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ABSTRACT

Slags from steel-making industry have been recycled at a target rate of 95% and most of them are recycled as media-
contact type such as fill and cover materials in Korea. However, as they contain free phase CaO during their generation,
they may not only expand and collapse upon contact with water, but high pH leachate and heavy metals leaching may
occur. In this study, the Korean leaching procedure (KLP) and up-flow percolation test were performed for the samples
collected from 17 steel-making production plants in Korea. The waste quality criteria were met in all tests, but pH of the
samples was above 10. There are no regulations on the pH of leachate in most of the countries, however, Germany, Italy,
and Australia have set a pH range of 10 to 13 for the leachates. Although slag leachate cannot be considered hazardous
based only on its high pH, it is necessary to reduce the pH of leachate to minimize the impact on the surrounding
environment. Furthermore, conflicting regulations on wastes handling and management in Korea created confusion on the
types of wastes subject to recycling. Therefore, an appropriate management plan for steel-making slags needs to be
established. To this end, this study attempted to provide a guideline for managing steel-making slag waste by considering
international guidelines and current management practices in Korea.
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=, A73&ETI(Steel-making slagy= 9907F=C. 2 e
THKISA, 2023). mujollX FAEH 1= 95% < Al
ZE F3Ego] FoE T8 APER 1HHa 1o
), H7IEH Al e 8EAE Vs v
S A9 ABgo] 7FsTHKMOE, 2023a). ZholA
‘:”"30]'"’ e FAEY e AELE, ANE d8, HE
s Tl AR E JloH, aF AdEH s o
PR c2g AEeEL ZA) go] B sk 59 3
Ao} ke AESE PR AZEHI ok
(Fig. 1).
AdEd 1= A IelAN %ﬂ“ﬂ(Free CaOys 9
s =H, g RE3she A AR ‘EF(Ca(OH)z)O]
=] St W eHE B o} BEEE

=9+ 1 pH 548 YERE 4 JthKim et al, 2010;
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Fig. 1. Steel-making slag recycling purpose and generation amount
(2020 to 2022).

Lee et al, 2021). o] "WA|5}7] 23l Ag-8317] Aol
4 (aging)S B3l t7] So +E 5 ¥RSAIA M
SA7]= wIRto]l AAIEAL ATh(Lee et al., 2021). Sk
o ST 2= fEAEE 93] AAShs dl ofee
o] glom, o]= QI3 AdEH1e] wiAHES ALE &
oA 37444 =T AEEIL ATk(Na, 2021; Park,
2022). E=gF A28 F3Y dHE HE 1 Aese U
fo2 Qlsle] EXdo] WA wet AL, AEE, Tl
5ol o] A5 84 T3k EAI8IAL JtH(Min and Lee,
2015). WEbA, & AFelxe Iulollx] dAskar e A
ZEeaed tial wiARESE AL G F3hed
Hr & 82417 9 e 5 3R e g
A7RE W RS wrtelal, Iule] APdEEL AlEE-
e AE AESt AR A dePikks A
Aletarat st

2. AT 9 el

2.1. MZ<sa 854 gt

2.1.1. AEYL A=

= Fo A 17 AR EHE 100 mm ©]
&le] AFEY L AZE Jaw crusher(Pulverisette 1, Fritsch,
Germany)S AF8314] 16 mm oJ3t2 I3t the 8E4]
e AEE ARESIATE AIF A BFol FEe oA
TARE AARES F, 3777 TR e Eejraga
(Polypropylene, PP) A9 el Yo ®HyAslGom, Al
ol w2t AAESI] ARSI

2.1.2. 39
H71EF3GAE71E ES 06150.e0 we} A<l
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S=EAS I 0.5-5 mmz AASI AL
AEE SEAEE AEE AMESIHeH, &ule 0.0 M
hydrochloric acid(HCI, Duksan, Electronic grade)2 A}
831 pH 58~63°02 ZA3 255E ARSSIALE A
g9} gufo] Hl7} 1:10(W/V)e] 5= 3l 2 Lo Zg)
g Ao Az ZERe=el YAl 200 rpm, X9 F
4-5 cm Z00A 6AIZE B A FEsITh

