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A study on removal mechanism of As and Sb
from aqueous solutions using nanosized Mackinawite(FeS)

Hyejin Seong

Department of Ocean Energy and Resources Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

Arsenic (As) and antimony (Sb) have multiple oxidation states (-3, 0, +3, +5)
and their behaviour in environments (e.g. toxicity, mobility, adsorption capacity)
can be varied depending on their speciation. Accordingly, the importance of
studying on removal mechanism under the various oxidation or reduction
conditions has been recognized.

This study was aimed to investigate the removal mechanism of As(Ill), As(V),
Sb(1ll), Sb(V) with mackinawite (FeS), a reduced iron sulfide, by conducting
batch experiments such as equilibrium experiments and adsorption envelope
experiments under a strictly anaerobic condition. The transformation of oxidation
state during the reaction was also investigated in aqueous phase through the
speciation methods and in solid phase using spectroscopic methods such as
X-ray Photoelectron Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAFS),
Scanning Electron Microscope-Energy Dispersive Spectroscopy (SEM-EDS).

The results of batch studies demonstrate that the important parameters
controlling the reaction of As or Sb with mackinawite are the oxidation state of
As or Sb in aqueous phase and pH conditions in reaction batches. The removal
efficiencies of As(lll) and Sb(Ill) are much higher than those of As(V) and Sb
(V). The removal efficiencies of As or Sb by mackinawite is also highly
pH-dependent showing the rapid decrease of removal under neutral or alkaline
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pH conditions. These behaviors can be explained by the low solubility of
mackinawite at pH more than 6. At this pH range, the surface reaction is
dominantly responsible to the removal of As or Sb and negative surface charges
of both mackinawite and oxyanions of As or Sb seemed to cause electrostatic
repulsion between the surfaces. Based on the results of spectroscopic study, the
information on the reaction species of As or Sb with mackinawite in solid phase
was obtained. In the case of As, regardless of initial oxidation states, As was
found to be precipitated as As,Ss at pH 5 whereas absorbed on the surface of
mackinawite at pH 7 and 9. Similar to the reaction between As and
mackinawite, Sb seemed to be precipitated as Sb,S; under pH 5 by reacting
with S* ion dissolved from mackinawite (FeS), whereas, under pH 7 and 9, it
was suggested that the predominant reactions for Sb removal were the
adsorption of Sb on the mackinawite and the precipitation of Sb,Os due to low
solubility of SbyOs. The results of this study demonstrated the analogous
reaction mechanism of As and Sb species with mackinawite under anaerobic
environments.

KEY WORDS : Arsenic (®]4), Antimony (QFE]®Y), Mackinawite (7]7]u2}o]E),
Adsorption (&2}, Precipitation (3] %)
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Fig. 1 Arsenic speciation schematic diagram as a function of pH (Kang et al., 2000)
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Fig. 2 Antimony speciation schematic diagram as a function of pH (Kang et al., 2000)
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7Fsstttal A Aok AEshd A4 HS S S vAEY tiAb Aol o8
Ford(sulfate)o] F3ld(sulfide) 02 SR &, F o] 23 whEsto] JHd wjr| ool EE
A= oIt HIAEsH A RS A ol &2 % g ol & Edste

Wy o] tiRickard, 1995; Lennie et al., 1995).

r{o

By
I
2

olggt WHE o MAE wy|UstolEx P4nmm IS b APEA xR
&stm, 244 72 We A7 H dxe e & dAet wiflste] & o] Fa Ik
Carnegie Institute of Washington Geophysical Laboratory, 1970). = oA 4712] & A=
ooz e 426 AR ALY HlE o]F L, ol2H Uk F7|9 YAE
AW & JkVaughan & Ridout, 197D. °o] FEL ¢ AASS wet widE™, o
Hhe| 29~ (Van der Waals) 23S ©o]F3 tKVaughan & Craig, 1978). ©o]o uleh
z7lde o AA FERE Y oy 44 FFoRE A Aol Elgreigite,
FesSouk S X(pyrite, FeSpat 2ol © Akstd A, MF HEHE Holde 54l
A tHBerner, 1981; Benning et al., 2000; Rickard & Morse, 2005; Rickard & Luther, 2007).
AT Hole ;M 7ol Aal oA Holrh ¢ el o]Rojxita dHA
2UTHBenning et al, 2000). webr 2=} 4AHAE FASHA Ao U = o
7|13t &R 7Yoo ER EAY Ao R JtiHT

7 \eto] EE HlEH A o] AX FEso] $1,
Aa7b EAE R ghl5o] Ath= EA40] Utk o& E°| DCE(dichloroethylene), TCE(tri-
chloroethylene), PCE(tetrachloroethylene) &9 @4f7|8dtEs At @H4L &S
PO7IAY 4kt 9 Sgde] Wg 5654 LHdEdd diE] o W@ g Uk
FEoE B T AAAA AASR: A7t B3] o] Foix| AL Ytk 53], &3l Fe*ol
olg] =Ao] A3 Crffo] Cr*oz o] 7}53to] e ckPatterson et al, 1997;
Boursiquot et al., 2002; Mullet et al., 2004).

