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ok Ux 7] uizlYetolE(FeS)E 2 &9Y, F24, 181 HHE AU g, daF
7198 2 T55 2 a5y AA &5ttt A u Uﬂﬂ‘/}ﬂ'o]‘z Urdates F20|E b4
A(colloid stability)e] M3t2 Aat¢ 524 wgt A FaIAY, QAR H(particle aggregation)oll
e fF=2Y FFE ¢S 5 Uk waks Ey %‘ii(permeable reactive barrier)©]l 74%01-7] SE
A A FeH Hyo] Fasith £ AFoAE ZEHE AE3) Yxar] f7vge|EE MEFA
AoZH B9 A S FAst =3 AAHA EJJrH} Ho] Mo &gatnzt gt OI—E— Al
stk gl & A E%E TFAH(non-treated silica sand, NTS)$} 8188 Xglo 93] E¢Eo] A|AL
THAH(chemically treated silica sand, CTS)E AH&-3l wlZIU9o]EE IYAAHTE F A 5 ¢ pH 5.4
A4 wjzlgetol EVE A2 IEECH, o] pHe (1) WZIVgolEY &%, (2) FA € =7y
9}o] EQ] WA 3}(surface charge)oll &8 FFhTh. HA pHAlA NTSS} CTS o3 AR Fe 7t
ZF 0.101 mmol - FeS/g, 0.043 mmol - FeS/g2. 2, NTS EHo] ZAsl= 43td o BaEo 94
7k ele| Eol FHo] #A s Fridnt. A #7149 7‘7401]/‘1 FAREHA ¥ A 2FF 3 pHol
A FZEE A 2F S o &3 obr| A (arsenite)d] FAAEE AAAT pH 7oA ZHHA g2
NTSQ} AR E NTSo| &g oful g Foid AAEL opHl4rg Y 27 s=d gt Szt 2

oA i'%‘E]X] &2 NTS7} &2 opHl Ak ¢ xﬂﬂ%g HYo, =2 FxdAMe ZHHE NTS7H

ol: o

’*"EHHOE S AALEE BAYT. o] Ao|e opn|4tde Be FRoA A T EAsE A
3 &3} 9 juqﬁﬁw—]ﬁﬂ'(surface complexatlon)°ﬂ g& AAHYL, =& 5= ]H IFEE ujzlyelolE
o} W3l &3}H) A(arsenic sulfides)E FAEH 7] dZolth pH 7014 ZEH NTSo| vus] A8
CTSE= 8A3| W obnl iy AA&S BeH, ol CTs Aiaez ;L% ool E A8

o 71203t wetx ZEE NTSE ZEHE CTSET ofHlAd e AAS 93 FytgHe] Ax) o
O Hge Edoln, 53] ofulitd e 2EET} Ag A,y B 834 HEE + AUTh
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ABSTRACT : Due to the high reduction and sorption capacity as well as the large specific surface area,
nanosized mackinawite (FeS) is useful in reductively transforming chlorinated organic pollutants and
sequestering toxic metals and metalloids. Due to the dynamic nature in its colloid stability, however,
nanosized FeS may be washed out with the groundwater flow or result in aquifer clogging via particle
aggregation. Thus, these nanoparticles should be modified such as to be built into permeable reactive
barriers. This study employed coating methods in efforts to facilitate the installation of permeable
reactive barriers of nanosized mackinawite. In applying the methods, nanosized mackinawite was coated
on non-treated silica sand (NTS) and chemically treated silica sand (CTS). For both silica sands, the
maximum coating of mackinawite occurred around pH 5.4, the condition of which was governed by (1)
the solubility of mackinawite and (2) the surface charge of both silica and mackinawite. Under this pH
condition, the maximum coating by NTS and CTS were found to be 0.101 mmol * FeS/g and 0.043
mmol - FeS/g respectively, with such elevated coatings by NTS likely linked with impurities (e.g., iron
oxides) on its surface. Arsenite sorption experiments were performed under anoxic conditions using
uncoated silica sands and those coated with mackinawite at the optimal pH to compare their reactivity.
At pH 7, the relative sorption efficiency between uncoated NTS and coated NTS changed with the
initial concentration of arsenite. At the lower initial concentration, uncoated NTS showed the higher
sorption efficiency, whereas at the higher concentration, coated NTS exhibited the higher sorption eftfi-
ciency. This could be attributed to different sorption mechanisms as a function of arsenite concentration:
the surface complexation of arsenite with the iron oxide impurity on silica sand at the low concentra-
tion and the precipitation as arsenic sulfides by reaction with mackinawite coating at the high concen-
tration. Compared to coated NTS, coated CTS showed the lower arsenite removal at pH 7 due to its
relatively lower mackinawite coating. Taken together, our results indicate that NTS is a more effective
material than CTS for the coating of nanosized mackinawite.

