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ABSTRACT

In the South Korea, 47% of abandoned mines are suffering from the mining hazards such as the mine drainage (MD), the
mine tailings and the waste rocks. Among them the mine drainage which has a low pH and the high concentration of
heavy metals can directly contaminate rivers or soil and cause serious damages to human health. The natural/artificial
treatment facilities by using neutralizers and coagulants for the mine drainage have been operated in domestic and most of
heavy metals in mind drainage are precipitated and removed in the form of metal hydroxide, alumino-silicate or carbonate,
generating a large amount of mine drainage treated sludge (‘MDS’ hereafter) by-product. The MDS has a large surface
area and many functional groups, showing high efficiency on the fixation of heavy metals. The purpose of this study is to
develop a ingenious heavy metal stabilizer that can effectively stabilize arsenic (As) and heavy metals in soil by recycling
the MDS (two types of MDS: the acid mine drainage treated sludge (MMDS) and the coal mine drainage treated sludge
(CMDS)). Various analyses, toxicity evaluations, and leaching reduction batch experiments were performed to identify the
characteristics of MDS as the stabilizer for soils contaminated with As and heavy metals. As a result of batch experiments,
the Pb stabilization efficiency of both of MDSs for soil A was higher than 90% and their Zn stabilization efficiencies were
higher than 70%. In the case of soil B and C, which were contaminated with As, their As stabilization efficiencies were
higher than 80%. Experimental results suggested that both of MDSs could be successfully applied for the As and heavy
metal contaminated soil as the soil stabilizer, because of their low unit price and high stabilization efficiency for As and
hevry metals.
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6Zn" + 2HCO5 + 60H" — Zng(CO3),(OH)s+2H"  (8)
Cd* + HCO; — CdCO;+H* )

AsY] 739 As(lly= pH 9.22 oJ3jollA] T FAlo)
£ e H;AsOy(pK;=9.22)2 ZA13}H, pH 9.22-
12,134 17F 5ol FHIQI HAsO5(pK,= 12.13)=
ZAEE As(V)E HAsO, (pK; =2.20)$F HAsO(pK,=
6.97) L AsO(pK;=11.53)¢] FE|= ZA8b, weta
pH 220 oPdellA] tiFE S0l FeHZ EARTHKIm
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TEE LUEYS 43e A iRl e <
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Fig. 1. Schematic illustration of the proposed adsorption mechanisms of arsenate (modified from O’Reilly et al., 2001).
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Fig. 2. Four soil sampling sites (A-D soils) and 2 MDS sampling locations (MMDS and CMDS).
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Table 1. Water quality of [lgwang mine drainage at the water treatment facility

Concentration (mg/L)

pH
Fe Al Mn As Cd Cu Pb Zn
Inflow 2.68 219 43.0 8.9 0.65 0.22 18.3 0.1 18.7
Tolerance limit 5.8-8.6 2.0 2.0 2.0 0.05 0.02 1.0 0.1 1.0

* N.D.: not detected

Table 2. Water quality of Hambaek mine drainage at the water treatment facility (Park et al., 2005)

Divid Flow rate Concentration (mg/L)
1vidan, 3
€ (mVday) ~pH SS SO~ Fe Al Mn Cu Ca
Inflow 3,000 41 11.6+55 1,5462+343.1 1595+495 85+22 153+43 007+£0.02 93.1+36
e} A(Fe), FHIE(AD, BXHMn) B olRIZn & As AASIATh B9, £ S MDSe] HIEwH 3

=7} vIE71ES 2951t Table 1). L3534 vil= =&/3715 S45h7] 981¢] BET(Surface area analyzer:

SIS A T3t B 3R RS B ke &
RS HHZ Pl Eelete] AEJshs active 22]E
WS ol8si] Ak, o] Aol MMDS7F AAE
TF. CMDSE 7% AAdwtol] 9x13h Aehgalel ghig
Aol AR Hlgake] CMDSE hhlisel] &
e FEES A7l T WA oHe AFAIA A
A7l AgkeRls A8shs JAoN R e
(Sung et al, 2014). FHFihujFo] FF& F&
Table 29 YERHATH(Park et al., 2005).

