SAZABFESSAESIA] Vol. 14(6), p. 19~28, 2009 LFEE>

i FeSE Ol88H STMHISHA0| 34 2F Xk Malo| Bat o7

Iiﬂb?lt_l .

o
3

=|
A Sk 73S, g thstal $dEelst

A Study on the Removal of Heavy Metals from Groundwater Using Permeable
Reactive Barriers Based on Nano FeS
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'Department of Environmental Engineering, University of Seoul
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ABSTRACT

The acid mine drainage (AMD) and landfill leachates released into the subsurface environment can result in serious
environmental problems like soil and groundwater contamination. The AMD and the leachates of landfill were known to
contain many heavy metals. In this study, the author assessed the reactivity and ability of the FeS coated-ALC for the
removal of contaminants (As, Cd, Cu, Pb, Ni, Zn, Al) in AMD and leachates in landfill. The synthetic nano-FeS and
Autoclaved Lightweight Concrete (ALC) were used as reactive materials in the permeable reactive barriers(PRBs). The
result of batch test indicated that synthetic nano-FeS can remove 99% of heavy metals for the 1hr of reaction time except
for As and Ni(about 90%). However, the 80% of As and Ni was removed in column 1(FeS coated-ALC). The column
2(Ore FeS) removed more than 99% of heavy metals. The pH of the column 1 was increased from 3.51 to 6.39~6.50, and
the pH with column 2 was increased from 3.51 to 9.20. As the result of this study, the author can surmise that the synthetic
nano-FeS coated ALC will use as a very good reactive material of the PRBs to treat the contaminated groundwater with
AMD and leachate of landfill.

Key words : Synthetic Nano FeS, Heavy Metal, Groundwater, Permeable Reactive Barriers
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FeMeRe B4FRE T2 Aol oz, A
#5024, Holl gt 83w | B =AnFe
271 Bom Qe Askrel olgel 2k ek
2005\ 2 A Asl AL oS 1,2703700 2
s, Al F o &2 EluRre] Azt Ask A
PPs 179 miAde] 2.1%% kow Flown X5t
o] 7R e w52 & ¢ ITH@73H, 2007a). 71
it ik} QI TR 9)F Q@S] Ak Wl
91510] 52401 ksl ol Bk AAelnh. A3t
T 2HL AFEFo oy} o] Jlom, gt 2
= FgFHo R Aeleg ol zkEste] 23 I3k
B EH 0w PIES v B o} _HEHY] AT
ESA uiel] R AslrE 59 Al 23l AR
I} o Aapulgo] A ATkEFAL, 1998).

Al LA H o d 4L tiksHl yehdt. o]
T sEs L9 e 9] AP A 28t of
Hob. TSk AEA A G slolx] tEle Baasol
dasht a7k ooz AFEH Al 2hgo] ot
A ot YFEE oPoR FAHUSH F=52E-S o
©7Z 4 QJtk(Khan and Khan, 1983). X355 a5
o7 X F Ue LEY T tEAR] Xo] HEs
Bk B EAE ok, HlEEgAkl A s 4
d342H45(Acid Mine Drainage; AMD)©™ %2 pH
(2.5~5.009F IEEL] FEES Bl EYeld Ask
9 TS LAANA FEE A dF 28 T5F
o= o5 AFske Ikl 1Al Azst #AIE o IE
= A (David et al., 2002). Bl HER]|e] ¢ X4
APdo] Zlo|z|7] ot viPAIZRE WA= ST
T EY B AgrE 2971 olF skt AT
Sk AIZH) =go] 9 E AL Sl AAotK(George et al.,
1993). FAEFoll= vy #H7IEel ol oY 7] S5
o] EAletH, wigA] 27| &5 B pHE A7}
)31 JATHEdward et al., 1995).

2 A7eA aefsial e FEduhg Al (Permeable
Reactive Barriers; PRBsy= 29% X|slE B3] ¢
alo] WEgAde] midE AR AFHAolThFig. 1). &
3] e@AEHEe FH gk &80l wt FaInkeH
A= olFsln, REEEHo] AzlE BAE FHslaA
2=tk (Blowes et al., 1995). IHk¥ o7 A|5l4= &
o 2o AAHH, ZYHog HAEAY Funnel
and Gate Al=Hle] &F ROz ARREo] A 4 vt
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Fig. 1. Schematic of permeable reactive barriers(David et al.,
2002).

A2 (in-situ) FHOZH FA2jag 9 FHo| Q.
7] wiitoll E7IRE Bt FAO] APt Ao
ZAAAA oA Pump&Treat HETH f2jsitla &
4= ATHEPA, 2001).

