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Applicability of Stabilization with Iron Oxides for Arsenic-Contaminated Soil
at the Forest Area near the Former Janghang Smelter Site
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ABSTRACT

This study evaluated the applicability of stabilization of arsenic (As)-contaminated soil with iron (Fe) oxides at the former
Janghang smelter site. Three Fe oxides (magnetite, goethite, and hematite) were tested as stabilizing agents to one soil
sample collected from the study site. Amendment of 5% of magnetite, goethite, or hematite for one week showed the 64,
58, and 36% of reduction of the SBRC (Solubility/Bioavailability Research Consortium)-extractable (bioaccessible) As,
respectively. Duration of stabilization more than one week did not show an additional reduction in SBRC-extractable As.
Amendment of 5% of magnetite, which showed the highest As stabilization efficiency, was applied to 24 soil samples
collected from the same site for one week, and 72% of reduction in the bioaccessible As was observed. The potential
carcinogenic human health risk at the study site caused by As was 1.7x107, which could be reduced to 8.1x107 by the

amendment of 5% magnetite for one week.
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EolXe 627 FA F 4570 FAAA g8} FHHo] o
|2 Ax=, QFgst o] HlA o9 ESF g3slE el
Bo] AMEEIL JITHUSEPA, 2002). $-euelelres 55
<o gk EYLA7IEo] SE o83 HFES vt
Fo= ap7] whitol QFgst 3o H8o] Erbse A4
olt}. 3IX|F EHH(Korea Ministry of Environment)2]
ESSARAY A 1525(KMOE, 2015b)2F EQFQ G&4
B E7E 2F(KMOE, 2015201 W=, s ds87t 4+
& Ais Bt A7), B9 2 5= 5ol v
T o st Fo] Sl Al Wijte] dgko g
2849 4 3ok

ESF 5 vlAe] FYSIE 9Jgk QFYSHAIZE ferrihydrite,
magnetite, goethite, hematite 52| HX38}=E, 9714, o}
ol A5 S B EA] So] Bol AREAL Ut
(Hartley and Lepp, 2008a; Hartley and Lepp, 2008b;
Mench et al., 2003; Shipley et al., 2011). ©|2|3F &3}
Y22 olgF Hlo] QPEal TS Ee FUT B
she w sighE wYe) AT BaksiEe] HRilA
o] H]A9} Fo] outer-sphere B== inner-sphere complex
o] Moz dHA Jti(Catalano et al., 2008; Fendorf
et al., 1997; Goldberg and Johnston, 2001; Manning
et al, 2002; Sherman and Randall, 2003; Voegelin
and Hug, 2003).
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FrRARE T U SEaEsge siot
Ziel A0 B W Ao 0l B
del Eog gt A v 5ol G 1] |

A EgoRpelEe Ao A0 ek, 84 9
shamlel 71t SIh= A7 thdle] s Qi §)
Sl A7 weke] Ygko obgslel AEAS Wk
Slal, WA BB TR, FUY, ¥R W 6]
2 obgsle) e RSl A%l 189 ERe £
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BRASES o83 vl P43} B A8 7 W7t 15

iAo AT FE0-15 em)E, EAZLS Eejo|ar
(=2l 88.4%, HE 3.0%, HE 8.6%), 31 ¥ 2mm
A= A *‘6401] AT B T HlA e o
FEHog BEASATHKMOE, 2013). 150 um A %
A EGF 3g— 100 mL Teflon vesselo] 23l 21 mL

9] HCI, 7mL2] HNO;®} &3t ¥ heating blockol|A]
105°C7HA 213138] 7FgA7]1aL 2ARE 51t X*RW?’J +

0.45 um GHP ZEIE E7A|7] FZ90] H|AS B35}
ot vla B4 AeddEe=rPERYE7 ] (Inductively

Couple Plasma-Optical Emission Spectrometer, ICP-OES,
iCAP7000 Series, Thermo Scientific, USA)E ©]-&-3]
Tt