A% T2 Woll Fe”9} §7¢] 3kl e <]

it

il

w3 wj7uelo]lEx WA (chalcophilic nature)S A 2719] kol FF<4(Co”,
Cd”, Hg, Mn*, Ni*, Pb* 5)3} B84 3358 JAE F&9 U9 T34 o|2S

AAsH=E &3Ao|tiMorse & Arakaki, 1993; Coles et al., 2000; Billon et al., 2001; Jeong



& Hayes, 2007; Jeong et al, 2007). wi7|uefo|lEZ} 27} F545e AAsE WAUSS
o229 2/(1-3)3 2t}

M} + FeS& M, S, + Fe*" D
M} + FeS& FeS— M, " 2)
M2++527<:>MS(3) (3)

21 (D~ 27} 553 AAagH-(lattice exchange reaction)ol] s &sj=7F “e
FES A vAUZLE, MTE mylUdelERG gEmrh we sES
PAst= F&olLoltiBrown et al, 1979; Gaudin et al, 1959). Fe*7} £3]=o] U
Aol MP7F Bol7bAA FF& ol2MMF A ol(Fe™e Azl o]RolF&

gtk 24 Qe FFeY wWAYFeHW, ME miylugelERD fel=rt =
40|20 2 FeS ®Ho| S&¥tiJames & Park, 1975; Moigmard et al.,
H . WISl EE ol Fud By ol
Hlao} Qe RS} o] Asloleo s EAshE G4l HENE Aol Erhy LEA
A tHGallegos, 2007, Han et al., 2011a).
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A 2% A As €L 9y

w 7= Fg 7o uUehd @714 AW UiRelxd FREY Ad dddAE e
A 2l 4 % Hosk 96 % No= 714 AWME Fdskal, AW ol A 5 Sl=
kel AkaE AASH] ffs) Pd FHiE WA 37 @RS AAsAT. Pd-Hy 3t
ghEgol oa] vt AAHM, olF T LA e HS vhae Aglh, Z2IHE
st} AAsHT Aol /\P%L =2 182 Me "oled FRTE Ie: 24(99.999
WZ 2MZE o) F718t] &E AtAE AASIT

Fig. 7 Glove box for anaerobic conditions (4% Hy/ 96% Ny)
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2.1 vj7e}o] E(mackinawite, FeS) T4 2L 4 £

Ui =7]9) wj7|velo] E= Butler and Hayes (1988)9] WS o] &3ated 3HAdsiqdch 1.1
M NasS - 5H,0 12 L& 057 M FeCl, - 4H,0 2 L& A3 £33 F, AHaib|s
olg3ate 3d 7t WREAATE £F &9& gas-tight o
Hrell A 10000 rpme2 15% ¢ A4S F FUIA AHE &4 Asde HEa
FHTE Afe FAE 53] wHEste] 2RAS AAA ST vRAE A4 EEE AA
22 e FAARIIE AxAA 39T FHY US|l EE FAEh AT
mj7|uketo] EL) A F2E syl sl X’ pert MPD XRD(X-ray diffraction)&
ol-gste] CuKe (40 kV, 30 mA) A FAXMAS 0.01° = A% %, 2 theta 10 ~
60° 71t 3AFES SASAT

ole} 2o o wet EE Ui =719 mi7|uete|EL F& 9 =% 54 Jeong
et al. (2008) ¥ Lee et al. (2012)° &J3l AT Ut T3 2w (transmission electron
microscope) 2 3@z H(photon correlation spectroscopy)S E3l wj7|vketo]ES] At
H71& 35 ~ 21.7 nme|H, HEHAL 103 ~ 424 mi/ge = s tHJeong et al., 2008).
T3 wjUetol Ex ARRIA S3lEE pH 6 olske] 4AMd oA &3ix=rt w43
S7¥stH, pH 7 ool e &all=7t AEIAA olstz mfg- wao] A= AHLee et al,
2012).

L
o>
St
ich
oo
N,
=2
o
S
= 1:191_',
N
ox,
)
R

nj7)uetol ES] @A e E B A7t FAEHASY AT EAT A EH
Abskel A dodoA e FA3% fal= Z=7FE <l ~ pH 7.5(Wolthers et al., 2005), ~ pH 5
(Gallegos, 2007) & =5 Zdolgt oz HuHA. Fr7|4 oA A7l 95 H(electro-
phoresis)oll ©J3ll SAE w7|vetolES] FHstd-e pH 48Tt WoktkMullet et al,, 2004).
o|ZRE] j7|peto] EL] FHFHE-2 4 pHoll 91T A o= o dt.