TEEOE QHHE AplrE Aeslr] #13 FE
A w2 M= A3 X (limestone), F7F H(Zero-
Valent Iron; ZVI), 2k} (iron oxide)o] T2 AMEEaL
Atk 2t AEjAs o &g TR EAS] 739 Ni
I} 7Zno] AAGLo] Al glom(David et al., 2002) 3
7b Hel ¢ HFe] Mno| 8=Fe AU HAE
A THGeorgios et al., 2006; Richard and Mary, 2003)
I3 Ak E A A HlAh e Xgl8hgo] el E W
shd 37Fd o9 gallet A tA] AR dE &
THGupta et al., 2005).

FeSE Shgdellx] da &of wigoll ofsf A=,
Sulfide®} F40122] WS- E 71x|9] 7to] FjPH o
Z dojul= Aeg delA e - HPEE, 1999).
ARl 7k U 3lads sk sa5Ed
AR B (lattice exchange reactionyS Y27 £3l%=
7} ol e S YsleasS ke 540] e
™, 83712 Eq. (1l BRI M* = MSETh
SI=rt Fe YIFEEHS FAse 5ol

(Brown et al., 1979; Gaudin et al., 1959).

T

M* +MS) = M, S5, + M** (1)

te 7o Re F3 JAANkge] oM, Eq. (2),
Grll eI 714, M= B354 MSHH
Blwrt =2 YIE5S sk FFoleltJames
and Park, 1975; Moigmard et al., 1977).
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Table 1. Composition of synthetic heavy metal contaminated
groundwater

Reagent Element Conc. (mg/L)
NaAsO, As 10.0
Cu(NO;),- 3H,O Cu 10.0
Cd(NOs), - 4H,0 Cd 10.0
Pb(NO;), Pb 10.0
Ni(NOs), - 6H,0 Ni 10.0
Zn(NO3)2 : 6H20 Zn 10.0
AI(NO3)3 ‘ 9H20 Al 10.0
HNO; pH pH 3.5~4.0
M,™ + MSg) = MS — M, )
M?*+ 8% = MSs, 3)

olR e R TEET WSk Fes7h B71 3
o] FEEL ARk A2lE Sl Faduke Al o
A2 AR &3kl AaE 1Y AoE dbddEn

o 2 Od?oﬂﬁ—“— 9 e Feso} FR7IE2A
ZIES ol8sje] W pHolN EAfsh= T34 A8}
o] TEo} TES xﬂﬂ 8-S GolrA Pt =3
8 Ue FeSE FagukeuiAlel widz AMgsl7] A%
BTl tie v APdRe T T
=& AAEES ARlstad .

2 W2 X W

AWt BRI HEae ok gl
o} o] ekt FEEo] FEIEE ol F3 AFFH
&0 AT E AZXSTE AT B AF, 95 A
Y APes thro] FEn). 3l ARl
Z7TE5ot pHE 2838l herio MY Wi Fes, €
A FeS, A7|ETATE) whE ARATS duRgie
o, 44 FeSe] A7kl e S5 AlA 43S Lot
1Y) 9% APE Sk ZE A ATl A

FIIREEHAE BARGE 95% 28 lohalA =g 2

oo J\-

X

2 Aol 5 *zomowr How T3t v
SoEo] U W Ae AIHAT. Table 19] 1FE
F409 1—3%&4 1 Aokt e Rl

2.1. X2

2 AgellA AR e Fese| 942 Butler and
Hayes(1998)01] 2J3l] 7Hte HPHS A}Q—o};’il:]— HpHo
o3 2t} Uie FeSYl 3L 1 3934 wAE}

A0 SEE 24 Ak Aol Bk A 21

7] SliA] 355(99.999%)0] AiTkAg AR Zed)
g4 F¥ (PLAS-LABS, USYIA o]Fo] Hom 3w
oko] AT E+ GA 2000 Plus(Geotechnical Instru-
ments, UK) 7I=ZF47|E o83t 731t} Aol
ARE S5 redox AEIZF 28 gdlo g A F3)
$8ld 182 MQ EoleE SHE 1*5 z1&(99 999%)