2.1.3. B%F 5592 2%

U] Wi AHSE o2 Ald8slaa} she H71ES] Yol
12 T2 ol Te AL g FA] Aol 35k AlFm|
B oldRl 7 AEE3EAE7E oz ] A
o 52 2RSS Flslor SieKMOE, 2023a).
B Adae #H71833AE7)1EF ES 06151.19 wat
R TR AEAIR e fE9e 548 WUt
3tk 16 mm ©J8lE AAES AdEY L AEE F=
AlEE AR ARESIeH, WA 10em, =°] 44cm
3719] f2]F(glass column)ol] FAsIATE FHE HAZ
Alge] FAE v R 2 (el et fed W 35S
AREIAT. A7 fe 3=, me el W AdEE
I A7 AZE T, p AFEY L AR AET
(gem?), hi= FElF U A& A8y T3 =)
(em), 1 2] WA 9EAE (em)yS 9P|t

0=1-——— @]

At 502 F3l A 20l Het FEEEE A
Sdom vE BEZAEmLM), = E3ATHN) EE f
SAITHh)S omlgitt. Z2FFE peristaltic pump(BVP
Standard, Ismatec™, USAYS A}83le] S2]8 AR
ASLow, ol A W|do] H=S Bze] &
T2 2431 ¥3p B § HEE Wi
Ht S SAZb] HEE £55 243er, Liquid/
Solid (L/S) ®] 0.1, 0.2, 0.5, 1, 20t} A|82 AHFH e}
R ER SRR ERUEE P
hx wxrx 6
Ve 2

c

2.14. 828 4

Adsd1 8415 2 FE9Y pH, A7HEE
(Electrical Conductivity, EC), -8~ (Dissolved Oxygen,
DO), AF}3174 9] (Oxidation-Reduction Potential, ORP)

£ ZA] =338}, 045 um Cellulose nitrate Membrane



APdEei1el 318734 miAHEE S Ut 82 B Sule) Al AR vl 41

filtler(Whatman)= 75t b T35 48 A82 A}
83199tk ICP-OES(Agilent, 5800DV)E Alg3dle] RE
BEA R THE FEE S, HAS} £
VGA 77(Agilent, Vapor Generation Accessory 77)&
ICP-OES A9} AAAd ] =39, ¢1F2L 10%
sulfuric acid(H,SO,, Duksan) 3 mLE 30 mL -8ZA] 50
Wi 257} oF 15°CE "ol wi7h] 7Igd vk, el
Hd7plAlo|= 88 (C3H,N4O, Duksan) 24 (1%) 1
mLE Hi ZFFE S0mLE BE AIEE UV-Vis
Spectrophotometer(Thermo ScientificTM OrionTM Aqua-
mate 8000, USA)Z 540 nmol|X S 4=5 =434}

2.2. FLhe| Mz B2| X/ v|E

ABENTE WiAEES o=z P83 2%t F
7 e WS viis] Slet FarEE Egstas =
o] A e A3 9 pol=eRlS ARG
ok Sfjell A sk e AdEE s viAle}l HEs)
of Aggshs A9 drIEdeHe e 8E71ES &
Mz o g mkEslejol shu(Table 1), AE-E FFol we}
o2 Ague AFTIEe] o] ol Elsle] Mg

Table 1. Hazardous waste quality standards (Korea)

Eojof gt mEbA, TH7|IEHY ) & 7Ele=E 7%
W 7 HE 2L AFS Hlal ZABIICHKMOE, 2020a;
KOME, 2023a). =9|¢] 739 d&, §4, vl= 5 F&
A== =7 ARE Ve, IR 2 HaME 3
st} Ao, uje] As T FrdstAl FA8kE
o] v Y LU THEAEH T AFe #
ol &k A3, & Faste] AdEd 1Y 54 2 =
Y] S wkedst APdEE ARks ARKIATHISL,

p

3.1 M= 855 gt

3.1.1. JEF(ES 06150.¢)

U AU w2 AEH 25 4
Ol FE, AVHEE, 855k, ABIBIHSE Table 2
o} At} BE AEHT A5e &5 pHe 102~
1292 &4 Yelgtt. 82579 55 2427 As,
Cd, Cu, Pb, Hg, Ni2 HEFA ggon, &5