Key words : mackinawite, silica sand, coating, permeable reactive barrier, arsenite

M B o Hojd FujAl = WHEAE ZEHET

=

] 711} 9} o] E(mackinawite, FeS)= AH3|&A 3
3} E(acid-volatile sulfide, AVS)Z ¥714 HZ g
A% Hst daE, A B Y vy 543, Y
A ZelA &3] HEHh(Rickard, 1995). B7]4
7oA wzivelolEY] PAHLe FE FA4E S
A r] A E(sulfate-reducing bacteria)®ll ]3] o] Fof
At ke v Eo] targEel o A4
H 3sl(sulfide)> FAHsPE R wkgal o 7lvet
O|EE AT o] 22 R oE APH Wiy
SPolEE Yk 7)Y ARH FEE XA AW
o8 Zelsly] olggloy. A2 FRAAAYA
(transmissions electron microscope)< ©|-&3] E 2
374o| A 1 Ao glsithBurton ef al., 2009).
T3 St B Ee o AE Y 37
7ot E= 54 F A M (solution-phase  pre-
cipitation)ol] 93l AP HAA FHL F+ 3
(Jeong et al., 2008b).

Ux 7] iUl Ew w2 HEHES A
thoFel 72 T uk-3-(surface-mediated reaction)

ivetol Ex AR T2 Woll Fe(ID)9h S(-11)¢]
FAGE Y] dAaE JHAA Qlo] Astd edEF
o] g o] &HT. dE S "WIIUSe|EE
PCE (tetrachloroethylene), TCE (trichloroethylene),
DCE (dichloroethylene) 52 H4f713E2] &
AA g 2am-S(reductive dechlorination)S 713
Al71¥(Jeong et al., 2007), ZA°] A3 +67F 2
E2+9 (chromate)S AHA o= & §83 ' o
202 AT Patterson et al., 1997). g+ v
Yete] Ex 218] A (chalcophilic nature)S A
U glo] co®, Ni¥', zn™', Cd*', Hg"' 59| &
& o|XEE FEYAA AAs= aRHA FF
AZ 20t (Morse and Arakaki, 1993).

I o9H Ak 2 EYY AsE 98 o
BB o7} H(zerovalent iron, ZVI)S AR ST},
shAT g7F e B 714 F4HkS(anoxic
corrosion) 2.2 21 X (magnetite), =% (green rust),
A A M (hematite) T FASIEE 4FslE o] R
AY Y9 A EH(reducing capacity) S A3}
(Manning et al., 2002). & o]& F-2]3}4 0| A
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e 27) fj2Uebo E2 e E FALE o] 83 ol 2]

WA Favtee BN FHPHEE(hy-
draulic conductivity)® ZaAIA 2 -2(contami-
nant plume)®] Y-S Walatr] o] 1 E&4
< ZAAZIth(Henderson and Demond, 2007). ©|
oF =g wizlyelelEx @714 FANES tfs
2 f A o] 2 QIF FaT~Y] HARE T
njattt, wekA @78 S A LHdEE Y AA
o wizlvetolEVF Gt HE thals] FHuk-eH
of FEEHE 282 5 Aok = LHEEH
mjZielo] EC] wh-gof o3 AAE FAskE =
© 27} Fo] &2 it Sdn| A= thatel 9
3 mjzlvtelolER AAYE 4t old o #
HOE AT 5ol MAIUYolES o] &3 2 HA
Ao Asle] gt dAF7F ds] s Qo
(Wolthers et al., 2005).

