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Abstract

BACKGROUND: Mining activities, smelter discharges,
and sludges are the major sources of heavy metal con-
tamination to soils. The objective of this study was to de-
termine the efficiency of magnetite and bottom ash de-
rived from coal ash in remediating As-contaminated soil.
METHODS AND RESULTS: An incubation experiment
was conducted for 10 weeks. Magnetite and bottom ash at
different rates and ratios were applied to each plastic bot-
tle repacked with 1,000 g of dried As-contaminated soil.
After 3-weeks of incubation, the concentrations of avail-
able As were measured by using Mehlich-3, SBET, and
sequential extraction methods. All of the subjected soil
amendments resulted in significant decreases in available
As concentration compared to the controls. The addition
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of magnetite at the highest rate was the best to stabilize As
in the soils; however, the values of As concentration var-
ied with the extraction methods.

CONCLUSION(S): To ensure the stabilization accuracy
of heavy metals in soil, both single and sequential ex-
tractions are recommended. The magnetite derived from
fly coal ash can also be applicable as a heavy metal stabil-
izer for the As-contaminated soil.

Key words: Arsenic, Bioavailability, Bottom ash, Conta-
minated soil, Magnetite
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o% Fo7 FTAR AL SITH10,18]. 53] Hlae
=2Jo] w|$- =131, U.S. Environmental Protection Agency
(USEPA)$} World Health Organization(WHO)®ll <3}
1y QAUA It BAEA A F AFaolA Wt E4 1
O A

=24 oUx] 35%= ARl dAdel oEshal 9low,
W2 oFe] AeALRAES WHAIAI7] 3L Itk Banaszkiewicz
5(2022)8] Aol = ARk 4ES A4k & 189 A
grdafAabEo] dhalsky, & AAIA o R wAlst Meks] = 11
o] 23N Eofl Yok Zlog B uslglt) 4§l 250-500
m’/kg WS W& HEEA T Si0, ALO;, Fe,0s CaO
9 A4 FAEo0] PSR Eofe] A8 u oAzt
A 9 =S FRAAES 23] = st as
9] 7% Mets] o] AFg W3t viAS flste] Aeks] 7uk
teFst AAE ATk Stk IR s Ao =
HJAHN(Fly ash)E ©]€-3to] A=) of(Cenosphere), A2
A(Magnetite) 5% Apdglstal ¢lom, vl A|(Bottom
ash)= &= Al(Light-weight aggregate)E “4tato] 2l
skl

WA St AR HAIE Al|Al] A9
A AAZ Qg vAkY F5E T8 edEde
H B Fu5 eso] wslela, Ede s
AAA W 2 km7HA BlA 2 S0 gl
27 23, 2 km &) H97HA] v]2e] &gk
H7)58 2oehs o2 HuH Il 14,15,18]. G4
TR EXo]§E |3 H, @ T s&ES Aplske
A7} 7P 2 W18 (46.1%) = A8k, S’k QI &
H84 & ARAY9267%) 2 AHAFA=A-LE FA
(11.9%) & A&hel| Qs o] =2 =] Qlo] IA +
¥ vk Qlok ool wt #HH F37) TN LGFAE v
U7} Bl el o = FHEslo] EkAIA M (Soil washing),
2157 s}4(Phytoremediation), <H3s}(Stabilization) &
< A&st vt qlrh

HAR ¥ Eqk gt Asleze ES AIXY, &
%719 (Electrokinetic separation), 217331y, 1133}/
A 3l(Solidification /Stabilization) &°] A4E 4 3tk
B AEHE Az dlell nlnd w2 F3tass 2t
22 3uU-9 5% 29 EY Asle] wo] A8 Qlrh
FAHE BT W2 EStESeA afdS SulAl
7 4= 9lo] AgA el tist shAl7} ek A EAsPES 1%
AA-AA AR Wo|A T, wFEEe] e ol A8o] o
e Aokt A7)l AQEHE Wo] Stk kst
FSAIE AHSEE QHYsPHE EY Ul e9EAS A,
52, BEAEA S s o R Hdst FeE HEAA
54 9 AERFES(Bioavailability) S AAA7E 7]ER
g3t & B gt et dd8E sk Vs s
AT 3, FRAE S R e Aol
ATH4].

