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Leaching Behavior of Arsenic and Heavy-Metals and Treatment Effects of Steel Refining Slag
in a Reducing Environment of Paddy Soil
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Abstract

There have been only a few studies focused on the stabilization of metal (loid)s in anaerobic soils such as paddy soils. In this study, laboratory-scale
column tests were conducted to artificially manipulate anoxic conditions in submerged paddy fields and we observed the release behavior of As, Cd, Pb,
and Zn, as well as to examine the stabilization effect of steel refining slag (SRS) on the metal(loid)s. The leachate samples were collected and chemical
parameters were monitored during the test period. Results suggest that anoxic conditions were developed during submersion, and that As or heavy metals
(particularly Cd) fractions bound to ferrous (Fe) /manganese (Mn) oxides were easily dissociated. Moreover, As is also reduced by itself to a trivalent
form with higher mobility in the reducing environment of rice paddy soil. However, it was also shown that SRS significantly decreased the dissolution
of Zn, Pb, Cd, and As in the the leachates; their removal rates in the SRS-treated soil were 66 %, 45 %, 24 %, and 84 %, respectively, of those in the control

soil.
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EE X2 150 72 flske] of 2] o= wle-
% @3} (Brevik and Burgess, 2014), £3] 1710l A] A %]
A AZYEE Pl o 8E = Sle AHES AlSdlE

(Abrahams, 2002). 12 @A 2194 @Yoz He &
HAE=00 T EYFRHE o] L H-2 Az AlAI A g EA
2 553 It (Huang et al., 2013). E5AEE9|
2 U= Y& v oheke] 5548
=9 SR QI AR WA o, FAHE, 4
Rt Rk o e R RURTIA S S S o d kel e LR
A A 2 AH 5ol Atk o] Q1A L P ¢
of| Al 34t E-2 A AL A 1Rt A S0l A B =
29 Ho| gt ¥2lo] Hr} (Abreu et al., 2008; Liu et al.,
2005; Thornton, 1996).
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oefat T ARES Wul @ M Tju] 2 BE /| F W SR
a2 SAdo] ufeh A4 2 B ]AbH A o] 7]
Aof oJaff =¥ EoF U FHA = +UE = St} (Batista et
al., 2007; Jung et al., 2001; Liao et al., 2005; Liu et al.,
2010). T34 B +YUE L A=HEL A= Al
L JFe A gFA o2 o5 HFIshe QIXHe] A7l
AR ZAIE oF71e 4= Ut} (Ok et al., 2011). 3345

Ofet B H2 ofeke) 2 e A= el e 4 flsi/del
ot w2 A e ol Ay Y 1o meh A E= 2
A ZAISZ O Rt AIREA 2pol & 71T o] wize B
Lgjo] A7]A oz Zgge] & 7] Q14jo] oY al, ofn] &
ol 3] Al Eofoll tiet Ao} Bl Hof= AHigt
BRI IR L PRI

S HEG] HoE ATt R

[e] =]
=Y Hg< 34t FH P57 X9 HHS fisto] Hol A
G5]aL Qlom, 71 2GR T3 A Skl 9dtk (Koh et
al.,2015; Yunetal., 2011). 2 FHE B ot IAI &S &
Yo zH e HEZ 0| o] 54 W AERAEE A=
Ao g LR P AATH okt (Kumpiene et
al., 2008). 12t} 0] 7|42 in-situl} ex-situ7} =5 7535t
724 ARt BlE, AR A 27|17 S e W 7|
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Zro) v 7] W] Selutet slg<: Wik o] 914
3554 99 S0 o] WIS HEs i A
BEY Fa% QARPE Aeis] Slo) g 4 g @

AF o7 71 epgeh wetolet & 4= it} (Koh et al., 2015;
Yun et al., 2011).

