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Since mine wastes were merely dumped in the mine waste dump, they have produced acid mine drainage
(AMD). Therefore, main objective of this study was to evaluate the effect of coal combustion products (CCPs)
on heavy metal stabilization and detoxification for mine wastes. Total six treatments for incubation test were
conducted depending on mixing method (completely mixing and layered). Also, lysimeter experiment was
conducted to examine efficiency of polyacrylamide (PAM) on reduction of mine wastes erosion. Result of
incubation test showed that concentrations of soluble aluminium (Al) and iron (Fe) in leachate decreased
compared to control. The lowest soluble Al and Fe in leachate was observed in 50% mixed treatment (14.2 and
1.03 mg kg'1 for Al and Fe respectively) compared to control treatment (253.0 for Al and 52.6 mg kg'1 for Fe).
The pH of mine wastes (MW) and leachate increased compared to control after mixing with CCPs and ordered
as control (MW 6.4, leachate 6.3) < 10% (MW 7.7, leachate 7.1) < 20% (MW 9.0, leachate 7.8) <30% (MW
9.5, leachate 8.3) <40% (MW 9.9, leachate 8.5) <50% (MW 10.5, leachate 8.6). Application of PAM, both in
liquid and granular type, dramatically decreased the suspended solid (SS) concentration of CCPs treatments.
Reduction of SS loss was ordered as MW70CR30L (24.4 mg L") > MW70CR30LPL (6.7 mg L") > NT (3.1
mg L) > MW70CR30M (1.6 mg L") > MW70CR30MPL (1.1 mg L") > MW70CR30PGM (0.7 mg L") >
MW70CR30LPG (0.5 mg L'l) > MW70CR30MPG (0.4 mg L'l). Overall, application of CCPs can be
environmental friendly and cost-effective way to remediate coal mine wastes contaminated with heavy metals.
In addition, use of PAM could help to prevent the erosion coal mine wastes in mine waste disposal area.
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Introduction
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AYAA, QI A0 FUEE Fo 6~10 FHE day
O} E]l= Ao R HWAE|A QIt}t (Yang et al., 2006; Lee
and Song, 2010),
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A oe] Aalen] B 9 BE, %3 59 B
S0 U A ek, SN BE, w5} o) e
o] AgA) ofgo] Wagh 7| 242) B4 et 24}
= 7o) MAISH) gk Z§3] ujRe] Aol BRAL,
TS e BRI WAARIL, AR AS Ao Solge
e FUS AEHE S| tjS Fashe, oS Sl
agh dopie] F5, A= A%l Bast okrdol A4
o] A1Fs] o|Foixofaitt.

Folar Fule] pun Eged § B4 BAZ 2
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o AL AR o] Belo] A 8sHe A A 1
o, 715 A Fo| ZuolA Hgo] Brsa Agolct,
o] A9 MRkgAR 2 HA0) ebgst w A=
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T Fo e el EAS 2 sk (484,

1 )

A3], WA, AFEd L, AeiE 52 o835t
Ao A F3ste] 1) AMduiao] TS o &
e 5836, 3) AAFem she YR I
= &t /NERIol AR QUEk (Oh et al., 2011; Yang
et al,, 2006).

S vstel 1 AR OR Aeke 1 Bt
A g B SouA] Adom dHA ek A=Ay
4k Sl8l o] gk oEErt A& o m FrtskaL

917, 10 whef S Lo A MAEHE AERiALE ] U
M J123] 27151l T} (Armesto and Merino, 1999;
Gupta et al,, 2007; Singh et al., 1997). AEtHAIES A
Bo] Qam 4 g FES AAeh AR Avidon
v} BiEtE BASIE dhk

BRI QA e o] ARl Ak Akl
cloret olu, AR AR} e 18 o) et g
HE de IAURR = 7] B dE] 54S vEid
o}, MERRAREL H|AAE Fe—Al-Si (ferro—alumino—silicate)
SRR = A AFGEFO] Si) Al Fe, Ca, K @ Na 5-& X3t
SH Qlom ol Tt £Ret 5| vFULE B
sto] sfeka EA4e MY 4 Sl Ae= oA vt
(Mittra et al,, 2005, Rai et al., 2004; Sajwan et al.,
2003). o|#fgt 545 ol&ste] FefAlgom e A
S ChyE olgo] A 4 U Ao Wk,

