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ABSTRACT

Most of the slags generated from steel-making industry in Korea are recycled into media-contact aggregates such as fill
and cover materials. For their use as media-contact aggregates, the slags must meet not only the waste quality criteria, but
also the Daphnia magna acute toxicity test criteria. In this study, Korean Leaching Test ES 06150.e (Korea), Japanese
Leaching Test JIS K 0058-1(Japan), Detuch Leaching Test DIN 19529 (Germany), Toxicity Characteristic Leaching
Procedure (USA) were conducted for batch leaching test of slags from 6 Korean steel-making companies. In addition,
Korean Standard up-flow percolation test (ES 06151.1) mimicking field conditions was conducted to assess the impact of
the slag leachate on the surrounding environment indirectly. Heavy metals such as Cr®" and Zn?" were detected from both
extractant and leachate samples, but all of them did not exceed waste quality criteria of each country. However, Daphnia
magna acute toxicity tests using the leachate samples from up-flow percolation test with slag alone and slag/natural soil
conditions exceeded ecotoxicity standard (TU=2) due to their high pH (11.3-12.5). After neutralizing the pH of the slag
leachate to 6.5~8.5, the Daphnia magna mortality and immobilization were reduced to satisfy ecotoxicity standard. As the
reducing pH of slag leachate would be extremely difficult, appropriate recycling management considering the
physicochemical characteristics of he slags should be stuided further.
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LM B
AdEBNL(Steel making slagis FFAol|A HES W

1=
Rim
FH e ASIA AASks Hgellx] A=,
il
o A= 7] ffal Aeol X B, e 54 A 0

S AAsks FAolM 2 AdEd e A A o} &7t AYRITH(Yoo, 2009; Kim, 2014).
2 I(Basic Oxygen Furnace Slag, BOF Slag)e} % Az g drzEH 1Y F8 74 A2

712& @ 1(Electric Arc Furnace Slag, EAF Slag)Z

A}, st nee) §8A%0 1t s

ZlZsdlaE 238 5o 1AL g83le] A7E )
HE XslAolu sdAdo = WAl wet Ak

Fe,0;,
Ca0, Si0,0% ol e} FENE AES FAL

AR 25, A
FAA: 204, FAAT9
AR} A9, T

Email: wshin@knu.ac.kr

Received : 2024.02. 02 Reviewed : 2024. 02. 19
Accepted : 2024. 02. 26  Discussion until : 2024. 04. 30

72

3JtH(Barra et al, 2001; Tossavainen et al., 2007). |
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s MARHEE R ARS8 Seide A #Hol (KISA, 2022), 59| B3+ mjAIHEE SARED oz}

Z 35K Ren et al., 2021), BA-B5IHL 245 &
Ao} F3E defel wet zfo|7t whAge] wel g7zt

Ar
B2 oS Bl S (agingyshe HRte] AXEAL Atk
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B, ARIE 5 A48 A2 B85l AP (Gencel et
al., 2021). 9] ARSI ALeshg} she A
A g i AP B $ETES wESor

(Lee et al,, 2021). =ujoll st s S22 4 $Hh(Tables 1-2). =H19] 73 A7 IEHA el W& 857
T S AU 37 T =F 59 WS B & o TR wEslof o, MiAHEE R AE-8st
Bz =710 @} 100 mm ©181e] A9 17RY, 100 mm a4} ke AETe] ol 12 RhE ol e AgE
ol gl A IHYE o)} sAS Tl HYSAAE 5t tid FA HAe] 37 AlFTE o] B9 L8
o, g A HF £ BIB] Lsw olstolol Ak Wk tpgoE TRE] JIF T AENBS
(KMOE, 2016) 3fodok FHKMOE, 2020). tht, SR AQIE7IES 1t
IUellA kL e AdEd e diiE A-EE © A5 ALEREEH7E WARES 4 JATHKMOE,
A, 228 154 T AREE IAE 2L o 2023). SAFAIFNAN ANEL JE VIS H7)
Table 1. Comparison of several leaching tests
EU
KOR? JPNP - USAY/AUS?
DEU? ESPY/ITA®
Content
ES 06150.e JIS K 0058-1 DIN 19529 EN 12457-2 TCLP
' (Method 1311)
Min. Size Min: 2 Min: 2
(mm) 055 Max: 53 Max: 32 4 93
Eluent DI water DI water DI water DI water Acetlzc?(ijla(:lal Acetlzcgilamal
(pH) (5.8-6.3) (5.8-6.3) (5.0-7.5) (5.0-7.5) (4.93£0.05) (2.88% 0.05)
Liquid/Solid 10 : 1 10 : 1 2:1 10 : 1 20 : 1
Ratio
Time 6 hr 6 hr 24 hr 24 hr 18 hr
RPM 200 200 5-10 10 30

ISO 3166 (2006): “Korea (KOR); ®Japan (JPN); “Germany (DEU); ¥Spain (ESP); “Italy (ITA); the United states of America (USA);

YAustralia (AUS).