EG HolA a5 479 ol s L AERraeE AAl
7= QPEAY] A US2 HHSAIR Y] F2 2EdhE
A, olwst A W 3] 5o] 91O (Janos et al., 2010;
Park et al., 2010), %J3FQIR} 2= EOFO] pH, AFSIEII A Y, ¢
7, T, T as v L EAFH, £, ol HEA
50| =t (Lee, 2007), FHTHE EFO] F54 Aite
apE o7 QHyststr] QfsiAle T A s ol S/ il
EFO] @ AEA o wE Ak g 3HA ] A o] w958
shef ZLe]al Bl o] wAAIY Sl Hedte &
FAARA 715 EEE JREA] aleE|ofof gitt

=2 W (F) et uie= qlsto] Abatet shlebig o) vt
HHog2 uapsto] HA¥sh, ofuf At ksl ¢
(redox potential) ©] M35 =RFSHA| Hrt o] 2|3t =E 2
5748 thE ARt w3 A2k =LA FFE ot (Boivin et al.,
2002; Yun and Yu, 2015). E&F Ujo| A Alslel-a A 9] 2] 3}
+ Hla 9 F549 o5 9 Aol et I 7IAH
(Takahashi et al., 2004), =31 QFA3A| Q] G0 FekS
A & 5= ok 1 AR E2 AR o 2 S 4291
= HESS o= s, Alakels 27004 Aol
T ELE o] 20 Hr}h(Koh et al., 2015). =E ko] 31131742
nefste] vl 9 Fa40) bekE nefe A 9 1
"]3}c} (Suda and Makino, 2016).

SHYst s 9] Aol e L 3R Y B4 At
S| o] Ak A gof G et v Y FEHo2 @
=ESS e o ¢HYslsl] fleire AR o=
B L AEAET =BG oA did Ld8E=Y] ol
A A-gol thgt o|ali7t B o2 QA% w, Akele} shelgh
Zdo] WA= =T o] EgoA] 71 AERE oHYSHAI 7t
A7 w 3L A g ofof H Aot

2 AFollA = Has FA = LA A
=R Sl HARE AW Ry A E A
H 4 3 S350 8E54 1) P 2 A
el AP ans HESIh & AtollA oF
Eofo st oA vl 4 B a5 8EEA AFE
1] A A= ookt e gdAesol Qo Hla 2 T
o8 e HH FAA o et ¥ 2 1 WS skt
o371 2ARE AlE8 & 5 S Aotk

w
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Il. HE 2 gt
1. HARSEY MY o &3

A T LEEY ()= AFsH] e dEd e s
Aol AH831TH (Fig. 1). 2ARBARE 913 thako] =
o] W gl wkeb) ARE ol &5te] EOEo GEAA FHY
of whe} 32t Ok A ATk AT B A Ale] &
a5t} Qe £ panel] LA 14 A7 B
A7) TR EOF olalab BA] 9l S RS 915 Al RE
2 mm Aol FAI7 22 AHg ST, ARUBE SIa AR

£9.54 mm Ao EahAIT) AL A3

2. Mzsda

=AY A 2P A oA hF e ARGl ek 2HESHA]
2 ARGEE AE e et gadel $121%POSCOe|
A AREAQl gl ol A == AlFo = - A28
AIE Eoto] Aeet kS gEsieith A1) =2
TESHA LA E O XA & FH A (X-ray fluorescence)
& olgelel EAjelion], 1 BAS Bl FEAY
ol oJ=]s}ot). FA41Z QI3 AA 2= Eai7| Al eE
£ 542003 SEEAS FTAI AL ALBSICE T A
et Lof /3432 Table 19 Yetiglch Al7k&e 1
O] Q8 AR B YAl A= AtEe e 4
2T AR H 2 UEF =t Fe 9 Ca Adwo] 7H o)

1=]

L
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Fig. 1 Sampling point within the study area

