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O AIHAZE ARE o] gste] EQRS AlFshs Aol Fom, dAsh= A& 9] pHE 6 5oPdoeR ?ﬂ'/‘]ﬁ o
1ol S3irs 11]7%?2 T Y. FFAZ GFO(Granular ferric oxide)s ©]4-311S 739 HlA¢t o] A|AE
o] Hojykow, F3l Ayt AESINE A9 e FAlldAE AAT 5 ATt AHH o2 EokMF ¥ 2
& Al Bkl EAef upet falldie] AAE D AlFENe] Al W Ao]g wo] Afo|rt 9loEE MHas
AAF Ay 38 aelet AAZQ] HAsLE Wsgstoiof & o2 ke

Abstract — This study evaluated the optimal soil washing conditions for toxic metals considering the removal effi-
ciency of toxic metals from contaminated soils as well as from soil washing effluents. In the contaminated soils, As was
the major contaminant and extracted by sodium hydroxide solution better than by sulfuric acid. However, in the case of
the treatment of soil washing effluents, sodium hydroxide was less effective extractant because soil organic matter
extracted by sodium hydroxide prevented the solid-liquid phase separation and toxic metal removal. In the treatment of
soil washing effluents with sulfuric acid, toxic metals in the effluents were mostly precipitated at the pH above 6.5. In
addition, granular ferric oxide (GFO) as an adsorbent enhanced the removal of As and Pb indicating that toxic metals in
the washing effluents can be removed almost completely by the use of combined adsorption-neutralization process. This
study suggests that soil washing techniques for toxic metals should be optimized based on the physical and chemical
properties of the contaminated soils, the nature of chemical extractant, and the removal efficiency and effectiveness of
toxic metals from the soils as well as soil washing effluents.
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Sfatel fratAais, W KSR 5 FeES B a4 £
o] SPEE Z0 ARl 14t At Wl Bl SAahE Far 9l
ol A8t wel} Aesiei1). 5ol falaen olE Bk
F1oRAR oRR Bt 9] Eeld FalEAL gloiXA
hx 9] TR ol Rto] EAsh) whEe] EeRo el QLA
a7 28t AA9F SEA B ES Yok T BRAo] &

Tl AT e Eok Ashs A, B84, sheh s
25 A AASAY fEdS eelehs RS
AP Felda® 29w EoS galehs WS BEAIAY,
, AES o] g A3l skl 9 Bt Al
ATE 3 QLo AgolA T2 o] gF]=
1 o] f-Z sl EAER 0] 717 Ho
O] 3 JUTH1-5]. EFMAHS 3= alof sh= i Ee] 7
g Fol Bl Al Edell EAlsk= falldas A=
steld] Ag)g T JAETH3]. olw) B4 HEs BEFYAre A
7ol wpe} 22l E sllgas o] Yo, Eed Ao 2 ® &
FldrE ode Bkl Fulg Ads] Y vk sHARE E¢
A A2z A ok Bk Ak, ¢17), Aeo|EAl 5 duekE
S o] 831 gleha] M2g zlssl=t, o] - HASH= Hl o (1%
o] He|7t F Q5 AR i AL ok AFEEE ShaekEe] &
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¥ 3L Qo B0 theket 83k 5794 el ]
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SH= W 231 AlQEE AT, BESHA W o 2= f7)Ake] dEQl
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e AATR: A7 2= ATH24]. Atelu 471 §H o Bk
= AIEEIE Aol 3 9 Fds fiesto] fraldas A
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2-1. EY

B odTlo]] 0] 83 tESES A AlEk FHY Faidh 098
oS ol g3tk B S13 $21= A AldA FHe| REE AH 5}
o] SHTE B AlFel WlER= 10000 Gauss AF25-2 o831
A o2 Fe = Fag A E, 0,075 mmE A E-S3ISITE o]
T QoA AZeh T EFAIF ARl o] ettt ] B Sl
ERIE AR QS o 0.075 mm ©]8}e] Eoko] AA Eoke] Ak
ool K15 ARk QU7 WiiTell UHHAQ1 EFA F oA ARE-

= BlF7)e] EFMF] obd mlAlel HEZ 7] ERAIAS )
Ao i BTt §3 Bkl A9 A AlEA FH REES AF sl
718 5 2 mm oJskE AH-338le] BRI o] 8813iTt. Table 1
of £ Aol AL EFS] T TS BAIBIILE BE E9F
of| ] HlA4e] ¢ B R Ao 198 $8715 (1419, 25 my
kgys Zakatal glom, S13 S20llA= 9t wol 271144,
T2 150 mgkg, H 200 mgke)S] HHES HE 2 H4AE Hol1
Art.