22 &894 A 38k £ (speciation)

Z(solid phase extraction) 7FEZ|AE o] &3}
e o2 2tk WEE 2 mLE AREShe]

2 mLE AH=E Fdst] FHEZ A
298 Als9 §u] =137 7tEAY HEES FYsA -t 1 & ARE
ZFEZ| Ao SHAA 38k £eE AR o] W, AEE HlA9} JFEEY 9 S8kES

N



221 LC-SAX (anion exchange solid phase extraction, Supelco, Sigma-Aldrich)

Lol wE NELAE o] vl FHF RS FRFAL olE & U9
goles 7IEZA W Fol23 wdeled AAs= dEE AEE BN 5HS
As(ID¢] 5%% ICP-OES(inductively coupled plasma optical emission spectroscopy, Ultima 2,
Horiba)®= ZA3t3th o] o, As(V)9] S+ F As F=9F As(IDE] Afo]= Al4kst it

|

222 Bond Elut C-18 (Reversed phase silica solid phase extraction, Agilent technologies)

g LAY FE THESAE oldsty Hla Bl GEHEYS IEE £EE st
ol FAo] W B35 a(ClY)e 1o RE, FHo] 2 FEYS o]FHF2RE o] &3}

HSA4 24 328 7 e 7IEGA ot
A& 9 mLE 1 % APDC(ammonium pyrrolidine dithiocarbamate) &< ImL$} &3slH
g o] Ag(I) 2 Sh(l)7} APDCe} Z3sI3tES Aasle] st AHE
23] 0.2 ym FEI(Whatman syringe filter)S ©]-&3t HEHg &, ul=
FIEZAY ARE FHAHL FIEYAE THI As(V) Z Sh(V)e] F%=E ICP-OESZ
tal, & As 2 Sb F=A Azkste] As() % SHUIDS] s=5 ALkt ol&
o] &3k 3}stE Hel Wyl RAEE Fig 8o vERAAL

[l

=4

[

B < B @ : As(V)/SH(V)
L 4 K Hl : As D) /Sb @D
HE «» I
— | |
J I I
I I

|
_

Fig. 8 Diagram of speciation using Bond Elut C-18
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2.3 BHPAF (equilibrium experiments)

mi7lbstol 2ol th@ Mok QHEIRUS FEH SHS ARy, SLERANS 2] )

=
LERAEL FAAAT WAUSolE Soo BE W 2= P AR TET WS
A
T

k1
o
pL
K
=
P~
we,
2
o,
b
A
ofo
12
1o
fr
il
to
o)
T
il
(g
¥
fru
pL
£
i
ok
tlo
¥
ot
pL
2
o
H

HlA& 8982 AsNaOisodium arsenite)2} HAsNa;O4 - 7H.O(sodium arsenate  dibasic
heptahydrate)E o] &3] Az, AEIZY £H4e CHKOpSh, - xHO(potassium
antimony(Ill) tartrate hydrate)®} HeKOeSh(potassium hexahydroxoantimonate( V)& ©]&
Azt A3 Al pHE 1A fla M3 &4& o] 8t er, AHERH WI= sodium
acetate(pH 5), 3-(N-morpholino)propanesulfonic acid(pH 7), 2-(Cyclohexylamino)ethanesulfonic
acidpH 9eltt. o] o, NaCl& o]&ste o] Z=E 0.1 mo/LE ZHdst3dch

5 wgol 9EE AR 02 m BEE FINA 1ARAD T H4F 2IS
PG F SEERE BF W 5
4g olgdte] BrRgT of W, FAFS Aol Frd Fof

=)
&9 QR $EF ool Aol &gdtel Assh

ot —\o{}

jud

]

0 el 4)

AZIA, Qe+ T2 B Aol FeS &9 g3 F3E Bl& Bl Ry o (ng/kg)

£
=
B
)
r [}

ElRYe] 27| 5% (mg/L)

Ce : T3 HQ defolx

29}

£ Fo] vl 9 SFElRY ] FE (mg/l)

W : FeS £A%F (@
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Mackinawite + As / Sb (Ill/ V) solution

'

S/L Separation

'

Liquid

!

Filtering

'

Speciation

'

ICP-OES

.

| Solid

'

Spectroscopic
investigation

Fig. 9 Flow chart of equilibrium experiments

Table 2 Specific condition of equilibrium experiments

7%

FeS &9 %7] 5=

25 C

72 h

60 rpm

0.1 mol/L.

1 g/L.