U 27 U gelES edd A3t
shol] &3] e Lo FALEFS
138 (permeable reactive barrier, PRB)& 43|
o} sA R Y 7] vl Ew £89 24
of wa} F2ol= ¢k A (colloidal stability)o] &
A3 Witk +89 pH7F Wizluetol E Y=Yt
9] A3 (point of zero charge, PZC)olA He]
HoA ALY E& o] &A|7](ionic strength)7} &
735, Y=daArt kst o] Aty sgol o)
Hol gtelo] uAd FAukgHe] X7 BV}
Sotth Wi 89 pHYF Uik FAs
H| 3 AY o] 2AI717F & 7S, Ad ARt &
SAgo R Ak PAR A (particle aggregation)©]
doju} Aol F=o] B F Utk wEkA 1
EUAE o] &g FANEH HAE 93] o]
ek Adg g3k wgo]l dasim, ol 3 W
Hog IRHE 8T F ITHCoston er al., 1995;
Lo et al., 1997, Kuan et al., 1998; Xu and Axe,
2005).

U 27] w2l ES "o HA S E 9
& wEEolof 7[RAQ a4ER pH, ¥HEAIRL
mjIyole] ES] F %, o] &A|7](ionic strength) 5
o] 9 TtH(Scheidegger ef al., 1993; Xu and Axe,
2005). °I& % pHel & FFo] 7 FEeA
1, R I AFA 7 F S-S v th(Han
et al., 2011a). A7+l A (goethite)S T3t
 AelA AEA ] FAHPZO)ANA 7 &
2 FHo] dojyith whH HHAMo| FHsHETG
pH7} 52 @Yo Aeztet F Ao EHo
BT gAstE WA HolA "ol 543 A

Z+

=

ot

A tH(Scheidegger er al., 1993). $+H Han et al.
(2011a)= TAKsilica sand)E ©]&3 wzlL}e}o]
E9 FHE AEZYH o]Eol 93td pH, WA
2, ARSI o et ujglvetolEe] AHH A
T7F @ebAa, pH 5.5004 397 we-S E3
< E4& AFsA &L AHCdA H 2”&
Ron ojm FEFL 0.072 mmol - FeS/go] %
(Han et al., 2011a).

B Ao ME Han ef al. (2011a)9}F 523 A
PzANA FAE o] &d Y 7] mjzivelelE
g FPAZAAT 53 22 AE 18Ptk A
A, Al oe) ZRE wjzltelo] EQl AR EH A
A AF wygelEL RIS 9 FAE
7} obd ZHEAE A3t Han ef al. (2011a)
o] A3 AANEYE A ZRHA kAR
7 A (aggregation)l] o3 dA A7)17F A Wizl
UHelolES 728 7+ flith &4, 28 BF
32 Qe ZRE FAE F2 GAeE A4
AL F8dS Ferrozine BAHS T3] Fe(IDE
Ao Bttt WH Han er al. (2011a)=
FHEH FAE Y9(aqua regia)Z AP & &
HE ICP-MSE o83 #4381, o] Wy uzl
Upeto| Eof] &gk Rt ofydl At EEERE
EA A FellA A 27k EA4EA H
o] A3 IHFS AT F Aok AA, 535
A A e B3l FAF - EA5s BEE A
A" AEE o]&3 HludEE T3l L8 7| %H (coating
mechanism)l] thal Rt A RS A9
oA B AT 532 515A A2 E shA g
TAReE 318k Aol o EwEol AA" A
o] 83l pH M3lo] W wjzlLojo]ES I F
dFeta o]2RE HA o FHRHS motdt
o Aok & AFAAE ZHEHA G2 A s
HHo| 21 FHH AEES o] &3 F7A
Z710l| 4 o}H]4H4 (arsenite) #Ho] S
8 1 W8S vl Bt