AL Aol vl HAE FHsh daEA ekt dd
AbskE W AR FElR BoF Foll gy EAska, 53]
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HIAE Q19 2742 gste] @o] AREH L Qith HlAR @
e BE¥ Azts 93 sl AFEEw sl
Ferrihydrite(FesO;(OH)-4H,0), Magnetite(Fe;Oy),
Goethite(FeO(OH)), Hematite(Fe,Os;) 52 #HAsl=a}
Zero-valent iron(ZVI), Acid mine drainage sludge s
o] o] AMgE 1 9Iti11,14,20]. F&Fo] FH-5t eHgaHA|
o] A H HEHE, e S W B ek H
AhelE e Asghe Ewe Y HAksEel EHeA
A3 varh Ui B 9% dkS(Inner-sphere or

=
3t A4S vk dgele EAY AElE calcium-iron

o] ohd o] 4 falAd HOoE A
T 29 TEE TF Vo] ofd BEREaERE &84
S H7hsllof stk Bkl AERALE Sk WS 57
of uhg} thekst WS ARSI 91, St VHK] FEAIE o) F
k= HUFE(Single extraction)?} A el whe} ik
St FEAIE A 1%55E1(Sequential extraction) &
2 T3 3,4,11]. GdFEH ol AR 281 o]

WEA(NHCI, NHNOs;, NaCl, NHyOAc, Mg(NOs),,
CaCl,, NaNO; %), Ze°|EA|(EDTA, DTPA &) % &
ZA(HNOs, HCl 5)& T2 AREgt: &8, 555 AT HH
of W ZAFEE B F = AE5FEHS Tessier &
(1979), Krishnamurti 5(1995), Wenzel 5(2001) 52 W
Hol F= ARE AL QT $782016)2 “FTwd EAITH
o FEEH B A §RKs NHZREF s
2 MgAdTte] mEw H|Ae] A Ak ol TEETe
oA B Ul Sol& JHE EAshs 497 B whizel
HER ERshe, dE5FES T8 nlAl EAYHE 51
AR FZE3H WenzelH& T2 AREgtha Haskal 9tk
[2,7,11].

B A= A 2 B A3E fleh HdsAE A
st oA S FAHE & BlaAlR R 353 2}
A vpeAe] 84S Hrlele], L9Ed Al oist
7N1ZAEE FHEkL TS Medt Weks nksh] Sl

HE Y

B A
2 Q1 AR SN AR, A Adk £ A W)
g si7)%o] ultslo} EkaARAY 71EA] o3 bk
o8l B AFESITE AHS EFES 4 F 2 mm
A Ae APl AHgSIsth 0d £ HHE Sl
AsplE o ) Hlke) ARFEE A7) BAA B
2 el vebAs WALl FES A4S Agsink

Qo] AgE whetAls) AN E QUAYIA ST 9
A% SRl A Fhishs webal(d 83 A o)

il
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AP (A& o] &af3lth Xiﬂﬁaﬁz}t Merdd &
wole sHtelA E vieAlE EEAoR skl AA
w3t Zow FetEE 114 F 35 mmJ YEE AR
ok Al ARSSE A3 g T Al pH 7.119] F4, EC 4
WI 2o FEE 27} 0.69 ds/m} 40.9 emole/kg 2.
2 UERgth AAEAS udh $ By YR o]
A7l ZHE g A4S olgste] MHe AAlE
HYSHAI = AFESISITE Aol ARESE RS FEA (3
A Aeks] A4ds) Aol Algshs Rl tEd B
gHoz 789 JE= wola, Ht YA 50.6 ¢m, H]
24 34,060 cm?®/golgltk. T8k 3l8hA 240] Fe, SiO, %}
ALOs7} ZY2} 49.0%, 27.9%S} 13.1%2) A1ES A8tk