Aol AREEE HilsE
Daejung Chemical and Metals Co.,
(Junsei Chemical Co., Japan) 5 Al7}A|o]c}. o] Haks}
EE52 H]A9} outer-sphere = inner-sphere complexS
PO A HId gk M3 S THAE AR
LA JATH(Cheng et al., 2009). EY 10gS HikslE
Z+ 0.01, 0.05, 0.1, 05g(§°k =] %Ehﬂ] 0.1, 0.5, 1,

2 magnetite, hematite(°]’d
Korea), goethite

5%y Eoke] B (vﬂ‘»‘ﬂl 13.5%) "] SH
(1.35 mL)9} ﬂ?ﬂl 20mL vialoll ¥ar 2 3&%0}04 7t 3
7H'04 %‘%‘/\]‘Eg 1]:]]0]—93\57_ O] s Ty _Zl'_ o U o

Al F o Solub111tyﬂ310ava11ab1hty Research Consortium
(SBRC) W (Kelley et al., 2002)S o]83f ¥-& A - &

H|Ao] AEAHTAES A 150 um AE S
71 18] ES 125mL HDPE bottled] ¥il, HCE-

o83 pH 1.52 ZH3F 04M glycine & 100 mLe}
gt &, 37°CAlA 1AIRE E9F AHkAIZ]L - 0.45 um
GHP HE FHAZ] F=99] HIAS 4815

2.2. MagnetiteS 0|23} H[A OMHS| MEM T7}

M7HA] H28lE 5 magnetiteS (FYFEAIEA FH
7 W SRS 2ol SR A8
A5 783t sl A Gelx] AFHAS 247 FE(0-15
cm) Aol i3] magnetiteE ©]-8-3F HlAo] oF43l G}
= | ) xg%s]—x—l;ﬂzzﬂg] W3} H@](SBRC == Az}
Ao R ottt AH} EY AlEE T F
2mm AR Ao Aol ARSI 74 EY 10gS
magnetite 0.5 g(BEF TIH] S3H] 5%), EQRe] FEEF
SEDH 13.5%) WY SF47(1.35mL)2}F 3 20 mL
vialel €31 2 4oj=ict. vk Wi whg 17 R 4
3 SBRC F=& $35le] B & AEIRAHATA =
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Source Exposure media Exposure route Receptor
As from Smelter — As contaminated soil Ingestion Recreational
of the forestarea visitor
(depth: 0~15¢cm) > Dermal contact
Fugitive dust inhalation
Fig. 1. Conceptual Site Model (CSM) for risk assessment at the study site.
Table 1. Exposure factors and toxicity values used for risk assessment in this study
Parameters Values Units Reference
Cs Exposure concentration of As in soil 1335 mg/kg This study
EF Exposure frequency 100 days/year CCME (2006)
Exposure duration (adult) 25
ED . . years KMOE (2007)
Exposure duration (child) 6
s 28,689
AT Averaging time (78.6 years) days KMOE (2007)
Bod ight (adult 62.8
BW ody weight (adult) ke KMOE (2007)
Body weight (child) 16.8
Exposure CR Soil ingestion rate (adult) 50 me/ke USEPA (2011)
factors ) Soil ingestion rate (child) 118 KMOE (2007)
IVBA  In vitro bioaccessibility 25 % This study
Soil exposure skin surface area (adult) 4,271 )
SA . . . cm KMOE (2015a)
Soil exposure skin surface area (child) 1,828
Soil skin adherence factor (adult) 0.07 )
AF o . mg/cm USEPA (2004)
Soil skin adherence factor (child) 0.2
ABS;;,  Relative sorption factor for soil inhalation 1 - RIVM (2007)
TSP Amount of suspended particles in air 0.0403 mg/m’ This study
Fr Retention factor soil in lungs 0.75 - RIVM (2007)
B SF Oral Slope Factor 15 (mg/kg-day) !
T“/’axﬁlc;y [UR  Inhalation Unit Risk Factor 0.0043 (gm’)! USEPA (2015)
RfD Oral Reference Dose 0.0003 mg/kg-day
Chemical . .
Property ABSp  Dermal absorption factor (arsenic) 0.03 - Health Canada (2004)