Ha
As £ 27 =% 0 ~ 150 mg/L
Sh &l 27] 5% 0 ~ 500 mg/L
pH 5/ 719
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2.3.1 Langmuir
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24 pH-edge A3 (adsorption envelopes)

7| elo]E= pHell wep &3ix=9  AolE  Holw, old wWE RRIHAYE
golsteZ pHoll W& J&e vlotstr] &) pH 2 ~ 12 W92l & 2171 =704 pH-edge
AgL SRkt of o), pHE 7247k W %94 % pHol™, pHe] zde w9 ojal 0.1
mol/L HCI# 0.1 mol/L NaOHE o]&siaith Hl& H MEEYY s+ 252439
o

Asg nigos HAsT, 1 9] 4y =2 L Wy

25 IAY £B5H 24
j7telol Est Mz B cElEYe] WuZUZES Flels] s 5 gL virluelolE

|5 1 g/l As(ID/As(V)/Sb(D/Sb(V) €43} pH 5, 7, 9olA 72 AlRFERF §hSAIZ 3,
ZHPS T8 nAGS etk o #, HlA B ERY &R wixAER 2
Aok ARgSte] Alzskar, W &S o]fste] pHE 1AsIH wheo] d4sd %
AR E B3 Ao uAAS X-ray Photoelectron Spectroscopy(XPS), X-ray Absorption
Spectroscopy(XAFS), Scanning Electron Microscope-Energy Dispersive Spectroscopy(SEM-EDS)
2 ol&dt EAFgoEA HIA 9 FEFEYY gotE £XE ST F AL, A9

AekE A8y ffs) A RS air-tight &7]0 Bk, £4 2o 7 o] 838tk

251 XPS £A

XPS(MultiLab 2000 ¥ ESCALAB-210)& c°]&ste wj7|uelo]Eet wHE3dF HlA H
FJeEUY mALE EHSGAT 24 A% ARE @714 A RelA air-tight 7]
do} RESEE, B AN AR 2YE AdsnE Ak HFo YES FosEch
24 Fole AF YUt FAHER gaste] FEe s Qobs Hrh ALK alpha

s
sourceE o] g3ste] 0 ~ 1100 eV 7oA survey scane AU, ZF P49 ouA] HYE
wdo B3 Rz =3k As 3d 2@ Sbh 3de] ~HEHS A& £ ATk doR
ol CASA XPS ZE2IHS o]§sty ouyx] B4 9 33 Bg& TP, ol&

Fa) w2 clElEL) EHe] 24 g ASkeE e & Uk

252 XAFS B4

7| Lpeto] B9l HHS-3E vl Al tis] EEUIE7|ATAGB0 GeV, 280-300 mA
stored current)9] 8C(Nano XAFS) Hlg}Qlo|A] XAFS £418 2Ast9th 37|14 Ay QoA
ANRE HE Holzo] Eo B3 3 air-tight 87]o] RHIASIHTE o5 EA Ao
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=

g8t AE TFarh AR o] AW Alm Erlo] AFEAL, FF 2 FFEEE As
K-edge ~HEHE AT As K-edgee] o]2#k<l 11866.7 eV A olA Alme] T3
AU FF oUAE Ao, As(0) references ©|83te AR HAE
B3Ik XAFS 48 &3 X-ray near edge structure(XANES) 7+7+3%} Extended X-ray
Absorption Fine Structure(EXAFS) T3telxe] ~HAEHS A& 4 9%l ol& IFEFFIT
program package(Ravel and Newville, 2005)Z o] &3&}o] E213}9c}

253 SEM-EDS &4
mf7lyelo]Ee o5k QtElmYel W EAE FRIshy] 8] zAlY Alzd bl
SEM-EDSUJEOL, JSM-7000F)& o]8-3} %*4—% FYsGE ARE WMFoFT FHTIY
A
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A3 A¥34% 2 1

31 Wj7|Uelo|E EA BA Az}

Fggt w7yelolEe] XRD 3A #HH2 Fig 107 Zo] #AEHJL, o=
wj7)upetol Eo] A etd EA7 dX|3hJeong et al, 2008).

30

B Mackinawite

70

60

Intensity(CPS)

20
10
D | . - - —=T a - =
10 20 30 40 50 60
20 (degree)

Fig. 10 XRD patterns of synthetic mackinawite(FeS)
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32 789 4 355 £ 43 2%

xo} ElRUY HoE Belol TeHel pH 2 54 zdL AHa] S8l 4
golo] 2 otz Fel a8 Masgon v e 2,

1:10

3.21 LC-SAX (anion exchange solid phase extraction, Supelco, Sigma-Aldrich)

ol ng FLEYAE o] &dte] HlA9 sekE RelE T AFE obo] Fg. 119
Ueholt). 3a-goe dejstel 43S 3 A3t pH 559 acetate buffers AR wl<]
22 &0l HNOpH < DE A3 ARt 52 As & 5+ don o] e o= +
02 %= 4Yeigth ol 4Md pHIlA As(De EF SAEAZ At As(V)+=

gole3t FHRA T /A P2 ZASE wHel] pH 55 2Ae] FelA AIDE
BT FARAR FARD A(VE BF goleoR FAY JEUAE B33 q