Table 1 XRF analytical data of the stabilization agents used

XRF analysis (%)
Al203 | MgO | MnO
35| 43 | 3.1

Amendment
Fe203

31.5

Ca0O
329

SiO2
19.4

P20s
3.0

Steel refining slag




B35l om, Fe U Ca AH0] 8Fek2 7F7H9F32 % 2 33 %
A2 A7 853k

] =0]50 cm 2182 T4 0.5 cm&] o}=
A 99 o A el
7] $Jtol A 4 10 cme} wh 81 2]
ofl A 4] w7} AT T sk 7 Al 2
HEST} s Aldse 1] A2 3]’1”01] 10 cm 77|
2 2 EFADE A oS FAAAT &, AR 2
HESS el AEH L (<2 mm)E 4 % (W/W) @"ﬂli
.g5to] TRe H 2| =230 om AR SRAZk 2T
EE Ao R e dETEe = A Q] gol F 2709 A2+
AR o) @ Y= W At 550 Lol
20t} 2.38 kg @) rammerE- ©]-8510] 20 cm 0|2 153]
el 2 S w02 & ofel Al Yol 7 AR
ok A2l 2} Aeker Qe 71E01E 2w sho] A )
EFE A A BFE=e] A71R QR e AR e
U 1 9ol o] skt B4 2] 20|} Q1w SHIT. Table 2
= et g2 o2 BEoRs A efsto] Aol A9 €& 7,
I E9H EAEE vERd Aotk
A9) e omt A7 U 2.9= 9 s Hele
of 1=0] T8l L H 41717 $18tol 941 7 A o =
& IR A 2 2AYEkTE 1 o R 7 A shE
Hj &9} 71 AR 160 cm =0]of] )23t 422 AR T A
= ddsto] Y dd shi miEE gol 3l ezt
A o| 2= RS ZF AE W BoFo] 23l E P
A o]|27] 7HA) = oF 8ARto] 2= FQick L7t AR
2 Eofo]| EoF A15}3191 A 9] (redox potential, Eh) S é—’ﬁ
7] S13l B A5 5 em Zloof| A5Gl om, o] & A E
Foll o] 7 em (7)ol o & wl 7] A= E
FoI9T AT E TA0] S om AR 2ot 4
S ThA BRt0] T em R 9417} S st w4
T2 7} 2of Aol A1) wlZ o] Eh meter (PRN-
41, FUJIWARA, Japan)E dZato] 27]7F F3F Atstek

_If‘~ N mlm

ol
-

=23
[e)
A

& 0%

Table 2 Physical properties of soils filled in columns with
stabilization agents

Control soil Void Ratio 213 Al Vyaelght Pore volume (L)
(g cm™)

Control sail 0.69 1.45 2.0

Soil + SS 0.61 1.52 1.8

SS: steel refining slag

< 5
t A9 Hﬂﬁoﬂfﬂ 7&1%# FEsE
2Jo]7} 919l oLt 0F2.64x10 mm/s A=k Fig. 2=
2 AR RGP AEES epd Zlolch

7t EYQ| olgtstd EY
Eoka A B S g2 50 mL R H WAL 5
9225 mLZ 7t ] f2] 02 Ao] A A A] &
pH & EC meter (Orion 550A, Thermo)E- 0]-8-5}o] 243514
T} (NIAST, 2000). X|3H 0fo] & Eoko] 5 g2 50 mL
FE B0 Y11 MNH40AC (pH 7) 89 25 mL-L 75} 30
B2+ s ok 11 AEkol-2- o 71X] (Advantec No. 2) 2 o
Tk51o] (NIAST, 2000), ICP/OES (Optima5300DV, Perkin
Elmer, USA) 2 Z} A3 B.A5191 11, -G-8 Q1ARS Lancaster
.0 2 WA (UV-1650 PC, Shimadzu) = o] 8510} A5}
At B RS2 105 °CR 2447 54 8o
ZA]? E9F10 g& 3]3}2of Yol 450 °CE 6A|7F 5<¢H2HA
203, Aol A WZHA ok FA1E S7gste] AEa
ﬁ% o]-g-3to] STt B2 ASTM #5242} HISA
H (hydrometer method)2 E-8}0] n|=tx54 (USDA)] &
B ERFS AXselch QSIS KS 72 (%
THZ D KS T1SO 112719 F&sto] A4S shqlct 715t
7] defell A Hagt wad=3 2t A9 f B Sem
o] &2 A1t t}2, Eh meter (FUITWARA: PRN-41)9} ¢4
stRom o] % Arhe] (Salt bridge) S B3 A2 Ha-5<l
AAjsle] AIAE Sl

design of
e sl column the fitration layer soiltreatment

15cm

the collection of
water samples

Fig. 2 The schematic diagram of column
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H2F

Lt B W HIA H SS482 S

% Wl F 40l & Hee B 015 mm (No.100)4
2 BIAIA 3 g JFHOE W B, AP ol &
(HC] [21 mL] + HNO; [7 mL])E 7150 2417t 501 A A| oP
1, 0|5 B2 A0 THSIEE 25 S8 247 5t 1
A E 9 z] St o2 1 Eafol-S o 7}A] (Advantec No. 2) 2
oJibA]71 &, ICP/OES (Optima 5300DV, Perkin Elmer,
USA)S 0} 85101 554 ke Z43191eHKoME, 2015a).