2.3. MagnetiteS O|E8 H|A QFESI0| [ME 2z X
FUAIEAN A magnetiteS ©]-83F HlA oFg3) A -
o] AHs 7Pgete, SR EYeHER HsiAE
7} AF(KMOE, 20152)2] 71¥zk 2 S w2} $s)
TE Hgete] HlA 9Jelie A7t WREeE A 9] QFAsle)
g EAEITE A ARSSE 247 B Al il
PrFEHOZ HA FEE B8l USEPAS] ProUCL
5.0 ZZ I (USEPA, 2013)S o]&8l Ak=mitol] thdh
95% Upper Confidence Limit(UCL, JHAI=SHAS 2
Aot HlAo] EdeEEEE ARSI
SIS F5 AHEFAA] 502 o]8d 4F
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Soil ingestion:
Average Daily Dose (ADD, mg/kg)=[C,x CR;xIVBA
x EF x ED x CF]/ [BW x AT] )

Dermal contact:
Average Daily Dose (ADD, mg/kg)=[C,x AF x ABSp
x SA x EF x ED x CF]/ [BW x AT] 2)

Fugitive dust Inhalation:
Average Daily Exposure (ADE, mg/m®)=[C,x TSP x Fr
x EF x ED x CF]/ [AT] 3)

94 (1), @, GPI AR =] ol 4 @),
(5), (67 2o SAZEE Wegsle] wSlal=s) ek
SIS 217} Agsc.

Carcinogenic risk (for soil ingestion and dermal
contact) = ADD x SF “)

Carcinogenic risk (for inhalation of fugitive dust)=
ADE x IUR ®)

Non-carcinogenic risk (for soil ingestion and dermal
contact) = ADD / RfD 6)

B]A4o] RESHHTA (In vitro bioaccessibility, IVBA)
< SBRC "HOZE FZ2EH«& HlA FEof gr=o
2 4 F e vi A% wEoe] HIEE ZARH)
HAABES o] 83 eHY3lE Qs Bk 3 nl4o] o)FA,
olg-Ao] FHaslet), ol AEIAHTA A7) Jid
o2 SJaidErtel Ago] & 4= St AESHHTAIS
EFFE, 3=, 227K 53 2ol =2 A
doz 2 (el 2= =, olHd =E3AFES
A=Y =EE ALHIISA 871 f18td 91 90%
w2 BEFAQ ghE ARSske Aol dnbAolth
(USEPA, 1992). &4 247} B4 A 8o)| that AESAH
ZATE2] A 90% FH25%)S SleiAdE 7o) A8
o 7] F BRFAR|(TSP) T 7 ]1QGs3 7
(KMOE, 2014y2 £83la A3} 34 WellA 24
o 2Jgt ujEH|go] Yo} vlabAX|d] o3t =& A -
H7F =& ARS A3 AR st wAA] )
#7](PMS-104, APM Engineering Co., Korea)S ©]-&3l
2407 &< 7] T HAIRER[(PML0YE AFHs FAE
AFslal, 63 4 9 BFgk(0.0403 mg/m’)yS 213l
JH 7ol ARESIATE. HIAFARA] F Blae HETHAI0.01
pg/m’) otz FA =AUt
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Fig. 2. Changes of SBRC-extractable As in soil depending on the
types and amount of iron oxides and reaction period.
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SPHTA0] AS AoZ dPdEE vlAY T 11.8
mg/kg ©1ATh. Magnetite®] % 15 3| SBRC W
o7 FEEHE HAE 01, 05 1, 5% Y9 A 42
9.2, 7.7, 1.7, 43 mgkeS 2, FHHo] BL4= SBRC
HHo 2 FETE HlAe O ©o] AL, goethite,
hematite?l] TJSIA T FL3 Zdko] SRIEQIT}. Magnetite,
goethite, hematiteE Z} 5% FHU3kL 1= 3, SBRC W
Ho g FEEE= HlA T 7 43, 5.0, 7.6 mgkgl 2,
magnetite T4 Al FFst Gt 7RE FAck# 64, 58,
36%2] SBRC F3 HlA 7HAh). o]#)3k zlols EHZHY
zto] Wil Aoz HHAE =0, Brunauer - Emmett -
Teller(BET) analyzer(Trista 3000, Micromeritics, USA)
2 =73} magnetite, goethite, hematite] FHZ-2 7z}
22.6, 149, 6.6 m%/g2 2, magnetite?] EHZ o] 7P Y
Aok FikskEe] o] AR WE Bl F3
= M43} a89] 57} Dixit and Hering(2003), Kim
et al.(2012)°] AFANNE UeRITE HilslE Y $ 74
F} ARl W& SBRC FF HI&HE 0.1, 05, 1% F
Q) Aleie Alo] Z7Hel wt 74Pt £415)
= e uglw, % 73] Aol st Al 19
ool SBRC %% WA} T ol ash stk
15+ ©]%<] SBRC F=& HlATo| T7I8le Alg7t I
Qory, 1 ke vlula ol w4 oAe el
ATt Magnetite®] 735 5% FAWS o, 15, 47, &5
Fo] SBRCE F=H+&= HlAE 7+ 43, 52, 49 mgkg=,
Hhg- 7I7te] F7M mE sl 88 S JEhA
Rttt wWEbA 5% magnetiteS FTYIAL 15K WESALT)
= o] HA sl 2o = dET