Table 2. Comparison of slag(waste) quality standards in different countries

. i EU
KORY JPNY USAY SED =S AP
Content Waste Eco Label  Waste  Waste Quality Basque Waste
Quality (EL744)  Quality (TCLP) z0° ZLD  Z12°  Cantabria Country  Quality
pH - - - - 6590 6590  6-12 - - 5.5-12.0
As 1.5 0.50 0.01 5.0 0.01 0.01 0.04 0.5 0.05
cd 03 0.1 0.003 0.11 0.002 0.002  0.005 0.04 0.06 0.005
Cr - - - 0.6 0.015 0.03 0.075 0.5 26 0.05
o 1.5 0.1 0.05 - - - - -
Cu 3.0 1.0 - - 0.05 0.05 0.15 2 0.05
Hg 0.005 0.003 0.0005 0.25 0.0002  0.0002  0.001 0.01 0.001
Ni - 1.0 - 11 0.004 0.005 0.15 0.4 0.8 0.01
Pb 3.0 1.0 0.01 0.75 0.02 0.04 0.1 0.5 0.8 0.05
Zn - 5.0 - - 0.1 0.1 0.3 4 12 3.0
Se - - 0.01 5.7 - - - 0.1 0.2 0.01
Mo - - - - - - - - - -

ISO 3166 (2006): “Korea (KOR); ®Japan (JPN); 9the United states of

America (USA); YGermany (DEU); ®Spain (ESP); "Italy (ITA).
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2.1 AENE

2.1.1. X']]Z]éiﬂj_ AlE

S 8 A o AR ZHE 100 mm ©fs}
o] H=ZA|7F<&2 1 (Basic Oxygen Furnace slag, BOF
slag), 7|2 UW<&2) L(Electric Arc Furnace slag, EAF
slag), A7125& 8 I(Electric Arc Furnace slag for
Alloy Steel, EAFA) A|SZ Jaw crusher(Pulverisette 1,
Fritsch, Germany)& A3l 16 mm ©J3}2 Iklgh o
= SEA1EE AIEE ARSI A8 A 2A1RE ARA

Table 3. Heavy metals concentrations in the steel-making slags

S R
%23 &, Ze|= 2 (Polypropylene, PP) A|22] W
Hol Bysiglon, A wet AAS3I ARSI

A =

AdEd 1 A8 T5asE FEE B8] S8l nt
o]laZY°]E(MARS 5, CEM Corporation, USA) 1]
£ AFE3I92H, Teflon Vessel(EasyProp, CEM Corpo-
ration, USA)l 200 um ©]3} A& AR 0.5
12mL aqua regia (HNO;:HCI=1:3, V/V)E %3, 1000W
ZZ0A 208 B 175+ 5°C7HA] 255 AEA71aL 8
T 25oA 158 B9 FESITHUS EPA, 2007). F
=3 A8 FF% F=T ICP-OES(Agilent, 5800DV,
USAYE Fall 4t om, ¥4 47= Table 37} 2t}