As(V)e] AAEC] &7 wWiEolth o)== Smedley(2002)0 sl AIQke Fig. 129 Ii==

9T % gk

3.2.2 Bond Elut C-18 (Reversed phase silica solid phase extraction, Agilent technologies)

I 1A F= 7IEYAE ol8st HlA gl SHElRY 9| 35t Y st A
Fig. 133 2t} nliof wlg] QtElRU 9] 3iok5 d] a8 pHoll whet W7siAl wstshn,
ol 7]&S EdolA Rid Hiel dXshk= ZAFelth Yu et al (20029 AFA
oJatH pH 4 olatoll A= C-18 7FEZ|A|¢ ShAD¥Tt otlzt ShV= A zhEstnz £
Fgo] v wk, pH7F 4 ool W Sh(V)7k 100% 7IEZAE F3ste Egago
FoA = ol B AT APdAAet dATh B AFolA = acetate bufferg 3489
o8 AMgSt] pH A M-S FAl Faetlon, Az W3-8 pHel pH 5.5004
o BYPFEES AJKE 05 %2 3P, LC-SAXE o] &3 B9oll=, Hl4a9 383 B
&3 vlasiA FERYS EHdA F2 AE dilorg uie] I EHe
LC-SAXE o] 83t3a, ElRYe] 318% #2= Bond Elut C-18& Fall 343ttt ol
o), g a8&S nuwdt ARES FLsle FA fgAow pH 559 acetate bufferS
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Actualconc. | i
Treated at pH=5.5 i ASCHDY: s s

Treated atpH<1 | i i

010,

Fig. 11 Separation efficiency of arsenic using LC-SAX

100

80}

60|

40}

20}

Fig. 12 Arsenite and arsenate speciation as a function of pH(a:arsenite, b:arsenate)
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Actual conc.
Treated at pH=5.5

Treated at pH<1

Actual conc.
Treated at pH=3.5

Treated at pH<1

As(II)

Ay

-------
_______

C/C,

Fig. 13 Separation efficiency of arsenic and antimony using Bond Elut C-18
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3.3 HHPAF (equilibrium experiments) 23}

331 H49 B3y 49

As(ID2F As(V)ell thall 7] 5% 3 pHO| Wisto] wet ¢33 FFLd o] g5l &, =
£ U E2AE= HAe F v 9 3skE EXE Fig 14 ~ 199 YeRila, o2 &3
AAZLS vlwatgeh As(De] 7 %5 150 mg/Lol thal pH 5914 100 % A
Fom, pH7t &2 AAEEo] 22 50.63 %pH 7), 20.35 %(pH D& Z4dte AEFS
Bk As(V)E %27] % 100 mg/LE pH 5, 7 183l 99 tis) Ade Ay, A A ago]
36.07 %, 10.59 % 13 8.95 %= As(IDETE AAEEo] AW, pHI} Fold4E AA
o] fadte A AT F UMk ol= pH =19 wfe} FeSe| wH3-& Fxdhe= ¥
AU Z0] Detx] 7] w&o A}LEJD} Rickard & Morse (2005)2] A& &3l FeSel &3
= pH 6 ol&tellx= pH7b Aol whet §43] F7kstal, pH 6 o)dolxle &aiert v
S-S & 4tk B ATl FEqk pH 5ol &3lE FeSe] §* o] &o] nlas} wb
sto] Fanhe] HAAS FAFOEH =2 AALS B HAoZ Bk whE pH 7 2

9ol = FeSel el vlA7} F&sles Hhgo] dojutks Zo=z o=t o|H3 FeS
€9 ollA pHoll wh2 A9 ¥H$-S Han et al. (201Dl 93] ¥ ul ¢l=dl, Han et
al. (201Deo] ¥3l As(Do] wkgajEe] B Ao} As(V) A= frABHAl vehtar ot

g T2 Uehbs pH 73 904 wj7]uelo] E Fskd o)4de] pHel
A A7IH R FAsHE Wi, pHF EoldeE SAskEe SUkeh] wio 4kslgole
2 ZAsk= BlAaet A71#¢] whdE o g Q] pH 7ollARth pH 9ol|A AAELo] 73
Aoz AAZG Tk As(D9} vlwsle] As(V)e] AAZEE] GA Yels=tl ol pHel
2 Hl& geFe] WgzE AW 4 9tk Kang et al. (200000 2J5hH As(lD+ pH 9.17
olgtoll Al FARAHH:ASO)E EAIEFIL 1 o] pH H9IHFE 20l 2(HsAsOy, HiAsO) L
2 ZA3) w9, As(V)E pH 2.26 o] Atell A So] &(H,AsO,, HASO, AsO) ez &3}
o pH 5, 7 283l 904 wi7|ubeto] Ecte] 7)<l whlkEo] AS(INETE IA] HE= F32)
of &gk AAEE] A Yehd 2o E AtsHTh

—[o X'E
P

oo o

FAp] <3 Wl

BRAPe] FhE 7 AP wiR|eA HlAo 8 A slEkE T2 E F8f pHell wE 4
2 HSLE 308 4= A%tk pH 73 pH 9914 As(ID7} As(V)Z 4+3}=]