3.2. SEMEIEE X40M 5% magnetite FL2Z I

AVEo] T, FUY, ¥ 7R
st a5 9] 9% A% AFG.el, gt et
7P 3T magnetiteS (FYIEAIEA 1 uldd
FSHNEEY Ao QA2 A8k AE 7PYS
of, A7 o FAIA AQFHT 2470 BE A= sy
XS GBI 24 BN dFEHos B
A9 HlAE 8.9-254.1 mgkg(® T 115.0 mg/kg), SBRC
o g F2EE HAE 2.8-45.1 mgkg(ET 18.1 mg/
kg) oA THFig. 3). 5% magnetite T+ 17 F,
SBRC o2 FZE&= HlAvE 1.4-9.6 mgkg®3t 4.3
mg/kg) O F, magnetite T ol BIS| 44-86%(H T
72%) 7FF 743} 47 T SBRC WHOZ FET= H]

2 vz ok
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Fig. 3. Changes of SBRC-extractable As of the 24 forest soils
amended with 5% magnetite.

AT 1.3-9.6 mghkg(ET 4.3 mgkg) 2F, magnetite
T 15 o B4 AFe} fARe, kel 3.1¢dl49] o
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98%, 971E¥} magnetiteS ©]-83F Kim et al(2012)]
ApME 2zt 53, 74%S] EY F HlA oY a8
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FeAEA TR SHNER X H9 H
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o] ZtS A E NN EReE s R ARSSISITE. H
2e0] AESHHTAIS oA 320042 247 BA A9
FE 90% w1 25%=2 ARSI HsidErE ks
Table 20 UEPA=U], magnetiteS ©]-83F o3} 9]
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T 0339 Yepdth 29 320049 A3 AHE o]
83t 5% magnetite TH § 159 ¥RE7IES 78
S u, g Kol Me] HlAe] AESHHITAIS I
90%ZES 25%A 52%Z 79% 7FF A A
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Table 2. Changes of carcinogenic and non-carcinogenic risk by amendment of 5% magnetite for one week

Carcinogenic risk

Non-carcinogenic risk

Before amendment

Exposure routes .
P of magnetite

After amendment
of magnetite

After amendment
of magnetite

Before amendment
of magnetite

Soil ingestion 1.2x107°
Soil dermal contact 5.6x107°
Fugitive dust inhalation 1.4x1077
Sum 1.7x107

2.4x107 0.24 0.05
5.6x1076 0.09 0.09
1.4x1077 NA NA
8.1x107° 0.33 0.14

NA: Not applicable, There is no toxicity data for risk evaluation for non-carcinogenic risk of inhalation of As.