(<3}
=
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=
o
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=
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Aol A AR Ui =27] ujzivelel E9) g
2 Butler and Hayes (1998)°] 2J3] AAE "
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474

q

A H

o 94 9 oot te] FAAIL 5% Hyof
95% No& o] 71 7] AwoA Fhglon, A
W Y 42 ¥5E 0.1 ppm ©l8tE AT A
go AHgd B2 2EFE 100CE /1€ & 1
S5 A2(99.99%)2 HA 147 ol Z718 (pur-
ging) & A4S AAYY vy 27 Wz
oES] §4& 93l 1.1 M NaS 89 1,200 mL
0.57 M FeCl, & 2,000 mLell 33| ol
H, T &4E& AN AR E o] &al 3Y T
ARG o] % AR E o83 <8 (slurry)
B AR AE Fee AANeH, 27 A Al
el F/Frel o AH A4 34
W ool HES. ojgA de sdEe T4
7|(freeze-drier)& AH&3l HFHOoZ wjzlv

POl ES ATk FAAAENE 7 FA - (Pho-
ton correlation spectroscopy)®] 4230l oJstH
FAE mjvetolEE ZH2F 3.5 nm9} 21.7 x 7.5
nm® A71E ZE e daAz FA4HA%Jeong e
al., 2008b). AE Az FESH EAL 1Y
3171 Y3l XA 3A- o El(X-ray diffraction, XRD)
S Cu-K, F9(40 kV, 100 mA)S AL&3) 2 theta
10~75° Mol A scan speed= 1 sec/stepZ, step
sizet 0.05°Z AT

g, pHell W mjzlIvteol ES &= WSS
ZA3t7] Sl ™ 10 gL wizlyelolE dE
BE BHET o] FEHL oo 7|sH ARA
3} H525A 0.1 M HCl £ 0.1 M NaOHEZ
AHEEl pHE 4914 10 Aol BSIAZ oW, 1 M
NaCIE ARES) ol 2AI71E 0.1 M2 233} ©]
A FnjE dgd2 2o 5o wirlE B 9
SAFALH, o]F 0.2 um YEE ZHE AE3) o
oS A3 ICP-OES (inductively coupled plasma-
optical emission spectrometry)S A& &2 H
FEE SAAUG

U 37] wjzlvetolES IAH S 9
TAGEHH, A71= AE)E AT
A AZ o] 106~150 pm 7|12 Al
TTE ol &8 AFTE T AdxAHT. o]
TARE 384 AR E sk Fothe 9n|=E
ol NTS (non-treated silica sand)Z ™83}
&7k FAE o83 BET Wz 344
Agol AR PARS] HIER AL 0535+
m7/gth W, NTSY d3e=

I8

L
L
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Ll rlo B
=
o
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e a2 =

g e
o 3313 AE Fol A EA Qe B

MR BT

A A S H(Kunze and Dixon, 1986; Edwards

=
Mo it S
S r

M 1o

. Hlo

fus

A - A - 3EY

K

and Benjamin, 1989), ©|& CTS (chemically treated
silica sand)Z Wt} AA, LA 1 M sodium
dithionite (N22$,04)E TFAFS} BESAIA 2 = %
F 5 AEES FAAA AANY. =4, 12 M
HCIF ¥HSAIA A 8ol e 718 o] =4
& 59 AAYD v SO R 10% H0.9 W
NA i f7lE5s ASAA AAYD. old 2
SAS] WS 244 S AP o, GAVE
of7te At JEEZC] Hol A EEE
FIE 20~303] AT §4, 545k2 AHe 9
g AAPE e WstE #E57] 98] NTSS CTS
(AWl E AR T AAPAY FARAAA
u] 7 (field emission scanning electron microscope,
Hitachi-S4700)& ©] &3] 2+ A &ol th3t o]v] A&
At

=
<)

=
=

mZILtetolESl 2

FEAF 50 mL 9 & HHE-7](reactor)
2 Ao, o] YalFhe 2.0 g/L WizIYstolE
(FeS) A& 20 mLot 10 g TFAHNTS ¥ CTS)
£ Yo w3 A pHel W IE o HEE
webatz] e 0.1 M HCl =& 0.1 M NaOHZ
A3 pHE 49 10 Atold] 2T =3 1 M