Hk-go] WA, AHstE HES 27] ¥E9 19 %pH 7), 29 %(pH & pH7l &
AEtE Hlgo] otk wle dAsHAl 2HE VA A FeS & #e] Rhgol s
A AS(DE] 4ksh= AAl wEgoll o3 dAF AR 1Y) ofeH, dY =7 94X ¥
2 ghaolel HFo| o) ksl Aoz AF QA o3k A AYZHETh As(V)e= pH 7
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7] %9 16 %7t A(IDE L= o|F T3l pH 7oA nlAe Sedikg-

o

Maol F3 54 ‘“37}*8}71 Slal 589 ) WA F FEE SO Langmuir B

213} Freundlich S&4]o] 283k Fig. 20 ~ 210 JeR A, F2H5&219 m/fH4
WS 3HEAsk] Table 39 Gefsiitt. F2s243Y dAATE 4w 23 As
(D= =71 &% 150 mg/Lell s pH 5914 100 % AA= A FHdATE 78 4 gAY,
pH 73 pH 99| 4= Freundlich 5241& WE2W pH/l &5 AAIT7E EolA= HEFs
gelgk 4= Ak As(V)= EE pHollA Langmuir 520 O & A#AFE Yeplo
pH 7olx o] FaAT7E 7P E30th vlA9] S8kl #AIgle] pH 5 ZAolA= AdAT
5 78 F gAY g B2 fGoE AEHAET ole BlAs mj7uele] EL F yk-go]
o] ofd 7heAe AAgth Langmuir 52215 B3 Hdl FFHqS Alke A,
As(ID+= pH7F &5 Ho &80 A4S, AsS(V)= pH 5, 9 18|21 7 =02 &3+
o] Zrashs A Bk =3 Freundlich 5404 Keo] gro]l 42 F3%50] At
A LA Qe B AdoERY =3 Ko @S Hlag 23, As(DE pHF 555

K7b 22381900k A8l 24, pH 5, 9 T@T 7 ¢08 Kb fadls ARe uol

pH t =
Langmuir 524 Fal Al4tst Aol 239 fARE 438¢S Bol= S ¢ & JuTth
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As Concentration leftin the solution (mg/L)

As Concentration leftin the solution (mg/L)

pr—
[0,
S

Jr—
N
9]

[
=
=)

~
9]

9]
e}

N
(9]

0

OTotal As OAs(IIl) AAs(V)
0D oD@ @ #n
0.1 1 10 100

Initial As Concentration (mg/L)

Fig. 14 Result of As speciation in equilibrated batch solution of

100
90
80
70
60
50
40
30
20
10

0

1g/L. FeS for each concentration of initial As(Ill) at pH 5

OTotal As OAs(I)  AAs(V)
an apn 8 O
0.1 1 10 100

Initial As Concentration (mg/L)

Fig. 15 Result of As speciation in equilibrated batch solution of

1g/L FeS for each concentration of initial As(V) at pH 5
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As Concentration leftin the solution (mg/L)

As Concentration leftin the solution (mg/L)

—_
W
(e}

OTotal As OAs(Ill) AAs(V)
125
100
75 0
- O
50 O
25
g A A
0 n non A
0.1 1 10 100
Initial As Concentration (mg/L)
Fig. 16 Result of As speciation in equilibrated batch solution of
1g/L. FeS for each concentration of initial As(Ill) at pH 7
100
OTotal As OAs{I)  AAs(V)
90 O
80
70
60 A
50
O
40 A
30
O
20 E
10 W
B 600 °©
0| a8 S 000
0.1 1 10 100

Initial As Concentration (mg/L)

Fig. 17 Result of As speciation in equilibrated batch solution of

1g/L FeS for each concentration of initial As(V) at pH 7
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(9]
)

% OTotal As OAs(Il) AAs(V)
£ 125
= 0
=
= 100
o ©)
= O
~—
£ 75
S O
=
=
= 50
<
E’ O
S 25 © A
S A
Z g@3 2
< 9 i
0.1 1 10 100
Initial As Concentration (mg/L)
Fig. 18 Result of As speciation in equilibrated batch solution of
1g/L. FeS for each concentration of initial As(Ill) at pH 9
100
= OTotal As OAs(I)  AAs(V
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Fig. 19 Result of As speciation in equilibrated batch solution of
1g/L FeS for each concentration of initial As(V) at pH 9
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Table 3 Obtained parameter of Langmuir and Freundlich isotherm for As

Langmuir isotherm

Freundlich isotherm

Qm K R? n K¢ R?

