]X] (Ex-situ) HOZ U= 4 H(Korean Society
of Soil and Groundwater Environment, 2003). B¢
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M2 (soil washing), B A% (soil flushing), 113
3}ergs}, 5727] A3lelectrokinetic remediation) 5]
ATHCline and Reed, 1995; Li et al, 1997; Abumaizar
and Edward, 1999; Han and Kim, 2001; Lee et al.,
2003; Ko et al., 2004; Malviya and Chaudhary, 2004;
Hansen et al.,, 2005; Hwang et al., 2005; Choi, 2006;
Giergiczny and Krol, 2008; Seo et al., 2008). &3}
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Water or Air Flow

(e.g., coarse

Fig. 1. Schematic of soil micro-environments.

B = tHJeong et al, 2007; Chen and Huang, 2012).
T tE o|Z& favorable electrostatic interaction®l] ]3]
nitrobenzene®| HEZE(clay mineral)2] LF2] smectite
o Z3tsl= Aoz HarE vl IthBoyd et al., 2001).
3 (agingpell ©J3F A7 AR EE F3lol oelix] 29
Eo| AA Y (desorption)=]A] 2L Al B Holgl
Al = 3e Yrigitt. A7 o] doju= o= %
3t 52 Bk nAle=, BEY AV1ERS] B4l (partitioning),
52 o] Al 7HA o= = Tl AtE Aot
(Brusseau et al, 1991; Hatzinger and Alexander, 1995;
Louchart and Voltz, 2007; Zhao et al., 2009). <& &
H {71 9EdL FF5(pore water)$} 3= (pore
wallell 2= F71E AlelolA a7t dofubAY wiA|
T FETESE A (tortuous path)yZ 13N wIAlE=l
Al A S5 =AM B mFEs AlRte] dojA]|
Al Fofar ¥eJ4 AthHatzinger and Alexander, 1995).
£ dAFolMs oJAZEA] AP IRE A9 ] T it
2 A= g EY - Ak mAIREY] S 29
Astaso] ol sl ardsiarat stk mEg, AA
AP ATE e ZE 2AEZ rebound®} tailing &
ol el ZALsITE o2 29 mMIEEY WEH,
A, B7F 7HE ARkl QEAsta S kS A E
& - Azl mAMIEE W e 9=de] A7 7IHE H A9

Al A disl aEstarzt gt
2. O|Mgtde| Hof
Ee FA| F7]E(inorganic fraction or mineral), f+
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Micro-particles
(e.g., silt or clay)

oY

Organic matter
m (e.g., roots, lignin,
humic substances)

1mm

71E (organic matter), &, &7]2 TAE] UATH Watts,
1997). E%Fe] Huke Z3} F7|E o]Fo3] F=0=F F
ojlem Yz Aukd BU1EY fr1EZ A A
o} F7)E0] xXAEkE HlEo] A71ERT AjHew
ETH(Watts, 1997).
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© WHESS et nAdle=T F=Ale] A§kE
F33 3L AR P = L Ao|thFig.
1). FHESRS HE} HES I R TVE 7K B
o2 AoJg 4 9JOrkNam et al, 2009), YA+ =7]0
e B¢ ERe 7l wet g2A A=A
(Table 1). ZAITFAISO 14688)7 Frollxie wefel 2
E9 AAE 0.063 mm=, Hl5olAE 0.075 mmE TE
sty 28y 1] F5-A(United State Department of
Agriculture)®] 7-F- ]9} ThE EY =9 7|ES HA
3}l Qth(Table 1). HH, Blott and Pye(2012) 7]1&
o] geket A7ARe} FATAS] HlwE T3 0.06 mm
ojstE AEA olate] EYOoR ARbsiaL St

AR T v} vRIAZ HoJE WE
Ao} ALNA] AFEAL - Erdsh, 2A7Fsgh
EGAFS] 7t AgHH o7 wiel mMgEe tigt 4
AR o] ol AAott. TR U] 2
4 W Aekre FElAEER nAEES 7hgRo s
5 = Aok WA ZAFAISO 173130 2Jshd 4
E, AE, peat 59 FYHEE HAE 1.0x107°~1.0 x