2.1.2. N¢

B Ao Algd RE 89S XSS (Millipore
Sigma™ Synergy™ Ultrapure Water Purification System,
Thermo Fisher Scientific, USA)l 83] = 3]2dsle] |
Z ARSI AdEe 1o mlo|la=ZsolB w8l A] A
29 I (aqua regiaye ZAKNitric acid, HNOs, Duksan,
65-70%)74 4 FHydrochloric acid, HCI, Duksan, 36%)
< 13(V/IV%) o2 T8l Alxzstgnt. =<l 1153
1"51 AlFE 9Igk 891 pHE =4E3l] <3 0.1 M ¢
S AME-3F92. ™, Toxicity Characteristic Leaching
Procedure(TCLP) A]1&-2 0.1 M OFM| E4kacetic acid,
CH;COOH, Duksan, 99%)s AR&-3F3ATt. Ald&el1 &
= AR TEE FEE SAsH] S Cd, Cu, Ni,
Pb, Zn< ICP-multi-element standard solution IV(Sigma-
aldrich, USA), As % Hge 27} Certified Reference
Material(AccuStandard, USA)S AF8-5le] -80S A
31t Ot to|aZEAFF (potassium  dichromate,
CrK,05, Duksan, 99.5%)5 A3l EF&HE Az}
Rom, WS 95 tholFd7iAto| =8A L 15-
diphenylcarbazide(C;3H;N,O, Duksan, 60%)S AR&-3}]

mg/kg
T BOF slag? EAF slag? EAFA®
A B C D E F
cd 0.27+0.08 0.67 0.42+0.11 0.78 £ 0.05 0.14 0.33
Cr 265.0+ 4.1 239.9+6.8 72.0+0.75 130.9+ 1.02 561.1+10.8 1531£11.5
Cu 2344036 3.53+0.17 63.1+0.68 3324022 26.3+0.59 219+022
Pb 2.16 £ 0.06 227+0.09 2.38+0.08 11.7 £ 0.05 2.74+0.07 2.59+0.02
Ni 0.93 +0.04 0.43 £ 0.03 16.3+0.13 544+0 104+0.18 62.4+045
Zn 48.4+1.05 11.6+0.61 50.7 +0.39 659.5+3.30 37.6+0.73 21.7£0.15
As 0.38 £ 0.02 0.43+0.02 0.24£0.05 0.23 £ 0.005 0.35+0.01 0.27+0.01

“Blast Oxygen Furnace slag; Electric Arc Furnace slag; “Electric Arc Furnace for Alloy steel
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APgzele) AHEE DGl we

AzxsAnt. EHE AAE839371 Al AR wiYFlS =
<egroll A3 (potassium  chloride, KCI, Duksan, 99%)
8mg/L, ¥4t wlIulE 748k (magnesium  sulfate
heptahydrate, MgSO;-7H,O, Duksan, 99%) 120 mg/L, 3
¢ g 2978} E(calcium sulfate dihyrate, CaSO,-2H,0,
Duksan, 99%) 120 mg/L, B4} Y EF(sodium bicarbonate,
NaHCOs, Duksan, 99.5%) 192 mg/L& &3+ A1z313t}.

2.2. MiZ=ld 8854 gt

22.1. 8=t H71EFAHAR7IE ES 06150.e (2022)

0.5-5mm%Z AASS AL AFE 100 g7 0.1 M
HCES- A3} pH 5.8~6.302 T3 2452 2
slod, Age} guje] v} 11o(W/V)e] HEE 210 &
gzggal Ade] Azt Zekage)] Yar 6A7 E2F 200
pm, & Z 4.5 cm FoNA A& BT

2.2.2. GE: YEIHETE JIS K 0058-1 (2005)

ALY L} o5 o] 83 ATl st EY, Ask
S FH Ao g S k] g 8541
WHog AeEa ok B Ajode e #fEE &
3 718k 9.5 mm nRe] ARSI A)Fe) tis) &
2] AES FEkth. 0.1 M HCES: AR83ed pH 5.8~
6302 A% s SvlE ARSI 100 g9 Al
B2 WY 37 130 mme] HDPE A& 958 wks7]
o @i, Alg9} 8] HI7F 1:10(W/V)e] EHEE )
£ 931 200 rpmO=E 6AIZE B3t A& wRks

223. 5Y: SLYAUSFE DIN 19529 (2015)

H71E 2 EYe 77 4 f7] 249 && 5498
Br1sl7] S5k AFHEo R B AFoe A9 1
2 3 71s% 2mm o 10mm olsle] A&
ANEE AAES A AFESATE 250¢9] AIEE 1L
HDPE Aj&e] &7]o Yal 258 AlEet Bulje] vzt
12(W/VYE H=5 3190™, Tumbler FXE ARE31A
10 rppm, 24413t A4 Rk

Table 4. Physicochemical characteristics of natural soils

g

F94 6554 U 2% TS W7} 75

A

2.2.4. "]3: US EPA Toxicity Characteristic Lea-
ching Procedure (1992)