2-2. EQF MIE U MoKl X2| iy

EoRMA Ul AlH H o] A= BERS Sk} A ERC R <
£53E510] Faldal] FEasS volska, vdite] 548 vt
ap7] 8t FEE9 U] Eoke] AEAAES A nggon, BEoks
et & A5 Faldas FERA, SHAE Tl AlA,
FHAE o] g3t AL S8 AlF N Yol A fell s Hejshs
HH © 2 b K QMCH(Fig. 1).

2 A7ka] gl o] 43k BEodolr fallga] FES Lot
17] SJalA, BEgkellA f3l€aE 0.05 M 34H98% H,S0,, 5-9-3F
Q17 Korea)Z} 0.05 M 2 FSEF(NaOH, Junsei Co. Ltd., Japan)
FEANE o] g3l FZ3IRILE B 8 goll 0.05M ik vl 4k
PEF T8N 24 mL(@IH]=1:3)S 21 wRV|E o]g3}] 150
rpm, 24 °CollX] 1A7F 5 F 4423000 rpm, 205 X134s}
o TS wefste] SN pHe T T S0l o] g5l
o, JFehs Bk A5E

[e)

ol o] g3lSitt. WAl Gl Al WA 5
2 12 23} FEolM AFERs EokellM 0.05 M 3k UK Sk
ShIESF 42808 24 mL 326t 15} 223} £ 314 uh

sto] Zggsioint. frefleda A ity § S-S 045 um

Table 1. Concentrations of toxic metals in soils determined by acid digestion (aqua regia)

Soil Concentration (mg/kg)
As Cd Cu Ni Pb Zn
S1(<0.075 mm) 5331 1.61 78.45 13.22 120.15 83.03
$2 (<0.075 mm) 71.34 1.71 89.97 9.11 182.43 94.28
S3 (<2 mm) 50.49 1.35 28.77 5.88 3045 46.89
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AR gitt. o)F 7h oS A2 (3000 rpm, 20%)310] 1o
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Fig. 1. Diagram of soil washing process used in this study. ol gslo] stelsigit),
SolEARIA SAAE AL S A 1R P27t golah] v
ARA B E o] geto] Hishs 1P =5 AAT §- ICP-OES ol FAAE T8t ““F— ARt slElE Aelahs Zlo] nt
(Inductively Coupled Plasma Optical Emission Spectrometer, 730- Zolt}, & A= AlHG=2] pH 281} 87 S3 AR FeCl,
ES, Varian Co., USA)E- ©]€-3}o] B3It (Junsei, Japan)?} PAC (E2|€Fu]EE =8| =, Unichemical Co.,
EepE o] Bl EAe] /A BREE NP ]  Korew Fte] 2R B9 Ao EAlsH F40)
218kl EBF 200 goll 0.5 M A UIA] SABREES 8- 600 mL sk gRlekIth. EFAIHS 5 mLel| pH 285 i’fﬁﬂr Ak
S Y3 jar testerell A 250 rpmj 3 AIZE Bot wHE & 1 L v EFS Boho] Asysto] pHe) Wiske} 53A19) ok 5, 10, 20, 50,
2Z-deol] War ek A ee] arelite] Bl Eekqlate] WAEAS 100, 200 mg/LE F9Jate] 1A1ZF Rk 5 plielE skl 4
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Fig. 2. XRD patterns of soil (a) S1 and (b) S2.
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Fig. 3. SEM images and EDX patterns of S1 and S2 after magnetic separation.
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595 ICP-OESE #A3le] sk frall e 59 pHE Tkt
sH3iTh.