OHI
ook

Ch £ W HiA §2¢9| ZRHSIEN
Z2F = 0.15 mm (No. 100)
A= %JMZJ EOFA|EO] 0.11 M HOACE 7}3fo] mghAg
S e, Y] EQk] 0.1 M
NH,OH-HCI §-9%-& 7}5}o] Fe/Mn oxide Z3e] 554 A

-2 YESH WHALO Table 33} o] 2 phA 8 ]2 )
F34 ARG 15 2 Bk A43EHe AAeks
B2 A JEAE I Ao SRR BEG= AlH
sto] 2he Adwoll theh A= 2|43} 619 o, AAEa]7]
£ o|&sto] & B Hefste] A&+ 5
B AAS e skt 2t dAE R dojdl &
4l Hjole [CP/OES (Optima 5300DV, Perkin Elmer,
USA)E ol gafo] vl 9 554 Teke 24elact

g2t +EEA

AR AR AT R4 FUEAS o1
(Whatman GF/C, 1.2 um) 2 g HEZE o] &3] 4| oju}st &
B AR HE40] pHE} As, Cd, Pb, Zno] 1t
T AT AR ol T=5tod 241513 2. (KoME, 2015b),
Mn1} Fe+=ICP/OES (Optima 5300DV, Perkin Elmer, USA)
2 243193 As, Cd, Pb Y Zn=1CP/MS (ELAN DRC I,
Perkin Elmer, USA) & &4} )

QAR ae) o|slshe] B3 F24 % TS Table 49]
ERISAT, S i 505 wfeiston, A2k ol
<5, ukIu)4s @ ZH8o] 242F1.21,0.28,0.11 cmol kg 0.2
UrEP*EP Lee etal. (2012):& -2]u2} w54 4t 4l 35
72 E9F] pH S pH 5.2~pH 7.0 18 910], X12H4 24,
vl 1y 2 e 71711 .4~18.3, 0.3~9.4, 0.02~1.3 cmol+/kg
o2 Buslgth 1E|1 take JEoko] EALL ma 52 %,
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AE 40 %, FE 6 %2 AlFEER e efjgao] @
& A RS Ul WA &£31aL T} (Ahn et
al, 2012). whepA Hig =] oleehA 542 9-2luet 57
A Bk o|atetEAdnt vlaA] dAshe ACE eyt
HIESS S5 T2 7I=g, | ofd E vl 242
15.3,56.7,315 2 155 mgkg O 2 & A3t 71 =g, o}l
gl H| A7} 997|128 238k A 0 2 UeRdTE E3] A
O} 7IEFS Q7S A 2ohe w2 s E ik

Table 3 Sequential extraction schemes of heavy metals (Ure et
al,, 1993).

Step (Taget phase) Extractant (Step time)

F1: Exchangeable and
Carbonate bound

F2: Reducible phase
(Fe/Mn oxides bound) (pH 2) (16h)

F3: Oxidizable phase © 5 mL of 30% H02 (pH2~3) (2h)
(Organic matter—bound) | © 25 mL of 1M NH,OAc (pH 2) (16h)

© aqua regia (HCl : HNO; = 3 : 1)

© 20 mL of 0.11 M HOAc (16h)

© 20 mL of 0.1 M NHOH HCI

F4:. Residual phases

Table 4 Physicochemical properties and total metal(loid) contents
of the soil sampled

Parameters Values
pH 51
Available P (mg/kg) 22.8
OM® (%) 5.1
Exch. Cation® (cmol*/kg)
Ca 1.21
Mg 0.28
K 0.1
Metal(loid)s® (mg/kg)
As 155
Cd 15,3
Pb 56.7
Zn 315
Soil texture (%)
Sand 58
Silt 40
Clay 2

@ Organic matter

e Exchangeable cations were extracted using 1 M NH40Ac (pH 7)
according to NIST (2000).