4579 LAFARNE A2t A LHEES Hell &
ks TuHY F55 S48 S8k, BT
710l wel H3EHo s As @ FFE(Pb, Zn, Nj
Cdyd] == =331t MMDSF CMDS2| &5}
EA4S #4387] 918}, XRD(X-Ray Diffractometer:
Malvern Panalytical X’Pert3-Powder) % XRF(X-Ray
Fluorescence spectrometer: SHIMADZU XRF-1800)

O!

rr

MDS  Estraction fluid

80 mL
i Rotating at 30X 2 rpm for 18 hr

N

Micromeritics Instrument ASAP 2420) ¥4}, 3™
Z 49 Y& Yolrr] 93¢ SEM-EDS(Scanning electron
microscope-Energy dispersive: TESCAN VEGA 11 LSU)
BAE s,

2.1.2. FheAgEdA 55 HHIF

FHNFHEEHIAMDS )] FE4 85 BAS 1
Skl QPYSA|R. Eddoll A7kshe A9 1R A1 &
Q75 B $I5iel, MDsol Tiste] E4 8%
A1 ¥ (Toxicity characteristics leaching procedure; ©]3}
‘TCLP" 2} 1873843 (Synthetic precipitation leaching
procedure; ©]3} ‘SPLP’)S AAISIATE A+t A-8-H
MDSE 3&21% & 108415 B34 27 2mm ©J3}9]
UAE A83I9TE TCLPY] 7%- 84 EZ-9] pHell uwf
2} §Edo] dEReg Algd| 94 MDSe pHE =74
slom, 1 A3 MMDS?F CMDSY] pH7} 5 oo =

(TCLP: 5.7 mL of acetic acid + distilled water = 1000 mL:
SPLP: distilled water adjusting at pH 4.2x0.05)

Filtering the
supernatant by

5B filter paper A
i Analvzing As and

heavy metal
concentration by
ICP—-0ES

\7

The mixture

Fig. 3. Schematic of TCLP and SPLP test process.
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UERY} pH 5 o4 wjo] 8&9S AMSSIAtt. S5
o] 5.7mLe] oHEARS H7}sle] 1000 mLE A Z3F &
=9 100 mLe} 5g2] FHSAI(1:220 W/V)E HES-E7]0]]
Yol AL ARte]l ZANA 30 rpme] WHKEEE 184
7t web EA A Y. wwk 3 FHEYske] ICP-OES
(Perkin-Elmer Optima DV2100)S ©|-83ly §&q9] &
F& FEE BX390 SPLP2] 7% H,SO4/HNO;
(60:40 wt%) SNS AL83l] 752 pHE 4.2+0.05
2 G §Eqs ARESIeH, 43 7S TCLPS}
2o] Y3 th(Fig. 3).

2.13. SUES o R As @ FF&E 8=A7 )
‘]/\164

Edo2iE F5& 8598 So7] A% A=
] MMDS®} CMDS?] H43} §8-8 718l ¢35t
MDSE o2 As ¥ FHE(Cd, Pb, Zn)ell tsk &
47 miRAAES AAlets. £ Adox= 100 A
2 =33 Bdgele] MMDS 2 CMDSE oHg3kAl=
ARSI QFYBIAIS] Hlgol WE &/ a9 E &
ol® 7] $I3}d 0%(control), 1%, 3%, 5%, 7% & 5%
FY HEW%)E PISHAIE LAEST E3sideH
(Table 3), A A7t W& g3} 88 Yoprr] ¢
3le] 8AIZE, 20417E, 44117E, 68A1ZECE FAAIIES: 427
3Tt L AERS Ak 2500 AAAZ F 10HA)
= 531}6]. th:r]— /\]_&3].93\011] Q%oﬂg olﬂ]—x4 1_] g\g
o] pHE &3t Arks o838t pH 6+ 0.52 A3}t

- o]x13]

o 21835199t 859 120 mLe} SHFBAIE EFRE @
AESF 40 ¢S YAI(3:1; V/W) 150 pmOE 247 8=
ATk $AZE X T 0AZE, 12417E, 36213, 60417t
A5Re A3 5B BEAE o83 WD T,
ICP-OES(Perkin-Elmer Optima DV2100)2} ICP-MASS
(Perkin-Elmer NexION 300D)E ©]-&3} E23}%}.
60~17F FRE BAGH F-, 5N pHE A s}
Al 71l gk 8=09] pH ¥istE RIS &A1
7 XY AnERE, MDSY As 2 S5 oFg3t
A& (stabilization efficiencyye 2](10)y2 o83l Ak}
Ak
c)

C.—
Stabilization efficiency (%) = E—-—-Q----—
0

«100(%)  (10)

iz FHSAS W13 e dude) 2
%, C& HYslE e o

2.1.4. FrHFEAgEE A ARG}
A AP 8% AR &8 o] vl
A7) SN ko g AMEs] ofEfuE, l-g
TolME MMDS 2 CMDSS] 8547 vix|g Ans
nio g2 QFgsiAle] e Alksle] AAdS 7k
ok B7kE 918 7 QAEYCIN EFL A IES =
k= Asel TSP, Zn)ol FY3} FS-(stabilization
efficiency )y 8315t} FASIAY AL A 7+

2 rlo

iy

Table 3. The potion of stabilizer vs. contaminated soil used in batch experiments