Cr"'9 Fx+= 7HE3A v]9kBelow Detection Limit,

Content As Cd

cr® Cu Hg Pb

Waste Quality Criteria (mg/L) 1.5 0.3

1.5 3.0 0.005 3.0

Table 2. Leaching characteristic of steel-making slags by Korean Leaching Procedure

Steel-making Slag pH ECV (uS/cm) DO? (mg/L) ORP? (mV)
A 12.8 3.98 53 -84
B 12.9 3.93 42 -132
C 11.8 667.3 4.6 -68
D 10.8 311.6 34 -78
E 114 341.6 3.5 -68
F 11.6 402.3 4.6 91
G 11.9 673.9 4.5 -64
H 11.7 589.1 43 -142
1 12.1 1153.8 4.8 -55
J 11.3 44.8 48 -111
K 11.7 569.7 4.7 -60
L 10.5 147.5 53 25
M 10.3 95.2 4.6 26
N 10.2 116.4 49 54
O 11.1 188.1 44 -30
P 11.0 173.5 4.1 21
Q 10.3 88.4 4.3 53

YElectrical Conductivity(EC); ?Dissolved Oxygen(DO); YOxidation-Reduction Potential(ORP)
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Fig. 2. Heavy metals concentration of the leachate by Korean Leaching Procedure.

BDL, 0.001 mg/L)-0.0067 mg/LE YeRtal, Zn] HEe=

#HE3A wvHBDL, 0.002 mg/L)-0.0034 mg/LE Q1%

AkFig. 2). Be AlEA A& 855 pHE

= Jetou, £84 5= ) 71E(Table 1) wH
Fohs TR ASHA

3.1.2. A3 5584 FEX-(ES 06151.1)
;L'LLH )\LakTr E/‘\m-/u Ozz\]zﬂ ° X—]_Q_‘é‘].cq ;\]7}01] m}
AdE L 252 pHE 9.48-13.19% =4 Yeht
thFig. 3). B3t 254 A7 U2 83 A
2 yehgon, d¥ AgdM 559 74 o,
o] F=7} F7FItHFig. 4). xﬂﬂéﬂ}z—a— uﬁxﬂz,;]&d
o2 L3l wEt 8E0] A&EHe AT s 9
3 pH F&7F 79 330l FFS vA 7hse] e
o, o]& WXE] At FEE FEHQ ALE et

o] wlgwolo} Fie}.

-
P s s

3.2. ILHe| MiZEa EEAME vl
3.2.1. 384 8247
9] A& 85 54
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Fig. 3. pH of steel-making slag leachate by up-flow leaching test.
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Fig. 4. Heavy metals concentration of steel-making slag leachate by up-flow leaching test.
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Table 3. Comparison of Batch Leaching test conditions
KOR? JPNP) DEUY EU USAY/AUS?
Content ES 06150 JIS K 0058-1 DIN 19529 EN 12457-2  EN 12457-4 TCLP
€ ) i 7 (Method 1311)
Min. Size Min: 2 Min: 2
(mm) 0.5-5 Max: 53 Max: 32 4 10 93
Eluent DI water DI water DI water DI water AcetlIZCiC(}llamal Acetl;CiC;lamal
(pH) (5.8-6.3) (5.8-6.3) (5.0-7.5) (5.0-7.5) (493£005)  (2.88+0.05)
Liquid/Solid 10 : 1 10: 1 211 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); “the United states of America (USA); 9Australia (AUS).

Table 4. Comparison of Up-flow Column Leaching test conditions

KORY DEU? NLD? SWE? I1SO
Content
ES 06150.e DIN 19528 CEN/TS 14405 ISO 212168-3
Min. Size (mm) 16 32 Over 10 (Max: 5%) 2
DI water DI water DI water
Eluent (pH) (5.8-6.3) (5.0-7.5) (5.0-7.5) ImM CaCl,
Liquid/Solid Ratio 2:1 2:1 10 : 1 10 : 1

ISO 3166 (2006): “Korea (KOR); YGermany (DEU); “Netherlands (NLD); YSweden (SWE).