° The total metal (loid) contents were digested by aqua regia
according to the Korean standard method (KMoE, 2015a). The
soil quality standards for Cd, Zn, Pb, and As are 4, 300, 200,
and 25 mg/kg, respectively (KMoE,2016a).



Table 5 Results of sequential extraction of metal (loid)s in soil

sampled
Metal (loid) contents (mg/kg)
Fraction
Cd Pb Zn As
F1 0.16 (1.84) | 0.95 (4.12) | 6.61 (3.93) | 0.08 (0.05)
F2 1.62 (18.6) | 11.4 (495) | 4.96 (2.95) | 10.16 (6.16)
F3 0.33 (3.79) | 2.36 (10.2) | 10,57 (6.29) | 3.71 (2.25)
F4 6.60 (75.7) | 8.33 (36.2) | 146 (86.8) 151 (91.5)

F1: Exchangeable and carbonate fraction

F2: Reducible fraction (bound to Fe/Mn oxides)

F3: Oxidizable fraction (bound to organic matter)

F4: Residual fraction

The values inparentheses arer atio of each extract to sum of
each extraction

SArEer o) vl W S shaka Age 1 pe
of| thgt A<5=Z27H= Table Sof| Uetli ick =S W
ZH+/d P H (Residual fraction) 9] H]&-2 H A| 2J7F i
0] Adto] oF 75 %= 7P = A| Urebetom, vixk-R/d FE
Z Y AR oA o]F A W AlE ARl = wE
(Exchangeable and carbonate fraction) e t}E 2315
Efjof] vl 8} 7H -2 HlE-S H itk o]Foll A oS nehd
Feo] 571 6.61 mg/kg o2 TR Al R vla| 713 &
g Blvh T1e)al Shel oA Fe 9 Mno] Shelo =
Ll =7} Z718l= A | (Reducible fraction)= o}
& Aolg mE Aato] Wi W) theo® kol Baels
J0.5 et o)z =9k Wl i obl 4 Sol w2
% ko] ol % 0)o] AaEoR FoMe AbSHET} u] Y
7oA A A o= wehE Qi

2. LafetAMe (Eh) W pHEHS}

Fig. 32 5713154t 2F EFE ol tigth Abelehedd 9
2ol HekE yehd Zlojok 7 B | Ul Aelekdd e
A7 ASA o2 fasle Fde 2tk '@ 4
T2 HF360 mV oo ghE eI 2l ot o] 5 F 3] W
OFA A7 FRt FA 2] B -182 mV, AFEE 1210
mV7HA] AR 9171 ashe A2 et Al

o1 BA e Eobrct 4l WA £9ko0, 239 o
FHE 100 mV 0|8l 22 T EokE o] B4 2
9 2 YT Minamikawa and Sakai (2005)+= 1< 7Y
O] =0l A AFste A 1%k (Eh)-2 —200~0 mV F =2 L}
weh s g} ol 7 AR SR o o]
7} Q9o TE717 Bek g4 olato] more] 2ielel
Aol Werel Ao® tehet

800 800

700 700 |
600 600 |-
500 s00 |-
= 400 < a0
> ons, >
£ 300 £ 300
= 200 ~N“."". = 20 K
& 100 “e, W00 %
0 -, 0|
-100 e 00 b \\
200 o 200 w
-300 . . . : . -300 : : : : :
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (hour) Time (hour)
(a) Control (b) Steel refining slag

Fig. 3 Variations of Eh value of soil column during column test

period
9.0 9.0
8.5 8s | .
8.0 80 | O“J"QM
75 75 | *8= o
k)
7o . . T 0 aghe ¢
6.5 "wo~q,aq:.f"~¢‘ 6.5 "
6.0 . 60 |
5.5 55 |
50 | . . . . . 5.0 T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time, hour Time, hour
(a) Control (b) Steel refining slag