Ratio (wt%) 0 3 5 7
Weight of stabilizer added in soil (g) 0 0.4 1.2 2 2.8
Heavy metal or As contaminated soil (g) 40 40 38.8 38 37.2
Soil + MDS5  Extraction fluid
(sim nl:mna the pH of rain: pH of 6£0.5)
Fixation

Shaking at 150 rpm for 2 hr

]'\ —_—

Vi n n

(room temperature)
for 0, 12, 36 and 60 hr |

] ul
E——— 7\ A

Analyzing by ICP-0ES

3
=
/

Filtering the
supernatant by

5B filter paper

Fig. 4. Schematic of the batch extraction experiment process.
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7, gy, A, QbgE) B8 59 HigoE Hlelg
o}, gullge] 5 ekl A8 RAstel Aept 2
7} vz el Aslela Akl ESA Tl
APATe] W7t S arsto], (@A A 73
H)RHYSE as0w AHslon, AETE Bl A
BAH Sl = MDse| @% A87Fs S Ik
TH(Yang et al., 2021).

3. 8% ¥ E9

31 RYEY S35 24 Y oSN S Y A

Ao ALSE QUEY 457 TEE T B4 4
FE Table 40 JERITH ARG A5 FA9] 745
o AEEE B HE AT R ARRES O, 5 7
718 Fo B2 545 290 A% AR vERaL
(Cd, Pb, Ni, Zn, A} B $27|15S 27), ¥4
= A3} & ARIASEAoR AM8E Aot BEYH
CEYLE 3t &5S Fa 2As Bv) 2 e 3t
715 o5l 2dE Edeltt. BEYRS 17} FHel ¢

HI

o

H bl E s A va B 545 st 15

X (calcite)} o}2}alr}o] E(aragonite)©] THFig. 5). XRF
4 A= Table 50 YERASH, F MDS E5F Fe,03
g Ca09] Aol #=A YeRtt o5 B3 MMDSS}
CMDST Fe-, Ca- A8 4= FAA5] AsS g1
slgom, O FolHe AN ARE vlwsle A
CMDS9] Fe$} Ca o] T =Skt XRF 4 Ao
e Fe,0,2] o] =4 Yehdo}, dutyog &9k
oA HPEL v FH= A7) el XRD
B4 ARede RS 7 F327F YeEREA] Z8ith
MDS A% & 318FE (Fe(OH),) e W7 o) Fuju)z}
331, Fa&] F2 AMeEE 28717 v EAEP
izoll, SEEY] Sl Ao 955 TS By A
o7 FAEACHChoi et al., 2013; Kim et al., 2014).
BrhleEeRe) s, 33y 9 3Ea01E 8
018}7] 913k BET ¥4 ZA3= Table 69 UERNITH
MMDS®} CMDS®] HIEHZA2 717} 133.4m/g, 124.5
m¥/geIR o, Hit F==71E 22t 7.01 nm, 5.89 nm$
t}. MMDS9} CMDS?] F=37]% 2-50 nm H$ioll ¢

A% o) Ao Avt SRVES ZHGOR, ¢ F Ik AEIIZE Bol TP e BAL The
EQE B FH 4R EYOE Cd, Pb, AVt EYL E4o|| nlg)] iAo E b HAS A glom, ¥
A2 7]=(KSPWL: Korean Soil Pollution Warning o] golsla] tioksl T4 &l fElsk Zlow &
Limitys 235t DEYS] 75 w5 Fabd AL 24 UTh(Lee et al, 2011). WebA o]HF EAS 711
A2 gyjo} TUES] F T ARl Zno|l EYCY MDSe= EY SHsHA|Z A S35 QSUEY] &80 7}
FH7ES 28k T Aoz A=
Aol AFER MDSO| F=Sh 54 e flsted SEM-EDS w45 &3] MMDS % CMDS9| 3% 9
XRD ¥ XRF #41& AAgt 27, MMDSY] + /3% B2 SQl3lich(Fig. 6). MMDSS} CMDS 25 4=t
E2 WA (calcite)?} Aal(gypsum)©|™, CMDS= "l FEHNA ke 28 5w SRR wet e &)
Table 4. Heavy metals and As concentration of each soil sample taken at 4 sites
. L. Concentration (mg/kg)
Soil type Replication e cd o Ni -
A 75.42 36.96 1605.23 121.71 4805.19
2 74.59 36.30 1606.89 117.22 4788.54
Average 75.01 36.63 1606.06 119.47 4796.87
B 1 2220.78 3.66 39.96 11.33 133.87
2 2229.77 3.33 39.29 10.66 132.53
Average 2225.28 3.50 39.63 11.00 133.20
C 138.69 55.11 343.66 12.82 248.92
2 133.87 60.61 331.83 12.32 242.76
Average 136.28 57.86 337.75 12.57 245.84
b 5.16 3.33 76.42 6.83 698.30
2 7.49 3.50 77.42 6.33 709.62
Average 6.33 3.41 76.92 6.58 703.96