=]
Qg

NaClE ARE3] o] 2AI71E 0.1 M2 5 FU3}
Al THEO] o] 2A 7)ol W2 FEFF] Wl ik
TFeAE ) olgA FhlE wiA e 24 Fetk

WHZ|E o] g3 WHGAZTE o] % LE LA (pore
size = 110 um, CHMLAB)E ©| &3] Z®H¥ &3
B g Ao g R & @14 AY oA Hdx
Atk ZRE wjzlele|EY s ZH5]
3 WA FEE FA 1 g2 1 M HCl 89 40
mLe} 2 F WESAIA WUt EE &) A]
At o]% 0.2 um YYE FHE o] &3 4L o
Hb 5 mLE FY H39 10% HNO; T8H3
4L 3, Ferrozine ¥AWE A3l Fe(ll) 355
=3 th(Viollier et al., 2000). 3 ¥ Fe(ll) %
E5E pHol @& mjzluelo|ES IR FE AA

o o=
1, =3 HAo FE pH 2AL Zgit) T]Eo

A Ede] 298 vjzUsolEe] BEE )
7 S8l FARAAN AL A olelAE @
i,
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Fig. 1. Diffractogram of synthetic mackinawite (FeS) obtained with a Cu-K, radiation.

1.0E-01

1.0E-02 ~

1.0E-03 ~ AL

1.0E-04

1.0E-05 ~

Solubility of mackinawite (W)
’

1.0E-06 ~

1.0E-07 T T

=t
a3

OfH| &+5 9|

jop

ofH| 2kl (arsenite) ] FAAPL ko] A vt
MR 7 AN s on, AHEA
%e FAF 2% (uncoated NTS$} uncoated CTS)
A2 pHollA IF®H AP 275 (FeS-coated NTS9}
FeS-coated CTS)< AH&-3th pH 7914 F24AE
< FH37] A3} 0.5 M MOPS(3-[N- rnorpholino]
propanesulfonic ac1d) H | &0l NaAsO,& =
271%857F 1.0 x 10° M8} 2.0 x 10° MQl o] 4k
A 89& e o5 8 15 mLd $of
HAE 45 FAE A7 1 g8 ¥ T, wR)
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Fig. 3. Scanning electron microscope (SEM) images of (a) NTS (non-treated silica sand) and (b) CTS
(chemically treated silica sand). Scale bars of 50 pm have tick marks with the spacing of 5 um.

HHOZ ujlvetol EV}F AUs AR A 547
A3k}, =3 3] A 9] F(diffraction peak)’} S A
HAAJEY ol AAEI}F ¢& Y 7|9 FE
o EAZoZ ey, B A9l FU3 o
2 AE Yol EY F7]+ 3.5~21.7 nmE
8+8] F th(Jeong et al., 2008b).

Iyl EE AL FslE(AVS)E AH
2194 =7t 48] F7Fsh7] wioll(Rickard,

1995), %2 pHAlA & B &9 mjzlveto|ETV}
gallEo] "ol ol&E F gtk webA HAH Y
FARz2AE 27 el WEA pHell W& wfziut
gto|ES| GS|EE AsoF I Fig. 2= w3
UelolEe] galeEs ARAPL sUF wWiAEE
(background salt)@ o] &A|7]o|A ZH3 Ay
Fig. 20l|A wjzlueto] ES] &= oF pH 6 ©|
st A 5§43 S71stH, 53] pH 4.3 olstellA 11
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Fig. 4. pH dependence of the amount of mackinawite coated on NTS (non-treated silica sand) and CTS
(chemically treated silica sand). Error bars represent one standard deviation.