103 ecm/s©) ™ Natural Resources Conservation Services
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Table 1. Classification of soil based on particle size

Size (mm)
USDA ISO 14688-1

Boulder >200
Cobble 63~200
Gravel 2.0~63
Very coarse sand 1.0~2.0
Coarse sand 0.5~1.0 0.63~2.0
Medium sand 0.25~0.5 0.2~0.63

. 0.063~0.2 or
Fine sand 0.10~0.25 0.075°~0.2
Very fine sand 0.05~0.10

. 0.002~0.063 or
Silt 0.002~0.05 0.002-0.075
Clay <0.002 <0.002

*: The silt-sand boundary is set at 0.063 mm and 0.075 mm for
European countries and the United States, respectively.

(NRCSPIME 42 x 1075~1.4x 1107 cm/s® HAISkaL Tt
(www.nres.usda.gov/wps/portal/nrcs/detail/soils/survey/office/
ssr10/tr). NRCSOIX BAIgE ] etee] wejol] Soi7t
= EYo 2= v AlEe Zdl(very fine sand
loam)ZHE] HEol| o]&t}. ®3} Clapp and Hornberger
(1978)= silty loamollA] HEZA] ol2= B ] 4
YAEE WS 7.198 x 10-1.284 x 107 cm/sZ HA|8}
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o] doful= Blow deiA St o3 A E
ol 2F==o] NAPL(Non-Aqueous Phase Liquid) &
B2 2R o= AT Wang et al., 2007). H
AR A F sl EFEA A 23 B
HAEGE 2gEe] Jolgjg EAjehr] wizel a7t
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2 S 12-15%2 FABKACH fREs rdE A
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FAS C:N:P=100:10:1 HI&2 FYaIT}.
opde] AR FFLE EXS slst 23 F 2179
A Asrte 5 97 o> 43%)e1- TPHE] rebound
T+ tailing EFo] TSI rebound®} tailingS B4
o HojF= Akl 47 Aol thFig. 2). A 1101‘01]*1
= RIS AR 259 Thll 64% AAEES B
Aot 3087 Al F=7) Z718k= rebound ?‘ﬂ*ol'i
YERIAL 71 2% TPH %7} A F43SHA] @
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Fig. 2. Case results of contaminant rebound and tailing during Total Petroleum Hydrocarbon (TPH)-contaminated soil remediation.
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4.1. EQF - X|5f O|Mgtd MEE L 24 iy
A AF3IR] FsHs
rebound®} tailing 22 FAIHES vMEE U
ol ofrlEitiar YA ot wEbA wAEH
stas 1 el gk A7 BaEH ol sl E
& - Ak wAIEHA High 4
4 /‘] E|ofof g},

S0 AR 40 A2 e S} a7, 49

2 AEF7RHOEE AFE Folg ZodaE A=A
(slicing), F7HE 02 AR FolgS dle] AZX T 0.063
=

o

mm A2 A vAYgAte}t A=A 5
Aek. Ty o] WS S =EEe X IEEE
FrFEE BTEX)?] 54 ’2} LAEES FIFE = T 3
= @o] vt HgF Fhe
=2 A5 Ao E‘ii}ﬂ‘ﬂ SHAFE Y Fa5ol
cklEle 7397 B AgE | HEEAds ofEe
o] Ut} wEhx AA| sl gelln FdETS = ¥k
Pt ETjEietd] EAS BAE 7 UAES o 3719
o] HEQl] AEFLFE 7+ e 7IHo] dasit HE=
micro x-ray absorption fine structure spectrometry(u-
XAFS)9} fluorescence in situ hybridization(FISH) 7|'H
< ol&3st] AAAFeNAM A HMES WA
o] el FEE vAETHS EAT8 AT Mitsunobu
et al., 2012) 3 o] YX|oA EU(so0il solution)S