AR FE AE)ehs T o R faldintks Sashe 2dS
o|gslo] MHTE Al Wis WasISich. F2AIZ v)aA| Aol
) = Aoz By A8 ALelo] E(lron-coated zeolite,
ICZ)[26]%} granular ferric oxide (GFO, GEH102, GEH Wasserchemie
GmbH & Co. KG Germany)E ©]-8-3I31T}. A& < 10 mLell ICZ 1 g2
GFO 0.5 g& ¥al 1217 it & Ee)E Jastkal 25 4S ICP-
OESZ #4ato] sk f3llda =9} pHE Jelsisitt.

2-3. AR

Eoke] 713EAR1 B4 U A AEe] a5-S Felsly] $isted $t
S7) 29 A dATY 735418 ¢ XRD (X-ray Diffractometer,
X’Pert Pro/MPD, PANalytical)?} FE-SEM-EDX (Field Emission Scanning
Electron Microscope-Energy-Dispersive X-ray Spectroscopy, SU-70,
Hitachi), XRF (X-ray Fluorescence Spectrometer)s ©]-8-35}o] 2z
SISt ok FE90] fallga g ICP-OESE ©|83to] 4
slom, FENM2] pHi= pH electrode(ROSS Ultra pH/ATC triode
electrode, Thermo Scientific)S ©]-8-5}o] F743}Itt.

3. 21 ¥ 0F

3-1. EQJo| £

Ee] BAE Auin) Siste] F 74 TSI, Sl s 4
HEE #23 3 XRD, SEM-EDX, EDX mappings &ttt
ARG A3 Eok F A o7 K|y Boke] A ek R
EAS Below, 5 FEZ = HASHE(iron oxide, magnesium
iron aluminum silicate hydroxide), &-5v]52 2] A ©] E34-E (sodium
aluminum silicate), 21217}(silica) 501 EAEFAH(Fig. 2). AFH 2=
e Eoko] A TR XRF] Ay} oF 13%0]H, HIAlE -2
3~4%3th A AE R RelE o] SEM o|u] A& 1 ZNkE o
T Rkt A719] 47807k EAISH, Al Fe, Mg 5-2] o] 9%
ow AFHE 7K g B2 Si, Al 59 FFHo7 FxE] #
e Akso] WEEHITHFig. 3). =3 EDX mapping® = 2t
HR kS wf H7} v]49] I EASH= o] AHIAIE 7= A
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Fig. 4. EDX mapping of (a) S1 and (b) S2 soils.

o7 gRIFSITHFig. 4-5).

Bk AR 1249 HEe 29 BEYRIAE) 295 g
EJOILAE)S welshs lolH, 3710 R oA Bl
LT AASH: Aoz B oty LAES} v e HES] wel=
AR e AT} war nAgREe] QAT e ANkl 5439
EoFe] A9 EIANE A7)el wlet 239} 32 AA|E 043
o] B3] |l &= Q) 231807 9 AE A SIdAS AATH=

e B4 W stela o] o183 S Qi) & AT o]
§o Bela) ol shel AelRel S ARekle AT A ae

4
8P4 ke ol vlate] s19] S vlark 61%2) 7, 29 A9
17.9%0] A7 EhE eIk ol 2 Pl o) gk Eago
Ao 3 Alsho] FFOw o]FolA glov] FH ool
ula} Ast AFslo] Qs o] W] Mo wat,

1)