F 542 5o A P W) Sle) Aese

Ao R IujellA A7 A8 E7 Al A
253 glom, FH shhgogo] 93k o= 2 AEEA
7} Ao 8531 JATHKMOE, 2019). = #H7]E
FAAE7IE ES 06151.19] 75 59| DIN 19528
5P, L/SH, 23} ¥ f24% T Al Aese =
SYSICHNIER, 2017; DIN, 2015). 7P Aekq
FEAE 21 Table 49 2t}

3.23. 38 AdEHa 8E71E

TuUle] AEH T EEAIE 9 1o e VS
gk Ay, 32, e B 2218 5 AR
PHEE ofug, Aol A&se YA, L/isHlo| o}
2 8, AlEARE 5 AHeEeE Vel R 2 o
7h8 A P EAH] Adolshr] whitdl| AdE
1 8=V AR FAMlue Ebssith 4
9] “End of waste criteria =, o|€lgjololl = &9
pH 7IES Arfsiar low o pH 13714 &8slal 3
o, g, 299, Hlar F oOiFRRe] SklAE pHE
HE2 JAISlal A ZTHIRC, 2014; CINDERELA,
2021; US EPA, 2022). Y% =712 AlQlsla &)1 &
=710l pH 35S IFsHA] = Aoz & o, &

o= -

o T

a2 ARERCR AREY A9 HER FASA &
£ Qo= ANT 5 Uk

3.3. 3LHe| MZ=e oM ES

33.1. 3=

AdEd 1= BARE =, H7KE 827 KE(Table
S WEske A9 RIEAIRES) 3% R-4-2EA] Al
Z) oz e 7FsSIHKMOE, 2023a). WA, R-
773 BY FTEE SEVIFNN ofE Al HA
FH 30 digh ASERE Felsielol stk AR
= A AR SHEAr, A GAPE R
o AR FRleAE vAEEE ARES Algst
H71E} NG FA] QT B9k Agkr Sl thste] Hl
BeE A ol s A5we] WA= 19
712z} 2T AEERALE HEEE, 19 71 22AL
olME AL FA QAT AFE VE B4 gpde=w
T8 ot REleE B 735, AL K
2] 500 m oW} 3R eAG e S-S diAste] 48
F Aok 271 13 Fsh, A uiAe] e ARl Al
2T AEZALE AEE A Q1T Bl digh AUz
AFE F71E Fegsteiok SITHKMOE, 2020a).

R-7 78 T AZEstast sk= #Hrl=e] ol 12 v

MEE XH vl

L —
BALT
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(KMOE, 2019). 3}x]9k, 2016 ©]% &8585/ 7}

S © 1700 BoIR, Wrle) B W &
7Rk ek B SaEe] WA BRI g =gl

AEE I JTHNARS, 2021). 3, TA|Z2) o] AR 9
FAR QIgh AEE A B AlEAFH A AR
T wjAle] 0 HSR] A S AlEE = A o]He
oigh QA 219 oj#fgo] PdETtHMin and Lee,
2015).
R-4-2 89 S A&t SA AFL=ZA T3
1, TSRS AIRE, , TERKRREE 5
A7RES REShe A, AIE8SAwTE
SITHKATS, 2019a; KATS, 2019b; KMOE,
2020b; KMOE, 2023a). 33EAR15715] 49 d71=
e 139 ddele A3l TE5 8=V s A8
3L JAK(Table 5). SHAIRE, A1S-8873/35%7) WAZ A}
a7} iAol wet i 7IEe] el digt HE
7} BashH, AdEdl1 859 1L pH S0 F Qs
FH S g JAd AYE oldlshs Hikle] &

= =

T 8= 2 Vil wEt AlFY] g
FTESERAY | o] e EYATH7IES w=3lof
FICHKMOE, 2016; KMOE, 2023b). 3}A|9k, =
HEIZE, A4y § ALHAVES B84 e 39
A A s T3l AL Aoz Ao lor,
APdEE 1 A= olol FsEA] R=THMOLIT, 2021).
by, TAe AE FFo s A dSshe U
fo7 FMo] Mg wet AFEE dgsl A
2 F Ue FEE FEH o] st