MU sHeFAE 7y
A A 2AEE FUA AIFC mm

olahste] FMetAT, 1 kgol LAERT PPA Az
58 Gelalol aahﬂz A& APTE 3RO T

oAtk Aol ARSRE S 7HA ksl B oubeAle] A
10%} 20% 2] A2 HlE= AT o= Al AH-a
AR Fat A7)E 50.6 mo) AR, wiEAle] HS-
3-5 mm(FEUZ 4.16 mm)9] iAoz Z QAE AME-
SFol7] el vlmH A A 9 i 30 FA S Het
7] 9)groldtt. ey 3kA 9 ﬂa: Eolsl 2] EokS
Ao 2 Fask AadE sty B 5 = gt
Agshs Fwo® AAsoit2,15]. A £33 B
2 A elA] At r%}%——’F&(Not data shown)< 7|
TOR F15% o TAETES A8 10573 A2
HjE71(20°C) ol A st 3ic

LS %72 Walkely-BlackHS AR5
tH19]. E% pHS} 71 (EC, Electrical conductivity)
=% 1:5 B]E 2 AFLo)A 1A)7F Zot B8t gkl

=743} 11(Mettler-Toledo S475-B, Korea), ol 3Hg

%HCation exchangeable capacity)< =+H&7eHlo] &

& 9 AEA ARl 5te] IM ammonium acetate(pH
7.00%2 FE3 23 Pol(Ca, Mg, K, Na)9] TS o] &

sto] AREetelt). Bedk BEAS A ISR Aol E o] &gt
S AR § B ERE @Xﬁ]"ﬁ‘:}

H|A0] F S F7% AR 3 g2 I5(Aqua regia,
HCLI:HNOs=3:1) 28 mLel| ¥ ]'—19:01]/‘1 A7 A &
105C = 7hestr F244kst $- of3}b|(pore size 2.5 )=
AL AAHE FALoE Sl EY W n]&d Aefak
H71E 93 ddFEH o2 Mehlich-3 F&HY A o
TuHY FaSE FARE SBET(Simple bioavailability
extraction test) H&WS AM-5ItH2,13]. Mehlich-3 3
e T8 B2 g& FEH(0.2 M CH;COOH + 0.25
M NHNO; + 0.015 M NH4F + 0.13 M HNO; + 0.001 M
EDTA, pH 2.3) 20 mL$} &3tsto] 537k &3 x19ato]
A Z AL NS FAE o7 1%y, SBET AEHS ¥
Agk B9 1 g& FIEN(glycine 30.03 g/1 L de-ionized
water + HCI(12.1 mol/L), pH 1.5) 100 mL$} £33t &
water bath(37°C, 30 rpm)elx] 1AIXF FE3te] o HA =
AL odls FAE80% SIStk

ok ) )49 ZAF H7tE 9t dEF=E2HE So)
24 v 4o A3t Wenzel S ]85tk Wenzel?] ¢l
£3EFHE EY U ¥AE i) Fl: ¥]5014 Z3l(non-
specifically bound), ii) F2: 5°]%] Agl(specifically bound),
iii) F3: v]AA4d H/dFvlg AtsHE A 3(amorphous
Fe/Al oxides bound), iv) F4: 274% ’g/ AT AtsHE
A (crystalline Fe/Al oxides bound) % v) F5: 2H7-3JE]
(residual) = Tt} 7 A A2 H7E e F
AT v 2k F12 0.05 M (NH,),SO,, F21= 0.05 M
(NH4)H,PO,, F3+ 0.2 M NHjy-oxalate buffer(pH 3.25),
F4+= 0.2 M NH;-oxalate buffer + 0.1 M ascorbic acid
(pH 3.25)5 AH&3IQlHh 72t dAdE FUES 1 gt 7=

o

Table 1. Applications of bottom ash and magnetite in As-contaminated soil

Bottom ash (%)

Magnetite (%)

Description

CK 0 0
M1 0 1
M3 0 3
M5 0 5
B10 10 0
B20 20 0
M1B10 10 1
M3B10 10 3
M5B10 10 5
M1B20 20 1
M3B20 20 3
M5B20 20 5

Contaminated soil only [1,000 g]
CK + Magnetite [10 g]
CK + Magnetite [30 g]
CK + Magnetite [50 g]
CK + Bottom ash [100 g]
CK + Bottom ash [200 g]
CK + Magnetite [10 g] + Bottom ash [100 g
CK + Magnetite [30 g] + Bottom ash [100 g
CK + Magnetite [50 g] + Bottom ash [100 g
CK + Magnetite [10 g] + Bottom ash [200 g
CK + Magnetite [30 g] + Bottom ash [200 g

]
]
]
{
]
CK + Magnetite [50 g] + Bottom ash [200 g]
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A 25 mLE ZH7F 47, 16A17Y, 4AIZHE7) E 30+
C)el 2o 2 FE69laL, F59 29 43
Zalo] B4 ARR F3ITH2,7].