2 Ak 27 E7] @ 5 ASHACh APl AHE A
ok 5 YU (Extra Pure)olde] e /\P%P‘}iﬂr =5
X FeS < 1.1 M9 Na,S : 5H,0 600 mLE 0.57M
9] FeCl, + 4H,0 1000 mLoll HF3] FojFw 2L
DURAN® Hollx] eHdslsitt. 18jar whgo g AJx1 14
A s ZEdgd A QA ARXFVIR 39 F
oF mixings}Aich o] GRH F 4000 ppmOZ 104
S AR ¢ F AFAS HYI FRTE A A
* F £ J”E‘Elo}%’iﬂr fleF 22 AXAAS 39
HHESle] §Hd & Holle EEa%h ol Soles
AABIGA. AT L FeSo| Y= Alge] ¥stE &
23} sPAA FES AXATIE T2 7ZE7](Bondiro,
Korea)s ©]&3l] AZX3 & Y= FeS9 YUAE High
Resolution-Transmission  Electron Microscope (JEM-
3010 JEOL, Japan) o2 2RIt}

94 FeSv KANTO CHEMICAL Co.2] ¥+ (Extra
Pure) A|9F& o]83lom, dAag A ZZjdgd 3
H RelA] AP 01%0}04 i SHtt. wRE FeS
= Al(sieve)E 4.75~9.50 mM YA AHato] ALe-315Ict.

AR | EFIB E(ALC, Autoclaved Lightweight Con-
cretey= Bl &HGA 78 4 glor, H|FEAZ o] |
B e Fes® SR ) SIS A2
AFEBI1) Aty BeEr). B Aol AeE S5}
A ALY APERILE BROT Pl
24,000 cm3(600 x 400 x 100 mM), -7 16.6 kg, BE7)
AT 0.692 gem®™|Ut). AR |EZIES] FHAS
=43)7] Ysix] 77 K BELSORP-MINI(BEL Japan, Inc.)
2 44 F -2 o8 SAsAT 24 F - 2F
T2 FAS A o]ZHE H|EWA-L BET(Brunaure-
Emmett-Teller)H-S 283t 34 slglth. 54 29, £
HZLS- 2388 mYg O & ZAE o] YA=7] 250 pm ©J3}
o] EoF H¥WA 14.9-23.6 m¥g BT} =LA ehtchE
A% 2007b) Aglo= B2dylo] Ay|ERIeS
] T Alsieve)s ©]-83] 4.75-9.50 mMe] 7=
R3] ALt £E Y ERae|E n}akefa
ke AT BeBS A st 2
718 SRR ARG § Axsie] Aol Ah%o};’it}.
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2.2. 3|24 A8

B3] g FE5 AAST F e FeSo #
7t W2 FEg AAES Lol Slsie] SR A
e FYsiglon, A Mle 1aE AV AE
71 Zelddl Aox] o]Fo] Hc,

R3] wWE T AA A3 vk 4
Wi FeS, 94 FeS, AR7|EZIACES o= A3
st Az FE4 892 HNO;E ARESt] pH
3702 2HsIRoH, 71 AdElE AAsk] S8l 1
T A2(99.999%)= 30 ©]F F7|5tHth. 100 mL
serum bottledl] BRI AS 747 1 ¥ FH3 F JAFSH
£ AXBIE W F1E §lo] ARl E=gF vk ol
7Pt Bk 2te WAIEE] f1ste] Teflon™ septumt
ST seatS 83l DRI WA} g
AHE 247t AZE serum bottleS 0, 0.25, 0.5, 1, 2,
3, 6, 12, 24, 48, 96A|ZHEt S~ X ®7](JEIOTECH
SK-71, Korea)ollA] 180 rpm & WRS-AJZATH

P e FeS] 7ol e S5 AAES Yot
R7] 93 AL Ao TEdEs, WK (24
AlzhE BEEE2A(180 rpm)yS IAA7|AL Eefe] Zdele]
S W= FeSE 0.0024 ¢, 0.005g, 0.01g 0.05g 0.1
g 025g, 05g, 1g 5g o0& WHsAA AP} vhs
o] ¥5%H AlE% 0.45um membrane filter(ADVANTEC,
Japan)Z 4373} pH meter(Istek 730P, Korea)2 pHE
ZA3199t} pHEA 3 AlE 45 mLoll HNO; 5 mLE 3
7k8le] f=AHEe}=rHSPECTRO GENESIS, Germany)
£ o83l Fade Atk

o

JoH

23. 0|5 A

Ay Aol A £ AellA TS FeSe =7
o] A=A 1 AARE FrpgukAe] vkgvids
ARE3E7] otk wEbd 4 Uie FeSE 97| o)
o] wjdol| mjEsl= #yo] Basitt.