TCLP AIFWHE 2gsto] Mdxziolx AldEel1e
Tas SEEAS Wkl A1E8E A ¢
& 200 rpm, = 4-5cm, 1A ZANAM AFEHIE
Z52579k 1:10(wiv) BIEE JGAIRE A} pH7F 10 ©]
Aoz yelhdt) o]E ul"SF 0.1M glacial acetic
acidS ARE3l] pH7} 2.88+0.050) £ujES B Ao
AFESI Y. Polypropylene(PP)A1E2] 50 mL FE.(SPL,
Korea)oll 2mm ©J3le] A&l A5 209 Sufl 40
mLE 93 (1:20, W/V), tumbler X5 o]83l 30
rpmollA] 18217 B2t I &5 & dilwe] A
(Combi 514R, Hanil Science Co., Ltd., Korea)S %3
2,500 rpmellX] 20% Bt A4 Rt JEds FE3t
o 48 A5= ARSI

2.3, SR ETUA REAE

23.1. A& @5 =4

AHEP o2 283 A ALESEH7T A
R T AEAIES B3l T o R0 oY)
< Brlsledol FHHKMOE, 2019). E AFoME 16
mm ©]5le] AFEHL A1FE W 10cm, =°] 44cm
=719] F8]3(glass column)®l] SR o, FE|& v}
7 AF-shdtol]l FH(Tygon S3™ E-3603, Saint-Gobain,
Franceys 914slal 245 v|zF FIBVP Standard,
Ismatec™, USAYES ARl f2ld 4714 Atk
Liquid/Solid (L/S) ¥l 0.1, 0.2, 0.5, 1, 20}t} A|22 )

Ak A7l e fEole] 549 vmald

232, A< 2 AREY 2532 =4

TH 3o o] P AARE T o= FRISH] ¢
3 A2AREHNIE Y AlEZ AFst S ES
XX ek B8 fEAIES S T
TR AAESS ARSIHon, 22t AAEE QFEA]
oFxk(Soil A, 36°29'20.7"N 128°48'51.7"E), ZAAds 3

Content Soil A Soil B
pH 4.70
Soil Organic Matter (SOM, %) 9.13(£0.19) 7.95(%0.07)
Soil Texture Loamy sand Sand
Sand (%) 85.14
Silt (%) 10.81
Clay (%) 4.05
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Table 5. Chemical composition of natural soils (XRF)
(%) Fe Si K Ca Al Mn Sr Rb Zn Mg Cu
Soil A 493 20.7 10.1 7.1 42 1.5 0.9 0.4 0.7 0.2 0.3
Soil B 24.6 56.4 4.6 0.9 8.7 0.2 0.1 0.07 0.1 0.2 0.09

3t oFAKSoil B, 35°34°38.69”N, 128°28°30.86”E)0l|A]
ANEE AR 71254 9 XRF(X-ray Fluores-
cence spectroscopy) 2147 R= Z}Z} Table 4%} Table 5
o VeSS e Ui wiAHESE ARs s
ke ffel AdEdl el AANERS Fol Hl LR
A OH, s 8e]doR ARgsl AdEdl
TS IsWFTE E3} o]% THHE APFEY L A8 F
AE 7IEeE LS HIZE 71 2 wi7lA] fEAHeH, A
e NESE 71Zo=Z LS HIZF 0.1, 02, 0.5, 1, 2,
3, 4, 59 W FE5 ABE AFI Az 2 fF
Fo] 5435 vlastict.

24. BE/RE MNE Y

AFE1e 8% 54 97 ARt R 5
2 Age] & A5 pH, A7)HA=%(Electrical Con-
ductivity, EC), 82~ (Dissolved Oxygen, DO), 43}
391 A 9] (Oxidation-Reduction Potential, ORP)= Z}2+
pH meter(Thermo  Scientific™ Orion™ STAR All1,
USA), DO meter(Thermo Scientific™ Orion™ STAR
A223, USA), Conductivity meter(Thermo Scientific™
Orion™ STAR A212, USA), ORP Testr™ 10(Thermo
Scientific™, Eutech Instruments Pte Ltd, USA)S A&
sl S8t Al Fad 5w 045 um cellulose
nitrate membrane filter(Whatman, ® =47 mm)& 433k
% ICP-OES (Agilent, 5800DV)S Al-g3le] =43}t
H2x(As)9} =2(Hg)yS ICP-OES ¥l VGA 77 (Agi-
lent, Vapor Generation Accessory 77)5 143} =4
st 7FEE-S HVIESAAIRVIE T oelEldrt
ZFO] E(Cy3HN, O 2-83 UV-Vis spectrophoto-
meter(Thermo Scientific™ Orion™ Aquamate 8000, USA)
2 540 nmollA FEEE A3 THNIER, 2014).