20118 7|2 ol MR AELES oF 860
Tk Eof o211 o]2] AYHEE-L 68% = A OE HIlE]
Tk, vl 8 o) AT At o]
82 Ao o 5888 (beneficial use) 7]l
F52 39 ALET 4 Y WS vilskn ek 4
9] ¢ & AJ§ &0 88.3%0] EotH, 53] 3l A&
o= 23 79N E (36%)2 AL Sl Aol SAolth
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QR BASHEY) Bao] Qi) 55, ARHLANEe] A
o2 Hg BME 0|74 PAM (Polyacrylamide)S
W Aol fAMA WA mAEHeI
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fluorescence (ZSX—100e, Rigaku, Japan)<- ©]-8-3}1t} (Moon
et al,, 2010; Skoog and Leary, 1991), A|=&9] 3lst4 EA]
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QeI ol s A Belstalch, ol
of &2 34 A== pH 0.1
FE4 HS BAST, G ARE A 5 24
Inductively coupled plasma — optical emission spectrometer
(Thermo, iCAP 6000) 2 S<&3Hae BA351% T

H*or AR S o] el o
3 }8}71 9 20t L AABE Ak

LT
2
QT.,‘.’; xln
h,

e 40% (w/v) 247}0}0:‘1 247} ayﬂ Q%l—oﬂ] eryg,x]
£ 0|83 AFHTE SHS vjLFN O = petri dishoﬂ o} 2}
B (b 26°C/HF 23°C, AASE 65%, 37] 16/8 A
ZhollA 3537t HHU 4 gtolagkA (Lolium perenne)Q] =18
of W A% WAL Lol RO £EE Wobg 9
AR A= A (D3 4] (2)F o]83l AEZAE (seeding
vigor index)2} WA X4 (tolerance indices)& H7|5f A&t
A FeS HIISEATE (Lee et al., 2010; Yun and Lee,
1902), oAl Rel A 43kt A1BA (Mot 27] TE5A)
SISES) 0] WAL FRAE AR T AL

Mg ARE Stk AR B4 Eof W A8 24

H (NIAST, 2000)2 215} 54183} (HNOs—HNO; digestion)
3 oxro g A A|EE ICP-OESE Ao BA3k3t)

SVI = Mean of plant length X Percentage of seed

germination 1)

_ Mean plant length in CCPs leachate
™ = "Mean plant length in distilled water ~ ‘0 2

PAM XSS S8 QAU AE Az 7
AR A8-2- ol tigt A S oI = QlaL, BARA
AR S EE 8l PAM (Polyacrylamide) ] &-8-o] th
OF5HA| AtE]o] 4T (Choi et al,, 2009; Lee et al., 2011),
PAMO| 28] w2 FAAY A4S Fig. 13 o] of=
A= A2t et Al g (BARE 20%)of] AeHtAE} |4
= TR ARE SRS QISR 2 A5 WA
A 535 PAMS Aol A AIAE 20 kg ha 2
A 25Flch (Lee et al,, 2011), AHFANE W PAME: 2§
QF A 2]i= Table 13} Zro] H4J31lar, PAMO| A= U4
A N Fej= APe agidS Blusiait A
749 60 mm hr 2 105 24 108 749 A7 3 HYE

1ar, AlEIgelA =AHE A= F7-52 (suspended

ol o >l'

OII

Arti‘flt_;_i_a;l_rainfall device

Lysimeter

Fig. 1. Lysimeter test using artificial rainfall.

Table 1. Coal mine waste (CMW), coal combustion products (CCPs), and polyacrylamide (PAM) treatment for lysimeter

experiment.

Name Treatment

PAM' application

NT (Control) Only CMW'

MW70CR30M CMW 70% and CCPs® 30% complete mixed
MW70CR30L CMW and CCPs layered by 2 cm interval
MW70CR30MPL CMW 70% and CCPs 30% complete mixed
MW70CR30LPL CMW and CCPs layered by 2 cm interval
MW70CR30MPG CMW 70% and CCPs 30% complete mixed
MW70CR30LPG CMW and CCPs layered by 2 cm interval
MW70CR30PGM CMW 70%, CCPs 30% and PAM complete mixed

no

no

no

liquefied, applied on the surface
liquefied

granular

granular

granular, applied on the surface and in the bulk

PAM: Polyacrylamide, *CMW: coal mine wastes, ‘CCPs: coal combustion products



528 Evaluating Efficiency of Coal Combustion Products (CCPs) and Polyacrylamide (PAM) for
Mine Hazard Prevention and Revegetation in Coal Mine Area