]H 2] ?ﬂ-

SJ+= suction cup extractor GA] IHI|E
= XPH]O]Q-(Corwm and Lesch, 2003).
ok AEY ol v 3E AEY o
A 9 B} AR hro] WEHE
£k A5kl S 2 SRS A

Y
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K
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et al., 2008) o] §_|,]- Z1Q
TS AT eEE
g 4 e FEOZ diffusive gradient in thin-films
(DGT) probe 52 ©]8& < At} DGT probe= ion
exchange resin?} ©]2o] FHE F e gelE TAHE

Z 1A

Y 55 AMEo|th(Davison and Zhang, 1994).

LAYzt a e

g E 39

Davison and Zhang(1994)= &0l Chelex® 7Hs©]
27 DGTE o]&aled o} in situ &
2 B 5} 1‘/‘r A= resineS WAFOZA T4
FolA] oA ole} sk FTESS
Aeiroz AT 5 e AEY 7ol A=
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(Zhang et al.,, 1995; Teasdale et al., 1999; Murdoch
et al, 2001; Fitz et al, 2003). ZL&]\} DGTe] &

TEE B 2X3 e Aot & fREES A
107 AP 4 JE DGTH DGTS A dE)e]
Nz 71tﬂoﬂ et Oﬂ%: 7] o] FojAA] At it
5 2% Ll %0}04 URIacAs

o 7} I A= DGTS}
& 7R7de] deskEet

EoF xglr 2 Xéi}/\] WAIS= rebound, tailing 5
2 1 T A EF R A
3]_’;: 1:1] }\1]§_L75] ‘,] Ea]pj.‘o‘]—ﬁ JJ-EG]'X‘] /\ggtﬂ-ﬁ E_}H
5400] X183 4 SITK(Table 2). HAZ EeIsel 54
o= pH, electrical conductivity(EC), oxidation reduction
potential(ORP), dissolved oxygen(DO), cation exchange
capacity(CEC), o], 2°], particle density, bulk

density, porosity, specific surface area, PYEF4 T2

Ha1

g0l k. 53] T, 258, FEREE 59 AR
£ Solo] 2= ofs A= vot B o] &

A AWIE ot 5 S Aot
F WAE FEY EAoe XA 3- (xray diffrac-
tion) 293} FARARFER] 7 (scanning electron microscope),

X }‘@ﬂulﬁ(transmlsswn electron mlcroscope)— 0]

ofr _‘
®
ﬂl&
)
N
% 2
%
f
N
E%
SE,
=3
L
51
o2 o

Tus o B AUEd 22 l"ic" & HOH UW]-XN £
olgEH FTEEY A 2 A FH
£ 91915)7] 9180 extended x-ray absorption fine structure
(EXAFS)?} x-ray absorption near edge structure(XANES)
B471E 28] 7Fssitt.

Al AR e 54 24 flst v A
U 7S s 2 7 ZUER 7ol 2
fsitt. PE IS ZUEE ZRdls F iAo &
s E WATE ET F e Vs JiEe] 87"
o} FBAVAES o83 ARATRIT colony AlF, H3
FH(MPN), FISH 55 °|88 AdATHE o83
F AUtk MAE FH ZYUEY 7Yde
Restriction Fragment Length Polymorphism(T-RFLP)Z}

Terminal-
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Table 2. List of analyses and techniques to study properties of soil micro-environments

Parameters/techniques

Measurement

pH

Electrical Conductivity (EC)
Oxidation Reduction Potential (ORP)
Dissolved oxygen (DO)

Cation Exchange Capacity (CEC)

Organic matter

Particle density

Physicochemical

Particle size distribution (PSD)
Porosity

Specific surface area (SSA)

Type and concentrations of contaminants

Acidity and alkalinity of soil and soil water

Ability of soil water to carry electrical current

Redox state in soil water

Dissolved oxygen in soil water

Soil fertility; increase in cationic contaminant adsorption with high CEC
Living biomass of microorganisms, fresh and partially decomposed residues, and
humus; a reservoir of nutrients and water in soil; microbial growth; contaminant
sorption