2.5. 2HE HElSY WHEELYSHARIIE ES
064704.1b)

S 3 E NN B S (Daphnia magna) 19 714
oF 2007t & kol Alhuieks FEl AEEA o
of AR&3ISAt. uigAe] pHE 7.6-8.0, §E4kae
mg/L oV FAEES slal Al A 24r3F F7ek3AT
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20°Ce] F2asFAollA AT 25 o] EHE A A
AE vy} A Hxe] 8ol %71 & 3 AAVE
Ak AT 247121 mINEe] ofdd JRAIE APl A&t
At

AREN T I 2 AGSHIARNES ZoA A
o F EAES Bl AFE A= AlE(LS
= 2)5 AFERINOH, & AT 100%5 7E2= 50,
25, 125, 6.25%% 3|45 kol WE SARE T
SY3Tt. ofw, s v} FUS RS AR
o T T AEEd ke 50 mLE 9o, EHE
< A Y] WETE T AIFARY S Al
2EE 20+2°C BYE AR5, 2He 9

s frAlelar & g Holg+, Ve kA ¥t
2407 Zo] EHEL] FAE] B ARfAARE FRlear
50%7F XA F-2 FAAEE el w58l v
EE(EC5)E B7FIder, o ngog +dAF4
AE71E ES 064704.1601 W} 100/ECseS 2851 A
Bl =X 3H(TU)S 2R3

AR Te] Al 75 A8 pHY} v HAE
Hloju= 8ol 549%0] Yeive 739, A1E9] pH
& A3t HEEARS st JAThBS EN 1SO
6341, OECD 2004). ©]ol] & Aolre= EHlE S0
R0y AL FESF pHE FF AFE FVIE R
sb7] f3l =T 9AE B AR pHE 6.5-8.5%
ZAsle] FUsH WhHo R EWSE SAWVIE SISt

>

3. gzt 3 nF
3.1 NZE0 BE5Y gt
3.1.1. @=: ES 06150.¢
T SEA ] WE AldEa 854189 pH,
WNHAEE, 8544, 23S Table 63 2o,
BE AEY L A8 855 pHe 103~1282 =7
ettt 8559 $8% ¥ 2 19 mE Ve
%= Fig. 1(2)9} 2t} A2AFEH 19} H7|Z2dRks
A1 SEEe] EEHA G, W2ESFEY 1Y
7% 7no] A 1eH0.002 mg/L)~0.0021 mg/LE &t
A=A, ok, =) #H71E 8E71F 2 SHEAISY]
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Table 6. Characteristics of the leachate from steel-making slags by Korean Leaching Test (ES 06150.e)

Slag pH ECY (uS/cm) DO? (mg/L) ORP? (mV)

A 12.8 3.98 53 -84
BOF

B 12.9 3.93 42 -132

C 12.1 1153 4.8 -55
EAF

D 10.3 95.2 4.6 26

E 11.3 44.8 4.8 -111

EAFA
F 11.7 569.7 4.7 -60

YElectrical Conductivity (EC); ?Dissolved Oxygen (DO); YOxidation-Reduction Potential (ORP)

(a)

6,000
& [HOR] Eco Label (Zn=5 mg/L)
D000 e e e
E

o

5
O 4000 | wmcf
el ( |-
"6 . Cu

—t

Eous) |0

2 -

O . N
T = 2

0000

A B C D E F
(c)

B [MOR] Eco Label (Zr=5 rglL)
4000
2
~ 2000

(=]

=

o
(&} K
-

£ acos

=

>

3
2 o004

0000

(b)
6000
[KOR] Eco Label (Zr=S mglL)
)
£ 3000
o
S [KOR] Eco Label (Cu, Ni =1 mgiL)
o o e S s e )
= (
£
=. 0010
>
3
I 0005 :
0000 1 ; |
A B c D E F
(d)
60
20/ ” 1
P4 i S i 2 S RS B
= ; -
o I
- Cu
R
2 -
- Hy
[USA] CFR (As = 1.4 mgiL) N
———————————————— = A ===
11 [usA) CFR(Cd, Pb=0.69 mgiL) H
0 1 . a

A B o] D E F

Fig. 1. Heavy metals concentrations in the leaching solution: (a) ES 06150.e, (b) JIS K 0058-1, (c) DIN 19529, and (d) TCLP.