Aol ARESE 25:0] QPIBAT Sk TEE sRE
H71Ed Ao SEAEYHORE BAERItHI]. HAVE
SEATETHES 100 g9 HgshAlsl &9 (pH 5.8) 1 LE
Egsto] Ao Al 6AI7F FEH200 rpm) § oJHAE AE
oS BALo = 3oty B U eHgatA o] vl ek
7b FE e wet Az #A44 AEE ICP-OES
(Spectroflame mod. GBC Integra XM, EU)E ©]&-3fo]

w43l

clole 24

B0l o] A wjoRdEl e 3ukE 0 7 AEts 1Ak
FIeIek QPgshAl Aol wE HlAe] M3t A&
SAS 9.4(SAS Institute Inc, USA)E AM-3le] ANOVA
AAYE Ao, QAHS] 95% FEollA 4 AT 3
o] BAA F24dS H71skSith Pearson A= W49
AEFATY d&5F2H 23 1, 2, 3919 s%e dis
Sk =g

r_{

Zat Y nE
Al EY 3 QHESIA|e| £
Aol AFES Bk gskAle] 54 B Al el
2 5% Bt Table 29} 2tk ¥h 09 B9 pHE
6.30% RIS w3, f71E S ol e 7t

Table 2. Characterization of contaminated soil

Parameters Unit Soil
pH - 6.30 + 0.24
soM! g/kg 27.6 + 1.21
CEC? cmol(+)/kg 16.9 + 2.52
Sand % 62.3
Silt % 35.6
Clay % 21
Texture - Sandy loam
T*-As mg/kg 56.9 + 3.56
M*-As mg/kg 0.81 + 0.16
S>-As mg/kg 0.43 + 0.07
F1 mg/kg 1.05 + 0.02
F2 mg/kg 5.21 + 0.06
B ;;sion F3 mg/kg 143 + 0.16
F4 mg/kg 26.9 + 2.95
F5 mg/kg 159 + 2.26

'Soil organic matter; *Cation exchangeable capacity; *Total
concentration; “Mehlich-3 extractable concentration; *SBET
extractable concentration

7} 7.6 g/kg 26.9 cmolc/kg 0.7 FAAAE o= 5
33 An 5(2019) % Park 5(2020)2] A3 At} SA}
SHAY T 52 0 R e, ol EAE A 9
A AREA 240 = A8 ApiE flal 71 v 2 ]
=4S AAE $2 oo P v Ao dddnh
Y Ed BEAS AFFER An 5(2017)3 Park 5(2014)°]
Avte} AA[8IG1 T, 04 EF AF G Al 1 AREA
N Zls 1 W A Ao wigd¥ Zlow et

Ee F vla F2 569 mg/kg R EUGTARAY
o] 1A W 249 9) 71FS ZIlshs Ao el 59
A)99] v A QAEE AR AAToA An 5(2017) 58
-233 mg/kg, An 5(2019) 142-152 mg/kg WS B,
A Aol dABIAY s w2 ] UEE
UERTE o] AgdTela EAs Egfo] # A9} TY
AR SR A9 vls Al o s B, $4
oA AHT B 0¥k e £FoR Uehith ¥
78A 8] 75 AR Sk Eokel| nlEl AE 52 ghgo] At
AR w2 50 7|91t AnE whdch EoFe] AEH
A% F7F= 918 533 Mehlich-3¢} SBET A&Wol| wh
12 55 27} 0.81 mg/kg¥} 043 mg/kgl = &
9] 1.4%9} 0.8% 2] &S Rk Kim 5(2020)°] 4
FATFNNE 2 AT TL3 GAFEHE AHEst] EF
Y Bl AEfasst F 3 vlusigla, Agtelxl A
Al 0.1-0.5% 5.0} &2 A2 A= 2-34] & FEl® U
ERtth o] ATl ARESE B A8AA, & A
TollA AREeh Eoke AlEo R HE g el 719l
o Fa 9 ST 93 Aoz ghehEch