32. B3IE EUNH

AR BRI E ae Fol o wakel tjsto] s8]
S B} FABERS ol §3to] It TP E
T ATt vl ao]7] witel vAR @E Es AlFsk=t
w3How Qe AHAR A5 A% Adeirh17,27). w8
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Fig. S. pH of (a) 0.05 M H,SO, extractant and (b) 0.05 M NaOH extractant by three washing cycles.
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Table 2. Concentrations of toxic metals in (a) 0.05 M H,SO, extractant and (b) 0.05 M NaOH extractant by three washing cycles
Concentration in extractant (mg/L)
Extractant Soil Washing No. As Cd Cu Ni Pb Zn
1 2.301 0.147 6.412 0.663 2.790 6.283
S1 2 2.179 0.055 3.329 0.315 2.401 3.224
3 1.989 0.027 1.891 0.173 1.965 1.853
1 1.129 0.203 10.598 0.293 3.058 6.667
0.05 M H,SO, S2 2 2.008 0.073 5.208 0.130 2.801 2.968
3 2.381 0.033 2.707 0.075 2.468 1.586
1 0.375 0.029 1.691 0.125 0.587 4.480
S3 2 0.558 0.010 1.213 0.049 0.711 1.283
3 0.721 0.005 0.777 0.026 0.641 0.507
1 3.745 0.008 0.705 0.072 0.592 0.287
S1 2 2.205 0.008 0.562 0.071 0.572 0.317
3 1.227 0.002 0.309 0.023 0.181 0.094
1 3.252 0.027 2.729 0.207 1.857 1.093
0.05 M NaOH S2 2 3.298 0.036 1.801 0.257 2.682 1.657
3 1.794 0.010 0.808 0.074 0.785 0.448
1 2.055 0.034 2.083 0.374 0918 1.400
S3 2 1.576 0.021 1.281 0.240 0.549 0.973
3 0.817 0.009 0.468 0.105 0.236 0.446
A @l whe-8719] 4 T2 ol 005 M2 FEE ol 0.05M H,S0, 0.05M NaOH
sl EFAIA asa ARkt
S2 S1

SRS o] 8315E 790l AAH o ® BE R4 (As, Cd, Cu,
Ni, Pb, Zny’} -§%&0] &3 9o, ABRER 7895 o] 83l
73q-ell= H)ae] tigh 850] 7FE ZITh(Table 2). YW= ko]
739 H'oll 25 falledae] 853 vl 3Gl nliolee] B
FellAle] x|gtel] eJste] v|Avt Dto] Hm, keS8
S 0148 79 OHS} H|Zo] 7] X|ghof| oJalo] EofollA] H]4
7} AAEE A o® dEA ArH27]. & ATl ® ol 9k fAsE A
W2 Alom, S1 Eke] H|Ae] - Frtom shi AlA A oF
12%2] H&7} AAFR O Al H Aol 36.4%2] H]A7F AAR
W AU ER 8007 A2 Al Al | AlF ol & 40.4%7} A
AuE= 54E BAth S22 $39] Egke] Aol ghtow Al W
Al Al B A7F 311, 9.8% AAE L O FABRER O = AlA Al
o= 47.0, 26.4%7}F AAEICE A} 0 F 0|40 AATS A
HE Aeols A ER 7895 o] 88 A9 ks o]
AR aAE & Atk

HIAE Al9)et T8 fall s AT RIS A, S1 Bl uist
of Ao R Al W AIH Al AAEC] 17.9~44.5%F B o1t FAkst
UEF $8M0 7 5 A] 25-6.0%2] AAES Btk $2 Bk
S1 Eok} H|sedt AedS Hojar gl ot 83 Eoke] 49 falled
2ol W} Cd, Cu, Ni€l - FASRER G-8-90], Zn8] -9 St
FEAN) AALO] L A WALk o= §32) ¢ AAE
22 B AEE ok ¥al vk AlFo] o]Foif7] witel e
A AE)g AX 13} S28} Apol7} WAsh= 210 ekt o]
o] Ao A RS 79 B AFEEA Sl e
g RThs FABMMER F8o] ¥ 2ol JiA1A]
= 293 020 AlAC axH oz Wl SRA|nt oA e
ulel o] Eokoll A Fafl el AFaEwT o} A4 A
g 5 AAAA S nEfdt FEAR] AAES 1T F
/do] EA gttt

S1

83

S2 S3.

Fig. 6. Sedimentation characteristics of soil extracted with H,SO,
and NaOH.