Z(Table 2)S 25 WESh= 208 Vet

3.1.2. Y¥: JIS K 0058-1

Aro] AT wE AFEYL A8 pH,
A7AES, S5, Al A9= Table 73 201,
SEAIFH A BE AR pHE 99-12202 A Y
ettt A2AEd 1o By EEHe TEES jle
Ao Z Yepgou Arzdntsel1e] 4 Cue A
34l wlgk (0.001 mg/L)-0.001 mg/L, Zn& 0.007-0.011
mg/LE EZENoH, M7|25rEe 1] B9 Niz 4
2517 119H0.003 mg/L)-0.003 mg/L, ZnS s ]
7H0.002 mg/L)-0.006 mg/LZ 8ZFAkFig. 1(b)). Cu,

Ni, Znd] A% Qo] A7 §571F BBl THHA
Qor), T BRTANSIIES ALY W BT WS

3= o2 YERITHTable 2).

3.1.3. 5<Y: DIN 19529

EYo] SESAIEHA W A& 854159 pH,
AT, 8544, 23S Table 87 2o,
L2 2y ZE AR pHE 103~124 oo g =
A SAEA. A7|ZRE B AV2EFEH 1] -
FTa5o] 8EHA 4skoyt M2AEH 1o B Zn
2 0.004~0.005 mg/Le] M2 SZHATkFig. 1(c)). ©]
© Tl SHRARIZ7IEE ofle} FYo] FEA HY)

J. Soil Groundwater Environ. Vol. 29(1), p. 72~83, 2024
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Table 7. Characteristics of the leachate from steel-making slags by Japanese Leaching Test (JIS K 0058-1)

Slag pH EC" (uS/cm) DO? (mg/L) ORP? (mV)
A 12.1 431 3.5 -99
BOF
B 122 545 34 -136
C 11.9 1120 23 -88
EAF
D 9.9 139.5 1.4 -10
E 11.5 937.5 1.7 -166
EAFA
F 112 365.5 23 -88
YElectrical Conductivity (EC); ?Dissolved Oxygen (DO); YOxidation-Reduction Potential (ORP)
Table 8. Characteristics of the leachate from steel-making slags by Detuch Leaching Test (DIN 19529)
Slag pH EC" (uS/cm) DO? (mg/L) ORP? (mV)
A 12.4 8.38 4.8 -104
BOF
B 124 8.63 4.7 -106
C 12.1 709.8 2.5 -88
EAF
D 10.3 284.7 1.8 -49
E 11.5 958.3 2.4 -89
EAFA
F 11.7 1173 1.5 -123
Electrical Conductivity (EC); ?Dissolved Oxygen (DO); *’Oxidation-Reduction Potential (ORP)
Table 9. Characteristics of the leachate from steel-making slags by TCLP
Slag pH EC" (uS/cm) DO? (mg/L) ORPY (mV)
A 124 10.30 3.9 -88
BOF
B 6.7 6.74 2.1 -104
C 59 8.63 22 -2
EAF
D 7.1 10.23 2.3 -193
E 54 9.69 2.1 -32
EAFA
F 74 10.86 23 -66

YElectrical Conductivity (EC); ?Dissolved Oxygen (DO); YOxidation-Reduction Potential (ORP)

F 82718 (Table 22 T W3 2107 Yepdtt

3.1.4. Y]3F: Toxicity Characteristic Leaching Pro-
cedure

2mm ©J&ke] AL AlF] s TCLP Aol
w2 pH, HA7|HAEZ(EC), §E44(D0), 2Hekehdd 9
(ORP)= Table 99} 2t} BE ALY 8348 &
A 89 pH7E 5.8~6.3%1 wuie] g H 3R] 8%
AR} Cr, Cd, Cu, Pb, Ni, Zn 557} =4 A=A
o1, vEre] fElEE 8E71E(Table 2)S W3k
Ao 2 YePdthFig. 1(d). £=99] pHoll we} Algd
Fu5e 85 o] g 4 den, TCLPY 7%
pH 2.88+0.052] 2Hd Z7oM A&l ] 552
g2k e 8871 SRl 8 Tt VIR AeE
HAEI K Cappuyns et al., 2013).
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3.2. MER SR FEAE