o9 Bk ALFE el o vla ¥R F1-F59 @
A FEolM 1.05(1.7%), 5.21(8.2%), 14.3(22.6%), 26.9
(42.5%) 9} 15.9(25.1%) mg/kg o= YEFGTE An 5(2019)
¥} Park 5(2020)2] A3 Aael vt wf ciid| oA
AH e B ALFE el gt R v]a o] AH
Aol whe 2o 7k QIgiTh B Aol Adedte] AyE v
W o F19 F2 #9892 3 3§ oF 7%, F3 #9 13%
FEORE B AT Ayst Ak el E UETh 1
Tk, Park 5(2020)2] ZAzelM= F17} F2 280] <F 25%, F3
8ol 50% oVFoRE T Apol7t Sl ACE YERTh o4
& Ul HlAe HYstE Sfsl Aeet uietAlek A A 9] H)
2 £EAE 29 0.08 mg/L} 0.02 mg/LE H7|EHH
o] 712481 1.5 mg/LE #ato] Q&SRS HYstE 9
3 BAE ARESof 9lo] kSt o FHE I

it

o
v
N
1o
=

siiTt. qPgshAl Aelol w2 WAl oPgs a8 Bk
OF%
Al 250 A2 B Aol mE =k ] Hlhe) =
o .
&

oL,
B
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Fig. 1-(A)= SPdshAlS] Aepdri(dd, 5ol we &
o Wl ¥]2:9] Mehlich-3 FZA ] 23 &k Yeich
29 B AT nieAE Tl ® Aestal 1057 47}
T Z47re] QPgsiAl Aol S7kebd H|Ae Mgst &8s
° M5(79.5%) > M3(66.7%) > M1(51.6%) > B20(20.5%)
~ B10(15.5%)% +=O.% VERdTh Aol ARt QP SHA
252 Ao tist 88742 nieAlRch Ao =9k,
M5 A7} B10 A2l vlsf 54l o)) &89S et
vtk vietAl el A A S B9k APkl W M5B20(76.7%)
~ M5B10(74.8%) =~ M3B20(70.9%) > M3B10(58.9%) =~
M1B20(57.8%) = M1B10(56.2%)2] <=©.& ebskar, wiet
A Ae|grch A AR SV vla Pdslel nx=
o] & o7 Yt

Fig. 1-(B)«= PdskAle] AePi(ded, H3hell nhe B
Yl ¥]4:] SBET FZAol oJst A& vepllth SBET
ZAol| 23t vl A st 84> Mehlich-3 &A1} o
2 S 71 Qlek SBET =240l 28t P 3hA] v Az
T &84S M5(61.8%) = M3(57.0%) > M1(43.0%) >
B10(27.9%) =~ B20(26.7%)<] +2.& FIshAIe] A %o]
S7Fshd Z84% F7keb, vietAel vls) A e Hej s
Fo] otk HsHAE E At 49 M5B20(61.2%)
> M5B10(58.2%) =~ M3B20(57.0%) ~ M3B10(50.3%) =~
M1B20(49.7%) > M1B10(47.3%)2] s=o= ujetaje] <]k
FERTR= AP Ao] B4 Qg 3lel| vl gdko] Al
Ao F et

HA 9 Bkl Halsls = dslefo] FHe g3
AE Aol v EF Ul 57849 v)a e e )4
EfaTrt fashs AdaddTtet IxERlth2,11,20]. =3,
gt/ sk el A ahe A2 vES Y-S asHAel
A EEEE A B TaHl S Atk ATt
A3, thE MFgATolxs A nlo] Ats E3tsto]
St Aol 2%t wleAE] && AR vl eAE ¢
Aelehs 9ol vlal] A W AR anel 2%

oz I

gol Sies Baegliti(16,21]. ol EF W 1l
shgo] Azt gz Agata, akeE o] Ha 4

Az Zget] FRAE Gy Hol wias FF
(Inner-sphere complexation)ah= 7|2tel] 23t 2oz H
%31 9ItH4,6,18].