solid, 8S), pH, T5% % ¥ole dF= A3 Ziemkiewicz and Skousen, 2000). AJeHAMRO]| FHo-E 7+
Fol29| 79 tFE Ca(OH)2 FE{A glom (Furr et al.,
Results and Discussion 1977; Iyer, 2002) ol 2AEgl AT A S50l
1} Hk-2-5t0] Z2} (adsorption), E3HA|E A (complexation),
SAMEL E4 Aol AREEE H AT} AghRiEo) A (precipitation) 59| WZIUEOR o]54d U 54
5}8H2] B8 Table 291 7]&3t3t), w47} Aebiibg o 7 Wgkek 5= Qlrkal Rasl9irt (Kumpiene et al., 2008;
pHE 617} 11,4, A7|HAEEE 0099} 1.48 dS m 02 1} Majumdar and Singh, 2007; Oh et al,, 2012). AetFANE
Epyith AebiabEl] frlEeEE, fadlA 9 wehd 7 of e S5 T EYEEAY A Ask= 7w
42 473 g kg ', 48.07 mg kg T} 4,550 mg kg O ¥ A5 BF WSS A0R YEyith 7 =70 Aajof| 7]
Aol el - sty EAS TSk, AlE s Al SOHA] QAT ALY FERA B daxdd B4
I 59] o|Fo] 9l Ao & HtEC) (Mittra et al,, 2005; A} F FETAL Quartz (Si0y), Mullite (AlgSisOr) 2 &
Oh et al., 2013; Rai et al., 2004; Singh et al., 1997). & o] Q= Ao & e O Si0,, AlyOs, FesOs, CaO, MgO
S AERRARRO] X7l H]R, SEH9E EA So] 2 Y WS 2 glo] B fARE 2o R ESF
2 B4 WAL 3 BARE 28 7o) 2 AR o ke Hash & 4 & ACR dthEn (Oh et al,
Z=0] A AFAEL W5kl 9t} (Sharma et al,, 2012: 2011).

Table 2. Physical and chemical propetties of coal mine wastes and coal combustion products (Metal extraction using 0.1 M HCI).

pH EC CEC OM T-N P,0s Ca
1:5 dS m" cmol+) kg‘1 g kg‘1 % - mg kg'1 --------
CMW 6.3 0.09 12.67 51.6 0.00 6.34 1,862
CCPs 11.4 1.48 20.39 473 0.02 48.04 4,550
Cd Cu Ni Pb Zn Al Fe
mg kg'1
CMW 0.87 28.34 4.72 12.61 11.83 89.90 53.44
CCPs ND ND 0.23 0.20 ND 4.07 0.53

Table 3. pH and metal concentrations in coal mine wastes and leachate after seven days incubation time.

Metal concentrations in coal mine waste

CCPs ratio pH
Cd As Pb Al Fe
% 1:5 mg kg']
0 6.4 0.27 0.01 3.69 90.59 12.14
10 7.7 0.06 0.05 3.10 187.35 34.51
20 9.0 0.05 0.10 2.33 288.93 64.27
30 9.5 0.05 0.15 1.90 458.07 101.19
40 9.9 0.06 0.19 1.22 542.11 119.84
50 10.5 0.06 0.27 0.39 665.85 118.26
CCPs ratio oH Metal concentrations in leachate
Cd As Pb Al Fe
% 1:5 mg L’
0 6.3 ND ND 2.11 252.51 52.61
10 7.1 ND ND 091 95.62 5.16
20 7.8 ND ND 0.82 4547 4.59
30 8.3 ND ND 0.53 19.51 3.42
40 8.5 ND ND 0.41 12.14 1.26

50 8.6 ND ND ND 14.21 1.03




Se Jin Oh, Seung Min Oh, Yong Sik Ok, Sung Chul Kim, Sang Hwan Lee, and Jae E. Yang 529

Hel
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c} (Table 3). 0]“

Aeh izl S X Fol (Ca, Mg 5)9 /30l
ol A7 17F W s ARt 1o s e (Hearing
and Daniels, 1991; Oh et al,, 2011; Ziemkiewicz and Skousen,

2000). =+ #H4] Cd, Pb 3F
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Fig. 2. Germination ratio and plant growth of Perennial ryegrass.
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Fig. 3. Seedling vigor index (SVI) and tolerance indices (TI).

Table 4. Concentrations of soluble toxic and nutrient elements in culture liquid prepared by leachate of the mixture of mine waste
and coal combustion products, tested for seed germination.