3.2.1. AZEH @524

AFEe S5 24 e £l mE A
ZE1 A A, pHE 17|18 JEA AT FYst
Al 9.48~13.192 A VERTHFig. 2). A2AEHL,
A7 zduise 1, A7)2ESZSE 1 25 Cd, Cu, Pb,
As, Hg, Ni §Z5A] &30t} = 0.009~0.53 mg/L,
Zn 0.002~0.024 mg/LE AZ=H oY, U] H7|[E &
Z71(Table 2)S E5F TSl A0 2 YERITHFig. 3).

322. B R AQES 25F =

AR[ESF 1= HE&3E A, LS H 0.7 =24
7S o Ege] pHOl fARE Aoz ERIFIOY LS
v 15E 4550 pi7t 2711 LS Bl 2%E] WA
e O 20949 FE54 vissg A3t
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Fig. 2. Basic characteristics of up-flow percolation test: (a) pH, (b) EC, (c¢) DO, and (d) ORP.
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Fig. 3. Heavy metals concentrations in the effluent from up-flow percolation test: (a) Cr6+ and (b) Zn.

ERtTH(Fig. 4). L/S H] 3% &5 2% 115 o
o] AuEldo s Jeiith A4 wiAFEd A1gE 4
Foll A AFEE 1o FE55 pH/F ARAES] 23l A7t
2 & o, &0 AGEe A9 3 pH =57
A 7FsAdo] STt

EE AlZ9A Cd, Cu, Pb, As, Hg, Ni, Zn> =5
A mwro g AEEHAOY, o] - Al

-

1]7H0.002 mg/L)-0.009 mg/LE HEEATHFig. 5). A
EY 25 FL3I9S A9, LS vl7F 17K A0S
]l EF] pHeF AR, L/S Bl 27| pHZ} 7t
she %S HYh L/sHl 3%E fE5< EF 115 9]
o] AgLEde s YeRTHEig 4). e AR
Cd, Cu, Pb, As, Hg, Ni, Zn& 25 AH3HA| njvtog
AEHAoY, ' Tro] AHF3kAl v]TH0.002 mg/L)-
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AdEei1e] viAHED ALl TE T55 8554 2 =265 A=A H7t 81
Table 10. Acute toxicity test with Daphnia magna
Lechate Concentration(%o)
Content ECs TU
100 50 25 125 6.25
pH 12.35 11.88 10.98 10.21 9.42
A 9.31% 10.74
SlacOnl DO (mg/L) 5.00 4.80 4.71 4.74 5.11
agun.
euny pH 1135 9.81 8.65 835 8.67
B 59.9% 1.67
DO (mg/L) 4.85 4.60 4.48 4.53 4.65
pH 11.32 1035 9.68 9.23 8.77
Slag A 67.5% 1.48
) DO (mg/L) 4.14 426 4.18 4.48 4.50
Soill pH 11.75 11.06 9.97 9.64 9.23
oi B 40.6% 2.46
DO (mg/L) 427 4.13 4.09 4.05 4.12
pH 12.45 1137 10.56 9.31 8.99
Slag A 35.4% 2.83
) DO (mg/L) 422 4.08 4.10 4.06 4.07
. H 12.56 11.88 11.05 10.12 9.23
Soil2 B P 19.5% 5.14
DO (mg/L) 4.07 4.06 4.06 3.89 4.13
Table 11. Acute toxicity test with Daphnia maga after pH adjustment
Lechate Concentration(%o)
Content ECs TU
100 50 25 12,5 6.25
pH 7.64 7.69 7.93 8.15 8.28
Siag Onl DO (mg/L) 4.44 451 4.82 5.18 4.97
n
ag Py 5 pH 8.03 8.24 8.17 8.06 820
DO (mg/L) 434 436 4.76 4.53 4.55
A pH 8.06 7.96 8.12 8.07 8.03
Sl/ag DO (mg/L) 3.87 4.10 4.12 3.98 451 No mortality or o
Soill B pH 8.01 7.98 8.09 8.07 7.99 Immobilization
DO (mg/L) 3.89 423 411 4.06 4.03
A pH 8.01 8.06 7.97 7.95 8.13
Sl/ag DO (mg/L) 3.02 3.61 3.70 415 411
Soil2 pH 7.92 7.94 8.20 8.14 8.19
DO (mg/L) 3.53 3.56 3.89 4.16 4.07
O 9, AGERIARAES e OE Ase X FERIALE 285 Zo = FArkE, 3