B AFelxE vl &G4 7 = lom, Blspd
o] Y& AR |EZAT|E I e FeSE FE3}
= ARS Fsink. EATe IdFHe A Ui
Fesel AY7|ZZARNES £F F JHEEH7
(EYELA, Japan)g ©]-83l] 34 e FeSel s o
E ZARp|EEad)e ¥R uBo| Jojd 4= %
= 3t ARe EeiE] dEe] 4 Wi Fesst A
NEZEIYES FARIE 1:100] HEE 3 T Arg
H SRTE ATH Wlele] Etelddtt. £ Al
FE IANFTEFV B FER2E 40°C, P
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Fig. 2. Schematic diagram of column apparatus.

A SRR o 17 pmo 2 SRSV SEE WA
W8-S Zgsidint. W $hs Selle A|ETAE
o] el HoRle dof FES AAsH] flsl daE
AR E2jellgdl AW el DHARE X $ A
ol-83I5itt. H7F FeS7t i AR |22 ES] Y
S H|L - B43317] 2J81] Energy Dispersive Spectrometer
7} 22 Field-Emission Scanning Electron Microscope
(Carl Zeiss SUPRA 55VP, Germany)S ©]-8-5}ic}.
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£ Adae Al 1Y 28-S 93180t dHEe U
2 AA 495cm, E0] 12em8] ZE|Qg)x 28 A=
Atsldet. QIFAlEk7E 2ol BHs Bal es
S AR S8l AR R e, #7]
4 BEIR FABE fl8l QEsaE AT 2
o2 {§957] Mol davtagE A&EH R FTlsle &
Gt =3 Aol BE A2 FHEE Teflon® A2
1/8 inch Z71E5 ARESIAAL WAV 578 718 4
HZ AQFH] 3] A= (outlet)=l= F-2oll 3-way valve
(HVP3-3 valve, Hamilton)E X3} 60 mL FAF]l
S50 AZgo] 7Vl st 2y AXS
Fig. 20l VeI
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o7 ARESISITE A9 139 ZY 20 FXE v §f
& BEF 475950mm & A¥sigion, AYe] npgt
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Table 2. Operating conditions and characteristics of the columns

Element Col. 1 Col. 2 Col. 3
Flow (mL/hr) 3.65 3.73 3.99
HRT (hr) 28.27 21.38 -
Pore volume 103.18 79.73 -
Porosity 0.45 0.35 -

Fig. 3. HR-TEM image of synthetic nano-FeS.
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3.1. 8 L= FeS

Butler and Hayes(1998)°1 ]3] 7ie WHS o]-8-3}
of A% Y= FeSE High Resolution-Transmission
Electron MicroscopeS ©]-83l] A2 I715 FRIsky
THFig. 3). oY A= Z77F 74 oM A== e
3 R/} b GRS 1 4 it

3.2. 3|24 Mg A3

Hgudo] W QAFTFFLEL AR pHHEE Fig.
4ol JERRITE. 96A1ZE ¥RE- & 7 wiEd WY pHe
A7 |EZATET} pH 6.69, 94 FeS pH 6.07, T4
W= FeS pH 6.73 92 %7] pH 3.70 Rt} =4 JE}
Wtk 53] 9] o] 4 vie FeSE BRE IAZE
o3 pH7} B 7P EEste] the widRT} g
Aoz whe ¥k £E5 eIt pHO| Wsh= B
Z|EFARE] A 3R Ca0’diEo] pHell B
< HXE Aoz AdE, FeSe A7 214 Eq.
(6} 22 Wkl oJsf pH7} Wshe o= Alsd.

‘::' —e— ALC
RTRE & SORIEN om Fes
—-—%-—-  Syn. FeS
3
2 T T T T
0 20 40 60 80 100
Time (hr)
Fig. 4. Variation of pH at batch test.
§*(aq) + H,0 () = HS (aq) + OH (aq) ®)

FeS(s)+ H,0 () « Fe** (ag)+ OH (aq) + HS (ag) (6)
FeS (s) < Fe*' (aq) + S* (aq) @)

HRgde]] e T AREkre] Tas W
Tasol wet t2A YeRdthFig. 5). 34 Wie FeSet
HRSAIZ] 749 Cd, Cu, Pb, AL ¥FS- 15 & oo
99%0 1 AAEE ¢S YoM, As, Ni, Zn HE j
AEh FuFoz wE Al AARE HEs Ho B
= Ta5Y AAEe] g widd vls) w=Ea #A4 U
ERdth. 94 FeSe] 749~ Cudl P/l WE Akl A|A
He 48e Yehllon As, Ni, ZnollM= AAE A
AARYo]l 8 WEe FeSHTH EobAl YEITE M2
13- 9647kl A Us FeS 028 mg/L, 4] FeS
0.14mg/L, A7 |EZIAYE BASE J7F FS mjd=
ARE Al BAIE 5= ol WREe] HER(10~25 mg/l) §&
(Georgios et al., 2006; Richard, 2003y Loju}bx] ¥k
tHFig. 5).