pH 5 < — = . - -
As(1) pH 7 55.25 0.0870 0.6331 44.44 31.20 0.6348
pH 9 10.08 0.3126 0.9459 2.952 2.932 0.9902

pH 5 34.84 318.9 0.6284 1.268 2.528 -
As(V) pH 7 12.48 0.0244 0.9898 1.349 0.3039 0.9229
pH 9 14.36 0.0165 0.9100 1.670 0.4242 0.8494
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Fig. 22 Result of Sb speciation in equilibrated batch solution of
1g/L. FeS for each concentration of initial Sb(Ill) at pH 5
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Fig. 23 Result of Sb speciation in equilibrated batch solution of
1g/L. FeS for each concentration of initial Sb(V) at pH 5

_31_



W
W
=)

OTotal Sb  OSb(IIl) ASb(V)

W
S
=)

N
4
)

200

150

100

W
=)

a

o ——@a\a——aaomm-aanA -
0.1 1 10 100 1000

Initial Sb Concentration (mg/L)

Sb Concentration left in the solution (mg/L)
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Fig. 25 Result of Sb speciation in equilibrated batch solution of
1g/L FeS for each concentration of initial Sb(V) at pH 7
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Table 4 Obtained parameter of Langmuir and Freundlich isotherm for Sb

Langmuir isotherm

Freundlich isotherm

Om Ki R® n K¢ R?
pH 5 769.2 0.0760  0.8378 5.848 272.2 0.8382
sb(m  pH 7 454.5 15714 0.9853 4.027 196.2 0.8578
pH 9 212.8 0.1918  0.9894 4.600 55.23 0.9876

pH 5 - - - - - -
Sb(V)  pH7 125.0 00754 09394 13943 89929  0.9883
pH 9 3311 00331 06380 09732  0.7814  0.9727
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34 pH-edge A3 (adsorption envelopes) A3}

34.1 H]A9] pH-edge AF

pHell w& vlAe] AA HMAUSS Rlsk] 918 pH 2 ~ 12 "] F 2 ZdolA
pH-edge A&-S 33 A= Fig 303} Fig. 310 Uelhiich H3 23S B As(DY
%27] 5 150 mglLE AL, As(V)e] 7] v&2= 50 mg/LE 2AAs et 1 A
As(De} As(V)&= wi7lvkelo] E9} whg-ste] pH 5 ofstellxAl 27] %9 9% % ol
AAH L, pH7t S7HE4E AAEES 543] Hashke s 40 + Atk pH7t 6.5
oo s FUIEl wet 8 We] As(ID7}F As(V)E 4kslelal o, As(V)e] As(lDo =9

A2 A dES & AT

pHO| Z7te] W2 AAELY ZaE wj7lugte]E9 Hl A7 B SH8E wo] 73
ghdeo] W] wiiZolw, pH 5 ojstollAls wi7|uteto] E9L G rt Wl Eof 48
el Fslo]leo 2 EASIER H|A9HS] Hhgo] s dold Zo® AlgHth ol
Gallegos et al. (2007, 2008)ollA41 3= As(D3} wj7|elelE 7t HEgo] ATE 53|
A & ATk pH 5 olstellx mj7uelolES] gaj=rt §A3 FrketRE &3id
BAHS, HS and ST AsUIDZE BEEEhe] AsS 52 AsS;2el WA HAs 53
As(IDo] AAFIL, pH 5 oddde w7Uelele FEHe OH ¢ e wgs 5o

AS(ID7F WEARESAE sk F2 wheo= AID7E AAdT =3, Han et al
01D XPS Bl EXAFS 9 #33%4 &A= Tl o9k AR As(De] AlA
HAYUSE Husglth. ofE S8l pHoll whet As(De] AA wi7ugel Eehds AU 5
ATk pH 5 olstelMe] A AA HWAUEE dW7velolERFE SaiE Fitdte]
17 wheolm, pH 5 ol 4 3 A7 delAe] AA WAUZFLS wrdetelE
Holl Ao F2 whgolth. gk Aol o AAZEO] FAol P AALEHT £S5
F AT As(Der 2] As(V)e] AAWAUEE oF ¥3xl vl glom, #4334

Ae Tl ks mzUES 89 ¢ Atk
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B o
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Fig. 30 Adsorption envelopes for 150 mg/L As(Ill) reacted with FeS
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351 A Hl& 3EtE £4 Ad

i 7| Lpeto] EQF HIA0] W08 PAH Ao oH FHE A= A=A sk
A8l A Gl tisl] XPS 418 AA AT BlA(As 3d)9e] 2HER-2 As 3dy2t As 3dsp9]
olFo g Yelim 1 AR o= 0.70 eVolt). 4tstart F45 52 AFgdUA =
SAEHM, dojx HolH 9 A= E 7HA9 2ol whEt s8It As 3dyp2t As 3dsp9]
Full Width at half-maximum(fwhm)2 &L3t™, o|24dCo= As 3d5p9 B9 As 3d;9