Structure and texture of soil

Relative amount of particles present according to size; the reactivity of solids
participating in chemical reactions

Pore space in soil; filled with air or water; contains and controls most of the soil
functions

Total surface area of a material per unit of mass, solid or bulk volume; controls on
contaminant sorption

Nature and mobility of contaminants

X-ray diffraction (XRD)
Scanning Electron Microscopy (SEM)

Transmission Electron Microscopy (TEM)

Micro X-ray Florescence (u-XRF)

Extended X-ray Absorption Fine Structure
(EXAFS)

X-ray Absorption Near Edge Structure (XANES)

Mineralogical

Phase identification of a crystalline mineral
Surface morphology of a material.

Internal composition of a material; morphology, crystallization, stress, or magnetic
domains; higher resolution than SEM

Elemental distribution in micro-environments

Metal hydration/dehydration; Metal complexation in solution and to surfaces;
Mineral identification and quantification

Redox states of heavy metals and radionuclides

Direct microscopic count

Most probable number (MPN)

Colony count

Fluorescence In Situ Hybridization (FISH)
Quantitative Polymerase Chain Reaction (q-PCR)

Biological

Pyrosequencing

Terminal restriction fragment length polymorphism
(T-RFLP)

Denaturing gradient gel electrophoresis (DGGE)

Total microbial cell numbers

Total microbial cell numbers

Living and viable microbial cell numbers

Detection and localization of the specific DNA sequences (or microorganisms)
Quantification of the number of the target genes; microbial activity
Microbial diversity and community structure

Fingerprinting microbial diversity and community structure

Fingerprinting microbial community structure

Denaturing Gradient Gel Electrophoresis(DGGE) 5-©]
W3l RUE Y2 ¢-PCR, pyrose-

Jom A= F

FHORRE FROPEAT FFER §E01FAe
B3 A7 vEg

quencing 71H& o1831e] ZA1F S 9l A DRSNS A Az ARES AL Bast

SIck. g B0l B ASHE vINE B 5 &

42, DIME W) 2HSW SH0ISH NEXS dle] BF 0 T BE AR 9 AES 47

RS 4B, B4 MY - et 97 09BA @ Barh gor] EQEA AR A SR o

o §5 - OEHE BT £ Y AR L AFE A Eme] BE vHE 9F AR Ag0) BT 2o
SAPEII AR 98 Dol Ve TR @ = v,

TEE B9l B 2y A7 Wk 93 29 - 8
8} . AEZ A (indicator)5°] RO} YT Table 3).

e, s BHM B Askemie
o 8% 2 o5l tF ATE

oz
T =9 ()a—]—la

LA e

£3) 4

LAEZ 8FA9(leaching index) GA] T|H|Z7FlA]
Jealor & Fash Fitolth QAEZL HMEE Ul T
AYRY, 71, PAE= i e=E A Ags o F

AL 7] Wil AekgA) AR 59 2AlE o 1E
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Table 3. Physical, chemical, and biological indicators to evaluate soil quality

Indicator Function
Soil erosion Top soil removalf soil orgaral)ic matter resuction, and contribution to
breakdown of soil structure

Bulk density Soil compaction

Physical Aggregate stability Ability of soil aggregates to resist disintegration”
Texture Retention and transport of water and chemicals®
Infiltration Ability to allow water movement into soil profile”
Available Water Holding Capacity (AWHC) Ability to retain waters”
Organic matter Source of food/energy for microorganisms®
pH Degree of soil acidity or alkalinity®

Chemical Electrical charge Ability of soil water to carry electrical current?
Nutrients (nitrogen, phosphorus) Soil fertility®
Heavy metals Mobility of contaminants
Microbial biomass Biological activity”

Biological Soil respiration Capacity of soil to support soil life”

Potentially mineralizable nitrogen

N recommendations for production®

a) http:/soils.usda.gov/sqi/publications/files/sq_two_1.pdf
b) Doran and Parkin, 1996.