TEEOE 294 AsE I W= FeSE A3t
7] 913k Haws APgs] Sfsie] AES Feisie] A
£ Fig. 60l YERIATE. ¥k HES golRy] A &)
7] 13 8 Wi FeSY| H7bF WislE EEOE W
gslo] YJehlide). $H4 Ui FeSE ol83le] & 55
&S G820 F AAN AsiMe ATTHEELAAIE}
I 100mLE 025g 9 T e FeS/} HR3 Zlo=
Yeldt) 025 g 2] FeS7F WkS3199S wl Ase] AlAHEo]
89%, Ni&] AAE0] 94%i o™, LA FFEEL 99%
o] AALS HTE pH W3h= 025g HEH 1g S
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Fig. 5. Removal of heavy metal by reactive materials.
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= FeSE o8-

o B31E-o] 8812 (Donald, 1994, Gaspar, 2006)
HIS=gE s Holal Qlrh

L

3.3. oS48 21

AT EE7E ol83sl] ARrIEEadEd 34
W FeSES vE3It). Fig. 70 AE7ExZa=EL] U
= FeS ¥& ¥ 95 $° #¥HS Field-Emission

Scanning Electron Microscope$} Energy Dispersive
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Fig. 6. Variation of pH and heavy metal with amount of synthetic
nano-FeS.

FIIREE A O] T @A Alskr Aol Wk A 25

SpectrometerS ©|-&3le] Blwslth. AR EEZIHE
o] EAlshs TEEESC] TEE Ws FeSE Q3] B
oA &= Zs Rl & 5 dlen, AFEZARE
FHol| EH E45 8RI817] $131 Energy Dispersive
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sel M=} ek Fesvl wjael ste RIStk G4

W Fese] HEFS s 98 &S &3] A7
g FAFIEEIRES] FAE 48] dal dEAdES

TS IEEH F Fet dRE AFEZAE
£ 105°C%] dry oven(Daihan Labtech, Korea)oll A 24
ARE ol AxBl] FAE 48] Got sEAYe] 43
7] 23} o] FARE HEH FeSo| FOF 4=315
ok Eoie] AdEle] 94 Wis Festt ARIEZIARES
FARIE 1:109] BE2 Y1 9EARE 49 A% 9
FeS®| 3|HS FAMIZ 0246 : 1002 PRt 12
U HEARS &elE] el FeS FAMIE 7] wiizol]
o 3o Teisielor & FEoIc

34. ZHAME Z
£ d7elx] ZE Ul flsle EsaSsedA l~r
o] FEE °oF 50011%t E<F 7&%3 =GP 4
2SI AY 19] F3S 3.65 mL/hr, 2 29] Ek

m[o

O

Fig. 7. FE-SEM image and EDS of synthetic nano-FeS coated ALC.
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Fig. 8. Variation of heavy metal concentration and pH in column 1.

< 3.73mL/r, &Y 3 3.99 mL/hrZ PR
o1, 1bed volume AH 1°] 282671, AH 27}
2139417k o],

4 e FeSE FEE ARp|xrEaziEs S92
H 18] 3= Fig. 8ol YeRHITE A7 +F7RkE &<t
As®} Nig #|9J3 Cd, Cu, Pb, Zn, A 99% o) A
Aol Yehdth. Ase oF 80%2] AASE 3)E2] AY
AHF 90%)HTF Tha W 88 HYom, Nid 7
o] AAFA] it 200717 o] FHE TAE UERY O]
3|52 s} o] g FE5l vls) Atidez =9
WSS E9} AAES YERNIT pHE 7] pH 3515
o} ok HE pHE 6.39~6.50= LFERSTH

A4 FeSE F9 29 29] A= Fig. 9%l Yeh
Aok A 20ME ¥ Nig AQF RE FFE0]
99% old AARAL. Nio] sE= XNkl HE=T}
60A17F O]FHE] 999 ol AAEASH, pHE °F 9.20
o BFFS o] FAULt. A Ay} de] AN
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Fig. 9. Variation of heavy metal concentration and pH in column 2.
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Fig. 10. Variation of heavy metal concentration and pH in
column 3.
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