332. 98

ABEHLE AFEFHOZ A8l sk AT,
Y& P TEdedd #st 47I1F Aldra] ) o
2 8Z7)F(Table 5)S WHS3|of o}, Wxo] AEF
Aol A& A T 7IES vslof ah, S e #
Halo] Wx=o] AAFEFETrE0] nlEE o] QITHUIS, 2018a;
JIS, 2018b). Tgh, ALlllA H717kA] 7 digh Rt
o] i1 AR TFo] Hrkal IFFE el il
oFnIFE AlP3lar o, 48,700712] AlFol| st
Aldistar lom AL fE, Al A1

ASA=S

sitk, w3k, TAEg dEAlE SeiEA ) o mEd A AFTAS 58k A5 5 B g
BEA) 5 A48 BAZ ARG BE AVIE) 4 ol SO A 5 e AHe B 5 o)
Table 5. Comparison of slag (waste) quality standards in different countries
KORY JPN® USA?  AUSY U
DEU ESP? BELY  ITAV
Content Eco Road Waste Water proof
(Xaa‘?f; Label QWu ::fy Construction Quality BOF EAF 70"  Z1.1) 7129 ﬁ QWuaait; gf;ffy
(EL744) (JIS A 5015) (TCLP) Yy ruly
pH - - - - - 7-13 8-13 6.5-9.0 6.5-9.0 6-12 - - - 5.5-12.0
As 1.5 0.50 0.01 0.01 5.0 - - 0.01 001 004 0.05 0.06  0.08 0.05
Cd 03 0.1 0.003 0.01 0.11 - - 0002 0.002 0.005 0.004 0.005 0.003 0.005
Cr - - - - 06 02 2 0015 003 0075 0.05 0.2 0.05 0.05
s 1.5 0.1 0.05 0.05 - - - - - - 0.01 0.04 - -
Cu 3.0 1.0 - - - - 02 005 005 0.5 0.2 03 0.05 0.05
Hg  0.005 0.003 0.0005 0.0005 0.25 - - 0.0002 0.0002 0.001 0.001 0.001 0.002 0.001
Ni - 1.0 - - 11 - 05 0.004 0005 0.15 0.04 0.05 0.075 0.01
Pb 3.0 1.0 0.01 0.01 0.75 - - 002 004 0.1 0.05 006  0.13 0.05
Zn - 5.0 - - - 1.5 4 0.1 0.1 0.3 0.4 0.5 0.28 3.0
Se - - 0.01 0.01 5.7 - - - - - 0.01 0.04 - 0.01
Mo - - - - - 0.1 02 - - - 0.05 0.28 - -

ISO 3166 (2006): “Korea (KOR); "Japan (JPN); “the United States of America (USA); ®Australia (AUS); “Germany (DEU); "Spain
(ESP); ¥Belgium (BEL); "Italy (ITA); "Z0: Recyclable in any soil within criteria; ¥ Z1.1: Groundwater may be affected; ¥ Z1.2: Little