3.4. QFESIM|ZM2| HiStE Folol ot W SE XE

ArkslE= Qs oFg3ld H]A47), flooded condition®]
EfollA sl dikslEe] A 83l (reductive
dissolution) wjiol A&EE 4 e 7Fsido] UGt
(Kumpiene et al., 2009; Nielsen et al., 2011). & A+
o] o A FELEE A9 R ESO=R )
7 dEgsin g vl 3 g7t A e e
Z702 FohE) sk Eok Fo] nYE £ B4 4
o, HirslEo] U 8l FAHE  Thiobacillus,
Geobacter, Clostridium 52 MAAEE0], (FyYFEAHEA
FH9] flooded condition®] FAEHE = ESNA 4.5%
o] Hl&S HRl v, SHEAEEA AAolMe 1KY
1008] 71 2H 0.018%S] HIE-S RTh o3t AE
< a3 E w, $ENEET AFoA s
A Lall7E AT 7FsAL TR Ao Hlg] v¢
tar geke]o], 3714 QP84 SANAME magnetiteS
23 vlA Hgsle] A8AL =5 Aoz Azt
7H O R, T A8 wisle] e HilkslEe] Sl
e WAsl] S8l B, = T uiE dgsiAl st
7] g Al AX)7F 18E 4 UTK(Evans, 2003).

H|Z QAYo|d Al o] FHE o] 3T
A el BlAe] A2 YL §iS AR ddEn. 1
3l oA AFE ule} o] HilkslEe] skl el
7FAE W] witel] A& oE HiES T =
o+ §ls 7= ddEd w3k, HislE 79 Al T
GukgoZ el 2ol tigh dae] $HE = Tk
AEH A3l Wo] AREE e @Y7L um ©919
Ao B4 nlsl o] Huf 30 oY AL,
10~10,0008] %= k7o) ot &71eh HEFS o &

do i O N e

(e

¢
to

313 7FsAdo] ATHUS NAVY, 2010). oloke thxs o
2, B Aol A ARESE magnetite= um ©9 o] =
71Z2A(JE=FTEE 5.6 um) HRSAJo] ol w2313
ksleitt, olyg YAk Z7e] HilshEol| ofst s} =
= 24 vEle Bausa A ook %3 5% olake]
e FYd e A ogeks Bard upt glok
(Mench et al., 2000).

HSIES QPISIAIEA] AA A8 Aol A85
ol =, 2ABIE-S HEd A¥ & HE [5cm Zo] &
= AUTE] Hert SRR e oA Al 4
3 3 18 B AHE o83l & o= W
o7 AgE 5 Ut AA s H8Alddle S
2 35T AlokS o] 88k HRE Qo= HASHE
TS ol8shkes Wikte]l 1HE & Uk Ko et al
(2013)9] Aol A= goethite’} TFHE mine sludge=
ol g3 73%2] HlA °Fg3} E8-S HHIL, Nielsen et
al(2011)2] A= ferrihydrite’} - water treatment
residueE ©]-83) 98%2] HlA oPgs) §.88 Ko, Fit
S 3 FARES] PESAIEA] TFsdS ERISISIT

e T A 79 Felle 2 Aol ARggH
SBRC "3} 22 A=A E4RS ol8sie] H
20] BESHAIHTAYY] A o] gklo] Jasit &
sk, FASER QIS B4 ¢PYs) aapt A&l e
A gRIE7] 218l 714 HlA sEe] RUER Algo]

Fslolol & oleh,
12 =

HIAZ edd FydaAda i+ 5 $E4ES
7 Aol A FisHES o83 BlA QY] 865 I
7L, e s s sl <)
= AR a9 RISIY. 5% magnetiteS B
Qe 177 WBAAS W, FNLLT Ao

H1r v
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