Fig. 4 Variations of pH of leachates with agents during column
test period

Fig. 4= W57|7Hs¢t 71 Bk Foll A A3t AE2
pHHBHE Lhekil Zlolck. 4 2] Eobe] pHi 2% pH 6.3
of| Al pH 7.1 7bA] 79 E¢t Bl 4] A 42 0 & Z7|51= A%
& Ui} o] rolliz thas 7hselod pHot u] A e
Al A== o] UeER T (Fig. 4(a)). A3t 2=
pH 6.330]4 pH 8.28 7}A] F 17 5t pH7F A|&54 0= &
7¥ohe A me on, o3 A7|7HES pHE AT
FAIE= A2 B30 (Fig. 4(b). A& 1) Agl+t=
232) mopurt v 23 717H 5k X142 0.2 pH7} 571t
LA e,

dRbd o g Qlsto] SR HaE s B
pH H3}E ulsHA| H=d] BE4fe] @i s 259
Fo. COp7k 2#/5jo] pHiz AHEpollA] 571513 o
EFo A= aste] EA o2 54 M= FAE
A QI (Meharg and Zhao, 2012). t)2+ E9F2] pH
19] o 44 0 2 grmare] kAl SA4do] e v
Ao HQlt} (Table 4). Z12]3L A& 15 A7t
et AFEH LY A2 QIR PR
Zko] BlsfA] A g =2 pHE H 3tk

oot

ik

oo

[e]

Moo rlr R ¥ of

O
flo

)
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S M o) 52271 124511 57151 A
VRt Mn- 99 18] 1 Fe-2 304 o] 3 2E 2231
Z715He %ol Lekiteh (Fig. SAG) 2 Fig. SB(a). B4 ¥
op ]2 0] 819 TS HA4 G A= AL AL (0n)
7} BA] AmE Bo=NOs, Mny', Fes” 18] SO ZA]
237 o252 AA-8A = A5 ] wlizo Mno] Fe
t} WA 2514 =k (Kogel-Knabner et al., 2010).
AFEHLE 22T BEGS 8U TFE Mno] %ﬂ =
ARe wled] 139 71 HlmA AEH o Srlelse
( 1g 5A(b)) 71 o]%ofli=Mno] F=7F AFSHA Al =
Fo Bl T 8-S FAE] BT ufe- WA
54 9Tk Feo] 49 Raje] moburt whe Alko] 83
RS BT 239 T4 Fert ks BT &
3RS 1 9T} (Fig. 5B(b)). 12Ut 129 FHE| = Fe
Pl tsolo] BRTREERE Ol WS SRR 85

_EL

e rL r{r
Jﬂ r{r i)

-

2

1' ohl o°*'

O

7}

el

i)
20
=

L} HlA o E340| Hs

Fig. 6& PA7|7150 7t E=iold A AE4
bl 5 0] S Lk Aolek Zng Al &
oFel 7 2|2 BN AN FL5H $7Hsto] 149 (347
g/L) 714 A4 0 2 715t o] Lhetiton, 149 of
e 219 11slo] 9820 uglLel -0l Aol
A $EEE A B9k (Fig 6A@). AFEH 15 A2
3 EQe] 9 X2 BAAHAN 1Y B bEE BY
o5, o1 Znsl P FAUA FLAE BT Ll
“12)7 o}ele) e PRI FeF FH e mopet ol
w9k (Fig. 6A(b)).

7,000 7,000
6,000 a ﬁ 6,000 b
o
5,000 K 5,000
= @
EA,ODO f' EA,DOO
o =
s ) £ 3,000
§ 3000 S s
o
2,000 2,000
&
1,000 j 1,000
[ 0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time, hour Time, hour
B 1,600 1,600
1400 | A L4 1,400 b
.
1,200 L 1,200
%
< 1,000 < 1000
< o S
2 80 o X 500 L)
5 o
£ 6o ° & 600 . Ty
400 ; 400 . e,
.
200 . 200 .
™ prs———
0 0 et
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time, hour Time, hour

Fig. 5 The variation of A) Fe and B) Mn concentrations in leachates
(a: control and b: steel refining slag).
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Pbi= 74 2] 20| A9 Zn o] =4 FASHA 2=
AR RE A7 < FA A S71ohe B A
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Fig. 6 The variation of A) Zn, B) Cd, C) Pb, and D) As concentrations
in leachates (a: control and b: steel refining slag)
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