impact on groundwater.
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& FAE L FollMe ST AFL dujell g AFL 3,000 olde] Eol tisix = A
o] iRlEA FEsllof & ARS TSI Al AR ZAL el 18] ode] AlF T AL AlE $
o] ol &g AR, o YR lom, FHEEH ZALE Aledslol shar WAkl Utk g A 9 X
Ais Az Ffske sk Al wet 22} A 2 At axele] We 5 ZARkEQl 2 7|1Ee] bl
Foe] vlwES Anlsior SIS, 2019). HEEH1 SMe Holx 10d o] RV|Shs A3l Bisted]
Ale] FATEe HEou YEAA FollA AalA of gt} FEsh AlF & AP Fesitial dgE e,
U= FA 7IE 9 A4S F53kaL E3F AL olF A= el W & Fash 7R} Wiwel] et
Aok, FAE L AR Wil S A, 5 2 e ZALE AA B 7158 A A o] oA
Z, %, AT F A AR o]FoiTh: 194 21&3] ok XS Fg
2= 5 A SRR Aoz AT g F4 &
A7} pH, B T A Al FRRES A9etal, 84k 3.33. FHARED)
ZHE AR &, ARV, AlE UE, AlE W 59 1 =
AS Bk T X AL I8 o 5 b o, AL 19} 2o FEA H7ES AL A
AZ 2 9 AF T 24 o oRE st 29 Aol PX= GEkl wet f3S RSkl em,
Wt 55 AASI FREH L AES $Eshe ol we} #71E 8E7I5S UE3lor AlEgo] 7Fs3t
785, FOAIAl ATF ARt ARS Aael] mE 3 H(Table 5). EHL=ZHE A 11 pHG7E FE= 0
HFEA A, A HlolHAE T2 FRE A A3lol] mix= FEFo] AL A FE5Y pHe U
Algtt, 39 ) SR E s L AES 25k 4 12704] 1838k glom, ol &) il pH SA&
T, Al Aol F43] HeS ERIT F U=E U W3St Aoz Mgt FEA AVE Ve TSt
9, +9F AR 58 AR 4 AlE T 2Pt W, O ol AVIE B S A gor AFS
dositar A 73, duiRs AlFEAE AR ZA 71ES WESllof gURC, 2009; JRC, 2014). v
I pH & - UiF] 2 B2 diF 59 A3ke gRlst AFEFD 39 S AT S e Y A
o} 81 Ay} Aglo] A RE=A] FaAjolA ke = 71 A7elA et Tl 15 FHMVV-TBY
FF el gisl #r1skar 71Esh. 53, Al 5 A I 5Y A% xHd e A58 AL SA(EBV)YE

NHow w3 2A1E A9s

3, Q4] Bkl glo} AR ekl <JFk ofzo] 4714
Qe Pt

Table 6. Quality criteria for slag products (Germany)

13}t Table 6)(BFJ, 2022; DIBt, 2022). &4 #

e VIS U Sl AlES 288 Ay, 554

0F pH, A HNEE(EC), ZF4OTE IE(Cr), ThIE

MVV-TB? EBV?
Content SWS19 SWS2
mg/L. mg/ke [=Z1.19] [=21.29]
pH 10-13 - 9-13 9-13
EC(uS/cm) 1,500 - 10,000 10,000
Cr 0.1 600 0.11 0.19
\% 0.25 - 0.18 0.45
As - 150 - -
cd - 10 - -
Cu - 400 - -
Hg - 5 - -
Ni - 500 - -
Pb - 700 - -
Zn - 1,500 - -
Mo - - 0.055 0.4

YMuster Verwaltungsvorschrift-Technische Baubestimmungen (Deutshces Insitut Fiir Bautechnik, 2022); ®Erastzbaustoffv (Bundesamt fiir
2 2
Justiz, 2022); 9Stahlwerksschlacke der Klasse; 9Z1.1: Groundwater may be affected; 9Z1.2: Little impact on groundwater.
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Fig. 6. Case of recycled aggregate application in France: (a) Paved with asphalt, (b) Embankment, and (c) Not protected from water

contact.
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Table 7. USA Slag recycling guidelines considered expansion characteristics

Indiana
Illinois
Minnesota
Pennsylvania

Expansion test before Recycling

Ohio Keep in controlled and saturated stockpile for 1 month and expansion test before recycling

Missouri

Keep in controlled and saturated stockpile for 3 months

South Carolina

West Virginia

Keep in controlled and saturated stockpile for 6 months and expansion test before recycling

Table 8. Effect of water treatment sludge and natural soil on the pH reduction in the slag leachate

Mixing Ratio pH after 6 hr
(Slag:Substance) Zeolite Water Treatment Sludge Natural Soil (pH 4.70)
1:1 12.25 9.86 11.33
1:3 11.74 9.17 9.36
1:5 11.25 8.73 7.42
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Table 9. Scope of influence depending on recycling amount

Standard (ton)

2021 Recycled Amount (Total: 7.6 Million ton)

2021 Number of Recycling Company

3,0009) 92.9%
10,000 79.3%
20,000 68.0%
40,000 52.5%
120,000 30.5%

28.8%
12.5%
7.2%
3.3%
0.8%

YJapan (slag management guidelines); “Korea (Simplified environmental evaluation); ®Korea (Environmental evaluation of recycling).
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