CCPs ratio pH EC As Cd Cu Ni Pb Zn Al Fe Ca Mg K
% 1:5 dS m" mg L’
pI' 6.8 0.00 ND ND ND ND ND ND ND ND ND ND ND
0 6.3 0.23 ND ND ND ND ND 0.04 624 134 15.7 16.2 1.9
10 8.1 0.88 ND ND ND ND 001 003 038 045 116.0  72.8 2.0
30 9.6 1.38 0.01 ND ND ND 0.02 ND 0.04 0.06 205.3 71.2 2.7

"DI: Distilled water
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(Fig. 3). °ol«= Cd, P} -2 54 Fa45 o83l B7F
Lee et al, (2010)3} Yun and Lee (1992)2]
A2 AeriibEoA §EE o] uietH o
Faxo] Foll ot A o= Aehe) 3
= 9t 242 AERARES AN 4
Qe A JeS S5 Y 5 QL
(Oh et al,, 2011; 2013; Yang et al., 2007),
7 Cd, Pb B As®} 2 =4 5 -
A9t Cu, Zn, Fed} 72 A&
UFERET} (Table 5), oli= ARHRAHE9] 2
ol g STUeEA Y] AT 8o] 7hsslrh= A3
0] Ao} 455k Autz A Ect (Oh et al,, 2013;
Mittra et al., 2005).
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HAM AT MAUS {8t PAMS| S84 A go]
AHIEIE o83t FAATIAIE Zat PAMS A 2314 3=
NT, MW70CR30M 2 MW70CR30L #]2]F-ol| 4] F-g-54 &}
Fo 717+ P F 38 mg L, 1.8 mg L' 409 mg L'o2

fjo

T} ZF2} 300-630% W2 Falo] BAYSHYICE (Table 6), O]+=
H49] TS el ARERE ARhiAbES 4o At
- 559 gt E A =g gt gAY 9E
Y& = qlont, Aol ot HYst mg A3t E 23} 3
A o) gt EAIEE o713 4= 9l
T}, PAMO| A 2] o] AlHEof|A] {
o2 Yehtil, 1 G842 PAMI} Metiibeg
b A3t A2]5t MW70CR30MPL, MW70CR30MPG %
MW70CR30PGMO)|A] 1.0 mg L™ (46%), 0.7 mg L™ (63%)%}
1.6 mg L™ (7% 22 A7t A&AS Bk E3F PAM F4
)5 (MW70CR30L: 40,9 mg L)ollA W& o] fA1S 1
P AERPARE Z-9] A2]5- MW7O0CR30LPL}F MW70CR30LPG
oA 14.8 mg L™ (64%)3} 0.6 mg L (99%) 2.2 Ao
Zrasheic), o]= Kwon et al, (2000)3} Lee et al, (2011)2]
AR Bl A 2|3k PAMO] ESF -RAIRRS 50~70%2} 67%
A ARt AgdTtet Ak 2aks Bl 2
AtollAl PAMO] Ao o2 5842 AT
Aol sl Z&Ado] 2 AoR Yept) o= o

o, =
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30 2 ox >
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PAMZ -85+ MW70CR30LPG (B+F 0.6 mg L) 2]tk

SEEED

Table 5. Metal concentrations in seedlings after seed germination test.

T8 ol I #2]5t7] whEel

CCPs ratio As Cd Cu Ni Pb Zn Al Fe
% mg kg’
DI ND ND ND ND ND ND ND ND
0 ND ND ND ND ND 9.23 36.34 ND
10 ND ND ND ND ND 471 41.05 27.23
30 ND ND 1.00 0.78 ND 5.08 36.17 29.46
Table 6. pH and suspended solid (SS) concentration in runoff during lysimeter experiment using artificial rainfall.
Classification 1" 2 31 4" 5" 6" 7" 8" o™ 10% PAM
NT 74 7.5 76 76 17 8.1 7.8 80 76 7.6 -
MW70CR30M 8.1 8.1 84 84 83 8.6 8.4 84 85 8.3 -
MW70CR30L 8.6 8.8 88 89 88 8.8 9.0 87 88 8.6 -

ol MW70CR30MPL 7.9 8.0 82 8l 8.1 8.3 8.5 8.3 8.3 8.3 liquefied
MW?70CR30LPL 8.7 8.8 90 89 89 8.7 8.8 86 88 8.9 liquefied
MW?70CR30MPG 8.2 8.5 87 87 85 8.3 8.2 82 8.1 8.0 granular
MW70CR30LPG 8.5 8.8 90 92 9l 8.9 9.1 90 89 8.5 granular
MW70CR30PGM 8.1 8.3 84 85 83 8.2 8.3 92 88 8.4 granular