* Red color: > KSPWL
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Fig. 5. XRD pattern of (a) MMDS and (b) CMDS.
Table 5. XRF results of MMDS and CMDS
Element Fe,0; CaO AlLO; SiO, MgO MnO CuO ZnO K,0 SO; SrO
Y MMDS 33.20 27.80 8.89 7.27 7.23 1.03 2.66 2.20 - 9.72 -
° CMDS 44.23 33.81 9.06 7.17 3.95 1.16 - - 0.09 0.44 0.10

* <% below 0.01%

Table 6. Surface area, pore volume and pore diameter of the MMDS and the CMDS from the BET analysis

Type of MDS BET surface area (m”/g) Pore volume (cm’/g) Pore diameter (nm)
MMDS 133.4 0.24 7.01
CMDS 124.5 0.17 5.89

Fig. 6. SEM images (left) and EDS analytical results (right) of (a) MMDS and (b) CMDS.

SEM HV: 10.0 kV
Det: In-Beamn SE

SEM HV: 10.0 k¥
Det: In-Beam SE

3E M.MAG. 50.0kx MIRAZ TESCAN

PRNU 1 pm
Perarmance In nanaspace

SEM MAG: 50.0 kx MIRA3 TESCAN
PENU 1 pm
Periormance In nanaspace
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MDS2] 8ZA1F AFE Table 70 YERATE TCLP
19 A7 MMDS®] 73-¢- A 5% & Zns AlQ|S
T 8=o] WA FkoH, 8=o] Lot Znd
A= 007 mgLe] B 8& =5 Bk CMDS
o] 7% Ni, Zn9] 80| s ot 217k 0.07 mg/L,
0.0l mg/LE, 5 H7E 8SAIF 7S W39t
L2 2AYZHE, F MDS EF EY oHgsA=A
g HEo] 7k Ao et RPISHA Tyl
3-10% 9= 18). 9 2H4E niEo=m, A QHEY
A9} Bol MDSE PFSHAIZ H7FSE (3 wie), QHE3)
Ao} 33 L HELS] TCLP AlE ZHE Fig. 79 Y
ERTE EYS A9 A9 SIS A83519e AT A8
1A e T Hlwsl zne] TCLP &% ¥%7}
Ar39e-S BRI EY B 49 MDSE H7IBHA|

>

Table 7. TCLP and SPLP results of the MMDS and the CMDS

d A eeiA e i B SE< QHgs)

17
&2 9 TCLPY As 8& =7l d71E 8= Alg7]
& 23 oL}, MDSE 718 739, TCLP AlgellA
EYOoZRE Ase] 50| A MAsHA] FtsS 2l
3l oldd Ak A LAES oI EA
MMDS9} CMDSE 2831598 o, o]2 QIgh 71491
TEEOY As §F0] A A et A 9
=

W

3. 2EY| H|A Y S BEXZ XA At
HEY] MDSE &35t &, 85902 ARt
A Az e ge] TE 3

279} vlusle] b3} & S (stabilization
efficiency)ys Al¥sIEo™, 1 A7E Ti== Yephich
Fig. 8& AEY] tisle] HYSHAIE H7IsiA] ek 49
tiu] eFg3kA] H7lel W Pb, Zn QY3 A8 X
A)ZPEE Blwgk Aolt), Fig. 8-(a)2} (b)E 53l Pbe]
7% MMDS 7} Al BE & HlgolA 90% ©]d<]
=2 s 588 HYon, CMDSE 718 Aoll=
1%2 A2)e & Hlgole= 80% ol el ¢Hi3t a8
< Bk 899 pHE 7.99-8.5%, Cui et al.(2013)
of W= pH7} 7.22-9.6904 Wl Pb= = PbOH" ¥

) =

1 AL fo

1 %
=

Ar2E

Stabilizers Sample As Cd Pb Ni Zn
TCLP 0 0 0 0 0.071
MMDS
SPLP 0 0 0 0 0
TCLP 0 0 0 0.070 0.012
CMDS
SPLP 0 0 0 0 0
Waste leaching tolerance limit Unit(mg/L) 1.5 0.3 3 - -
‘-’: no leaching tolerance limit
80 2.0
70 ] 1.8
2 — 216
% 60 — B =
E 2 1.4
l“] 50 ’f 2
S B
= 40 = 1.0
92, K=
20 ol
& 80.41
\J L
10 0.2 1
0 : : : 0.0 : .
Control MMDS CMD Control MMDS CMDS5
Soil A Soil B
(a) (b)

Fig. 7. Results of the TCLP test for the mixture (3% MDS + contaminated (a) soil A and (b) soil B).
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