3-3.

sisix EQHIELS| X2
AN EPAHT AN WA B AHFE Aol §5p]

SN AR 53 ol 8510] AHN(EFAAF)E Tl
WA fAALT AAT 5 g T R
A1 Eiu, ol mekie] el Eokel A% W 1o}
elso] fS Fag 24k Hrk. ol sjeleby] Slstel 44| 3
S/} o1 A W] A S Glor, W Mol FEE 5

Slal

3 MY 53 BRIE) S151]

=
As2 A B Fig. 604 Hol= 29} o] shito.
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Fig. 7. Neutralization capacity of soil washing effluents: (a) 0.05 M H,SO, extractants and (b) 0.05 M NaOH extractants.
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Fig. 8. Concentration of toxic metals in the extractants after pH adjustment using (a,c,e) 0.05 M H,SO, extractant and (b,d,f) 0.05 M NaOH
extractant for (a,b) S1, (c,d) S2, and (e,f) S3.
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Fig. 9. Sedimentation characteristics of soil extractant (left: H,SO, extractant, right: NaOH extractant) after pH adjustment.

2 AHE ABEI8E A= B¢ Hdo] 7] x1gE|o] iR
ZH A3E)E v sl ER Fgdo R *ﬂﬂé s &
Hel7h B2 ok 548 Btk FABVER 748
N o7 EQke Al g Agollis B 7159 ohd FEE o
AreE Agsialvebe B fixke] o] $hahA| W asA]
e 58 E%E} ARA 0T EPNAE X1 9o HFH
HHoA A ES 84S AHgske A Bt
%oPO% A= shk= 7401 EB} X*i Aeke]w, 4t
SPEF T84S ARBIE A AEHE 7IEEY, F24,
HHrk 50 2st X2t Jé&fz j ek,
Al Kol Fraf vk AASkL ThA] Bk AlA oz o]
&3] flste] pH ARte 7 faldas] AAss AvEsieh
Al ele F3tslr] Q18] Eol7ks sheekael 7HE aelsto]
Q3 oFn o] S golngte Wl Bl 54l wet gator,
$3>82>81 o T3l Fatt shyeliol v ol ALskltt
(Fig. 7). o= E42] g5 A} Sl Ao shebdrt. =
OF FZMof| H]A0] FHEkS- EAL 5 A &]EH 24 mg/L, T’*@P’]’E
% FEA FE A aﬂrﬂ 3.7 mg/Le] &S B9 O (Table 2), &
MG Ao pHE FAETH @@EA ol wolAm el ¢l
2 AAE EO}ﬁﬂuﬂ, gk AjEelo] mha TSkl e = vt
(Fig. 8,9). ¥Hd FASIUER 789 AH AL pHE RHET5 3
Aeo] A AREAQ] pH R9lelA S5 Hu, iy
7} gola1A] kSkth(Fig. 8,9). ©edt pH Ao 2 A|Z o] &
=5 AeE *U%Eaké %‘% SAEAIH Al pHE 7 oVFo R 50
Folok AA| Fudo]l B 0.1 mg/L olskE AAHLAL, FAkst
YEF TE&HoR le4% N pHE WA Folt TH5<]
AANE Gl flATh(Fig. 8). 53], AR E¥e] ¢
allEel vlAe] A-polle pHE S7HA1R el w271 0.27-2.01
mg/LAE AIH N o] F57} pHE 7~8 ARl T3AA F3le
A9 e B9k AH $<>ﬂx1 0.026 mg/L ©]ate] F=o= HolR
1;]__ 1311/]_, Hlﬁ\——’l pH_E_ 9 O]/“'_i l!:o:]z(’ﬂ Kol ;] [e) 7‘<17ﬂ
wA] a1 gellof] EAsh= H|AS] o] A% TTFeRE 5=
At
AlH5=2] pH 243} 3 SHAZ FeClL9t PAC (Z2|2F1)H

FRo|E)E FYsle] 2EaE AT ATl EABRE Tase]
WHlE RISt S3AIE F7 k= A 57 ebA] 94l pHRE =
st A9 a5l AAMAE F ol fllent, AASAelA
SHRAE F7FE A A=) ek 7t oS we s Y
< R} SN -SAE B o FYEIE A (>2oo mg/L), Al
XN o] Fipe] kA FEdo] AL AlEE e Holr|:
siGict. St = AH g Bk AlH o] A= S 113gk o]
of Zseto] BHar pHe] vy, 712, ge] A9 oF 5 o, 7k, Y
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