$3=7} 2.0 gL 24Pk WA pH 7 o4
A sl EY g5t BATAN A ThE

%Ei f - o

Aol A *}%Fd TARE 3 A E §hA
?50 NTS¢} 3184 %El% 53 Bl AAR
CTS7} QT Fig. 3& F TFAFEA O
73 olm A £ 31543 X%E'M e A P w3t
= HoF0h NTS= 1 FHo] va 243 4
B2 10 pm oJ8te] 22 YAEE HoAA Yo
(Fig. 3(a)), CTS= XHo| B3 wjEstH NTS
o} 2 Z& dASel AY EAsA 4 skth(Fig.
3(b)). ©1F ztol= 818HA Ao ofsf A &H
o FAHUYE AslE e f7l=0] AAHU
ool ot

nfZILtetolES] 2 E

UHi'lUrQ}OIEE o] &3 FFAte] FH A pHE
By Z-A7E AAste 7P 8% A

i AHHTH(Han et al., 2011a). WehA 2 A4
A& pHoll e ujlvololE IR HlE #
2} Fig. 45 pH 4~10914 NTS9} CTSel 9|8
mjZlvelo]l B FHFE RHAFTH NTS9 CTS
= EF 83 oF pH 54914 71 2e I8
Fe 2t FEFS FEWSo] dojuEs At
2 ol 7lvelo| Eo] A} mjzivlo|ES &
szt P #Ho| QIth(Han et al., 2011a). &

3 ALY GATHPZC)S o pH 20l 923
THGallegos, 2007). wiZIUelo]ES] YAstd-
pH ~7.5 (Wolthers et al., 2005)2} ~5 (Gallegos,
2007)9] “doldt #HoE HIHSUTH o]F Aol
X—i@(ﬁtraﬁon)‘é}% 59+ AHA pHOIA HiZILe}o]

E &dl=9 543 S7kst t7] F Atae] o7
FHqkste] 71913t BHE 2ol A WG E

" (electrophoresis)l] oJa &89 v 33
E9o] 9A3HL pH 0.6~3.391 Atk (Bebie er al.,
1998). 3k o] AWl o3 wjzlvelo]EC] G
A3t pH 4520 BF3-E& A ok(Mullet e al,
2004). o]¥l AMEES 1HE u mjFlvelo]|E
FHAsHH> F4 pHZE okt A pHOl YA
Aolth. weta qfAre} mjzlvtelo] EVL withe] &
WA} 2= pH 29} 4 AbolollA = B3 7 4
2714 o] #gs IR Fo|l BE AR A4
At AT Fig. 204 EX0] pH < 594

Aol ES &aj =7t 543 F7kef 'l o
&2 F e WY EY o] wje- A A
HHoZ B AT A= pHI} 2~4HT =2 54
odlA Hul ZHo] AU, Han er al. (2011a)
o o3 dAFoME Hd pHolA Ho o]
Lol ket

£ AT A NTSOl| &g Hof I’ 9F 0.101
mmol - FeS/gO 2, Han ef al. (2011a)°] B33+ 0.072
mmol - FeS/gell HI3} £kt o]# xjo]&= ofnte
B Age AMEH FAK106~150 um)7} Han et
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Fig. 5. Scanning electron microscope (SEM) images of (a) mackinawite-coated NTS (non-treated silica sand)
and (b) mackinawite-coated CTS (chemically treated silica sand). Scale bars of 1.00 pm have tick marks with
the spacing of 0.10 pm.

al. 20112)8] TFAK150~220 pm)Ech 27] wE& o Jd 4shd 5o FEAsE] AAHSG] o
of &9 A o g2 FHA o] Ay o] &5y  Folth Hl&F AHAE Han er al. (2011a)E 2
Y& Aolth, CTS 93 Ho) ZEHFE 0.043 =0, o]Sol st A EHo] Y= AspEe
mmol - FeS/gO & NTS9} Hlwdl 57%7t Z® & mjzIveo]ES sidlo] A LS stn o
o] Zragtt. ol 3ty Ao o3 A EH Aol AAR A @A B2 wFIvelolE 2
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Fig. 6. Percent of arsenite removed by uncoated NTS (non-treated silica sand), uncoated CTS (chemically
treated silica sand), mackinawite-coated NTS, and mackinawite-coated CTS at the initial arsenite concentration
[As(II)]o of 1x10® and 2 x 10° M. Both coated materials are obtained at the optimal coating pH. Error bars

correspond to one standard deviation.

%*:% HoAth §, NTS®| 7% of pH 5.49]
Z27& A pH7F F715el wheh s ol

E}zta}x]lﬂ pH 7oA FE thA ZE o] 17}311
pH 8°llA = B& HUgs Z=thFig. 4). =
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