¢) Arshad and Martin, 2002.

d) Smith and Doran, 1996.

e) Sullivan, 2003.

T Ak ol FAE idslr] fEire LA=Hol
nAgHEeA ot FejR EAlekeret EAlkE o
Qo] EYoIA Aalrut AFEFE ofGA 8E5 o] o]
F=AE _;JrOLO}o:]o]; El=

ukzo g FFRLFEA] 49 Sl (solvent)S ©]&

Bl FE5h=t, e gEde vEAds 7t

of

A3 Q) whEel WSy SlE FES Jgska ik
b 4o webd] FEEE IS AviRoE 39

5ol clalel FEsks i 4% N ol 3

S 3% PRI LA F e Aoz e,
Azsel AROARAL 22T us}

A&FZ 7 (sequential  extraction
procedure)® g ol ok F
2 o] g5 WHS Tessier et a1(1979)°] AFRE 5EA
A&ZZuHT fHoA AEst BCR A5
(Rauret et al., 2000)°|t}. Tessier et al.(1979)2 E%F

N
|
lﬂg
a;f:
AN
‘F

W %F%S oA Ao 4 el 2 (exchangeable,
carbonate, Fe and Mn oxides, organic matter, residual)
Ui 7 24 Fee) $EES 2B - e A
°F& AMEETE BCR AEFEZWHE 194X =
exchangeable/acid-extractable =<5, 2@AoX = Aksl=
e 545, 28l v Sl E frlEel 2=
F&E9] S =3 ]-E]-(Rauret et al, 2000). °]&g+ 7]
T AEFIPUSS AFlA Z83ploll= oH7] o
ol F5501 1) dﬂl A7V, 2) AAVs, 3) AAE
7Fs W o2 TesiA AN sle e
aigte] Fasit}. o3t W o EY Ul Tu5
A FHE dolok E W ope} EF A3} FgollA
ol gt Felr} FEH =AY FHIAE ALl Alest
& FaAdo] ot m3F B W miAleY vies S5
& A Feol wE FEE5Y AA 5848 HES
Hoh 592Q1 AsPHS JidebAY Addsk=dl SloiA
= ojof & Aeolo.
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NaMnO,, H,0,, Na,$,05, 03)5 83l S HEZAS A
A3 SFTHESTCP, 1999; USEPA, 2001; Thiruvenkatachari
et al, 2008). 1&u} o]23t ABIAIES @gollA] 8T
735 FE0] A=A AENAGT ZolE F Ao
EA4o] e FARE} #3357 (explosive vapor)/} THS
oAR= T A o1 4 Ut Thiruvenkatachari
et al,, 2008). B=8F NaMnO,2] 739 Jdldo=z tf= 4
ST 7HAo] HIRA BIEAIAD 4= Stk AAIR
ol X2] Superfund AFFeX EGAIEHOE FH&50=
299 EYS AslS uf vI8HRl o= st A
H o= K Dermont et al., 2008).

2¥8HA] o2l AlaE A (surfactant) S -85 g3}
G385 =olaxt ke AlEE JoIkth(Mulligan et al.,
2001; Laha et al, 2009; Hernandez-Esprii et al,
2013). AR Al Gali=o] Aol F2kshd %
WS "olmgir] EQ] APEo] e LA9EES
W7le BAHE T AR AUSEAE ASS E
A3l oM 2 F7ILEE AAEE] Halxo]
$tH(Mulligan et al., 2001; Hernandez-Espriti et al.,
2013). 2y EFSl o] &5 ANl BEE
a7} 7hselof shH Al tE Asol FA40] JEAE
A aafor sk @do] Utk

UA] flushings &3 LEEHS] F271E2 EY
Tzl olefl A 2L, 1.0x 107 cm/s oFdel]
A gapFolgiar deA Ath(Mulligan et al., 2001). L
Hut, FEZ ol E EYS Ae, FeEldEest o
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