NT 42 44 43 67 44 34 24 25 26 3.1 -

MW70CR30M 34 2.6 1.9 1.9 1.5 1.4 1.3 12 1.1 1.6 -

MW70CR30L 121.1 1069 485 196 154 135 156 287 153 244 -
Ss MW70CR30MPL 12 1.0 1.0 16 1.5 0.9 0.9 02 03 1.1 liquefied
(mg L") MW70CR30LPL  23.9 21,0 202 249 238 190 129 83 5.7 6.7 liquefied
MW70CR30MPG 2.1 0.8 06 06 05 0.5 0.5 04 03 0.4 granular
MW70CR30LPG 0.6 0.4 07 06 05 0.5 0.5 06 06 0.5 granular
MW70CR30PGM 4.1 22 20 19 1.4 13 12 1.0 08 0.7 granular




Se Jin Oh, Seung Min Oh, Yong Sik Ok, Sung Chul Kim, Sang Hwan Lee, and Jae E. Yang 531

Table 7. Al and Fe concentration in runoff during lysimeter experiment using artificial rainfall.

Classification I 2 31 4t 5" 6" 7" 8" 9" 10% PAM
mg L'
NT 015 023 011 030 037 014 032 024 029 044 -
MW70CR30M ND ND ND ND 002 004 004 005 007 008 -
MW70CR30L ND ND 003 006 020 ND ND 003 ND 0.06 -

Al MW70CR30MPL ND 023 017 ND ND ND ND ND ND 001 liquefied
MW70CR30LPL ND ND ND ND ND ND ND ND ND ND liquefied
MW70CR30MPG ND ND ND ND ND ND 003 004 003 003  granular
MW70CR30LPG ND ND ND ND ND ND ND 003 ND 002  granular
MW70CR30PGM ND ND ND ND 001 005 003 007 009 009  granular

NT 007 006 003 007 010 004 009 007 008 0.12 -
MW70CR30M ND ND ND ND ND 004 001 002 002 002 -
MW70CR30L ND ND ND 00l 009 ND ND ND ND 001 -

Fe MW70CR30MPL ND ND 005 ND ND ND ND ND ND ND liquefied
MW70CR30LPL ND ND ND ND ND ND ND ND ND ND liquefied
MW70CR30MPG ND ND ND ND ND ND 001 ND 001 00l  granular
MW70CR30LPG ND ND ND ND ND ND ND ND ND ND granular
MW70CR30PGM ND ND ND ND ND 00l ND 002 002 002  granular

== ol =Alo] Wk Ao g whekE|al, QA 7 2. H A3} ooket AekAEo] lfH|olAAE Aat vt
- FEHo|| A T v S Qe & Fathke A & 7Y = HA9] Cd, Poi} 22 B4 FEEIFS
o] HIE|S7] wfitoll PAMO] d-&4d0] SVt AoR wd Hasilar, Hyp dFulEe] g2 sk st
), &% fARE dtoll PAMS: 283 79 el A A9h, Bkg & AHFeE -GN 8] ) dFrlE
25 sh= Aol Boli B AA SHoA o|2& A o= rastglon, ol= IR £ TFol I
THETh A5 5 Cd, Pb, As T T2 B4 Fa52 e 2%t Ao yhgE
Aefatollx] HEFHA olskz Qb/do] HISENUAL, 844 A 3. AU Qo] A FUg W o2 At g
9 dFrlE FE 2ol vl AAsks AoR UEyt = Ao oA HS S8t A} FRpol| H
o}, ol2fgt Aup= AeRARES] 282 #|A APHO| eHYst aff Hrokga}t Aol 2z 80%<Lt 50% S7FsEALS
oF g0l 9] FEUA ol ofFo] Qlar, PAMO] A-8-2 oH o, A=} WAAIE F71sdeh ol=et A
3= Qlsl A2l Aes]o] fAS WRste] asdS TS = AehRAREo] AlE Sl felgt S AT
T Q= A8 e R AME 4 Sl Aow ek Sk 4= ok Ad et A5k, s otxdE I
Fol=tl AME 7R 4 S A o= wekEn
Conclusions 4. PAM (polyacrylamide)2 ©|-8-3f AehA=9] 4%
T 58S olAHE AlHe R 4=8gt Aut PAM
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