100%E 71E0& 50, 25, 12.5, 6.25%% 3]43le] 43
HEE Akt AEl=Ad WS 913 ECs> Probit
Method FAIZZ 18-S o]-&3ld 4HY3}AT}. Probit
Methode= €7 100%14 EHE2] AL 2 Fg#1a)7}
50~100%0]1L, °]9]9] sx=ellX 17k o) F-2 XXt
HolE 79 AM8E 4 SITKNIER, 2015). 337 T4
W A1 EHE 5497 23k Fig 69 2ot
AEAREHT A9 B =7 AdEd 95 9 AA
EF 20004 XS AesAd 7IE(Tu< )e v=s)
A Hsk= Ao® YePdth(Table 10). Tl A8 2
AR pHE T3 B¢ BEe wxodlA EXF
ZAE B @A VA gskem] A el
3 7IB(TU< S U8k 210R Yelstth(Table 11).

T2l e 2= F45492 A2l pt 72

TR Fo =9
e st FETY pH ARPERES whds] ¢
F7H491 A7} BRBITH(Ghazy et al, 2011).
o] Alum(AL(SO,)) & AFEHAE S8 A&l
29 pH #ghdcte] A= lom(Ozkok et al.,
2016; Dayioglu and Aydilek, 2019), ¥]=re] 749 #173
Lo AL B fEt A5-EyA 2 JES
< &85 ARAE Ttk T HRbe]l AXEAL o
(SHA, 2015). T3k, L&29] 75 A& AgE 54
W IREY BE e JEF I 2 F3H2(Co, =
< 2F Felar o, 2wl 2k T fEdAE
AFEHN 1S viAASHoZE A8 HS AY 5=
A5t AA W (waterproof) == UF W (semi-
waterproof) 2] Al &<l il gsle 8=71ES 4

L3 5 B2y HE=S 7E3 A4 FeET ¢

o

—
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(IS1J, 2019; CINDERELA, 2021).
ZH%%‘Q“E‘ 2%170%311194 1l pH == 3‘}_7] _0'4.6_]1
Z7ukere nlEsty] sk oq mo} olg} A=A B
V5 3 aEEolop & Ro= gkt

95 wjAEEEoR
O = A= ‘7

4.4 E

T &7 wiSARPIA Bgsial e At
sl =€ %EAWH“” = 28314 vﬂﬁs— =
< RIS W, B 5P 82715 ukf;s =
o2 Yeisith ok pHE 10 oPdez 11
et AR B G232 A B /\1‘
259 pHE 10 oPdo= Jehton, g7 A
Cr™, 7no] HEFJ oV BF 7)1FS v vl
AREE AE s AR At ARIES
A FeFR T fEAIE 2, 2] G5
pHE EF) pHe} fAKI o < 2ell w2t 10
ool i1 pH SAS e Zs i‘fﬂ%}%’ﬂ‘r. A&
H2E UHiﬂXé 3o = A3l wat -

Tus % Al pH f=7Y %01 A&E=
oz FEs vA F ok olg EARS st
A APFEE Y] MAHESE ALE FIA g
290 A WRE vk At S0 R Fesit

AFEY2 L AFEHIANAES 255 Z100A Y
& T FEAIE WE fEF AIEE o83t
of 24431 %H%E AE=A AIES NS 23, A=

o thal -2 Ael=A 7E(TU=2)s RISSHA] Kslk=
Ao YeERdth pHE 6.5~8.5% 313 A5 A$ &
HE] AL B fFgAfe7t AE A eagkor Ae=Ad
71E(TU=2) B3 W7 iehs 2102 vepdtt

A AFEHLY] ARSE ARE QM -

s =] FFo] doju= A A=Y AL pH 5L
2 ol 4 shHo =z ke njz Ao F FAntE) Al
AR AFEHL 2o HIlE FEEol %ﬁ%
T A0 (Krdl et al., 2020), AL Ao 2AeE
o] gFo= JMguiole] HFo= Q) FE& &=0] 7}
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%312 4= 9th(Gan et al., 2022). FH2 011‘% EvAIVS
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