H|Ao| ZXiHE] Hat

QPgshAl Ae® B4 kg3t a8Adol 7 w3k M54t
M5B10 #e]7 B A5FEN & ARkl nad] 8
A8k, PgshAl Ae] 5 1053F vt Bk w23t
3= Fig. 298 2} Pl 9] A niad eHdst
a8l PiAE YT A AL ol AERE
Auel ARSI G SHA| Aol w2 vl 28 F A
gl BT 2F 139 SRt sk 3 49} 5¢
7o} et 20 H RS Uehith A gl A e}
npe, ARdA g eel wel 2 13 Fe) > 4.02

ki
ofl
N

09, (A)

Mehlich3 extractable As, mg/kg

0.8

SBET extractable As, mg/kg

R R I S I IS T S T S TP S AN
S O R O \&.35‘ &Qg\ $®“ @"& égz;" @,OQS‘V
Fig. 1. Changes of (A) Mehlich-3 and (B) SBET extractable
As concentration in the treated soils during 10-weeks

incubation. Different letters indicate significant difference
among subjected treatments at a significance level of 0.05.

100

EEE s
(LI} Fa

80
60

40

Chemical fraction of As, %

204

=]

T T T
CK M5 M5B10

Fig. 2. Chemical fraction of As from soil by Wenzel’s
sequential extraction method after amendment treated.
F1, non-specifically bound; F2, specifically bound; F3,
amorphous Fe/Al oxide bound; F4, crystalline Fe/Al
oxide bound; F5, residual phases.
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Table 3. Correlation coefficient among the of As concentration in soil by various extraction
Total Mehlich-3 SBET F1 F1+2 F1+2+3
Total 1 -0.092 -0.044 -0.231 -0.026 -0.111
Mehlich-3 1 0.968** 0.983** 0.808™* 0.982**
SBET 1 0.962** 0.815™* 0.987**
F1 1 0.769* 0.982**
F1+2 1 0.863**
F1+2+3 1

*** Represent significant at P < 0.05 and < 0.001, respectively

mg/kg9t 348 mg/kgo® tixTo] #3F 13 ¥ ¢
(20.6 mg/kg) =t 80.4%$} 83.1% A7H=|UTHFig. 2). ol
uet, 8 49} 3 57F ARk BlEE 2T 67.6% 1A
A4 A 91.8%9F vierAlel AFHA B2 92.8%
2 S7FIelt

ojefgh Avh= Bk f wlA Azks Slsl HAilsks 5 A
ol Fh-eh SIS AeElahd nlE5o)A(F1), SolA(F2)
2% Fee vla 7o) FA43] gtk Ao} AL
o Antz JeRdthe,15]. et B Aol AERFET F5
Hell o8t FERh AA&FEe] i #3139 w2t dA
3] =L, ol kAl M2 AZ B¥ Fe-As AtshE
o] 3] 3uAlellA] g3l vEhd Zlo shdwT5]. &
5(2011)> H|&9] A&FEHA A=R Ho|7} 7hsgt
S 19AI9 2919 AoR Ry, B AT ¢
FEI A5FE 23 1979 29 dee] Aol

jEANe]

1

e

T4 S FE(r=0.769-0.815) 2.2 YER} A&z 0] ol
o] Zage Aow et
HIFEHN ALFEY 2to| MERSE e
PYsHAIE A Bl vl Aefakel <A
a8 Grlel] S8 daFEs ASFEN £ 1
skl el AAEAE 248kl T AIE Table 3
etk = W) vl F gt e tas(ddTEy
off oJgh o gl ALFEHe A #3135 =
ool QL o= EY T HlAY ¥ Y SANeR B
ok LA BAC Qe Az AE T AUAR wEHE
T8 Brkshe 2ol gurt fles AR AR
Aol AR SGAFENI ASFEL FHFAY A
2|2 Hag] QP aabdoldar, FEd 3t vy w2

T4 (r=0.769-0.987)°] $l= Aoz Uepsith ol okt
A7F A2 o]F AR =EHE FES Bl A
2 A8 9 5o AR &8 ) vy 88 280l 7k
g 0% B, wE iAol wet e ow FES
ARgsfor & Ao yvhdc
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