gelo] 1.5 wjo|th Han et al. (2011, Kim & Batchelor (2009) ELE_U# EFEE AS0),
As(11) sulfide, As(Ill) sulfide, As(Il) oxide, As(V) oxide®] As 3dsp ¥ Z+= 247; 41.4 ~ 41.9
eV, 42.8 ~ 43.1 eV, 432 ~ 434 eV, 43.0 ~ 44.9 eV, 445 ~ 45.8 eV ‘?.ﬂ—rloﬂf‘i e T
o] pH 5¢} pH 9ollA wi7|uteto]ES} REZ-3F As(V)e] XPS ZAe} Hluste] 4isle 9
A3 JEE Fig 34¢ Table 5ol LERHRITE pH 9ol A HlA9] 4kl As()2} As(IDE
e o™, As(ID) oxide7d 94.77 %2] HlE&= AASt AS(V)7F SLEASS &+ ATk
pH 5914 B149] 4ksla== As(0), As(ll) 18]3 As(V)ZE YePgom, 1 5 As(De] H]E-<]
5311 %= 7 =3tk As(V)= oxide ez &A1, As(D] 3] == As(lD) sulfidest
As(ID oxide7t AAl= TR Y ASd A3 FejES glstr]ol ofzlgo] U

oo

mebx F7H o2 XAFS E4e AAISAAL pH 59 pH 7oA w7]upeto] ES} wHE-3l
As(V)e] XANES H-&ol RExAxel HEEZAQ =844 As(l), As() sulfide(orpiment,
As,Se), TEHE AS(V)E o] Fig. 350 YehHAth XANES |99 F4 &8 duAE
Hlwate] HA4o] 4lrE SIE o AT pH SellA= As(V)7h 47 = o] As(ll)
sulfide® EAI3IAT ol mi7IUetelEZL galx o] B St ' AbglEE Tl
As(V)7E As(IDZ U=, S99 As(D7h S79F wh33led  As,Syorpiment)22] A S
A7) Wit o2 AZbEn) PH 5olA wf7upete] E9f As(V)9] whHg-2 Xxwk-g-2 & Han
et al. (201De] AF-ollAe] As(De] A& FARRS & 4 AATh pH 7ollA= As(ID
oxide, As(V) oxide Z&]aL w]=Fe] As(Ill) sulfide”} EA13FH AL, As(V) oxide”} As(Ill) oxideE
A=A A sulfide® AATS & 4= Ak o] wf, As(ll) sulfider} v]#F EA3H= A& pH
7o AE wi7Ietol E9] B =7} W] wiiolth o] Faf WA= pH SollA A
52 AAE, pH 5ETh £ pHollAe mi7lutele]ES &a=rt H43] ZAsin=
nFe] ARt dojubal thE-E9] WhE-2 uj7|Uelo]ES] FH tigt FAUS &

AAT

pH 94 wi7]uhelo]lEel REZ-3F As(V)e] XANES Fi& Fig 3601 UellRlth AEE
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Fig. 34 XPS spectra of As 3d peaks for As( V) reacted with FeS at pH 5 and 9

Table 5 Binding energies (BE), full width at half maximum (FWHM), and area percentage for

peaks in As 3ds, XPS spectra of As(V) reacted with FeS at pH 5 and 9

Sample Be (eV) FIWMEV) Area (%) Species
41.8 2 20.59 As-As
Sg/L FeS reacted _ _ _ ASCI1)=S
with 1g/LL As(V)
43.3 2 58.11 As(I-S & As(I)-0
at pH 5
45.3 2 21.30 As(V)-O
41.9 2 5.23 As-As
5g/L FeS reacted - - - As(11)-S
with 1g/L As(V) - - - As(1lN)-S
at pH 9 44.0 2 94.77 As(IID-0
- - - As(V)-0O
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Fig. 35 As K-edge XANES spectra of As(Ill) sulfide, HAsNa;O, - 7H,O solution and
AsNaO; solution as model compounds and As(V) on FeS (pH 5, pH 7)
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Fig. 36 As K-edge XANES spectra of As(Ill) sulfide, HAsNa;O, - 7H,O solution and
AsNaO; solution as model compounds and continuous scan of As(V) on FeS
(pH 9)
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Fig. 37 Fourier transformed EXAFS spectra of As(Ill) sulfide, HAsNa;,O, - 7H,O
solution and AsNaO, solution as model compounds and continuous scan
of As(V) on FeS (pH 9)
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352 IAY <EEY 3EF B4 A

7] upeto] ES QFEJ RS REZ WAUSS <lstr] 98 XPS ¥ SEM-EDS #41<
AABHH T, XPS BAZAIE Fg 387 Table 69 JeRASATE AFEIRU= Sb 3dypot Sb
3dspe] 2FEHORE EXEH, Sb 3dpe O 1s9} Ageldx7l SEEo] Yehrz 9
IR F2S As dolHE AHEsdth Sb 3dspt Sb 3dspel fwhme s, 1
Ao Zpol= 934 eVolth EE: o]EHOZ Sh 3dpe FHE Sh 3o Pl 15
Higks HS ol8dtd Sb 3dspE BAZ F O 1s9 T AAsAoh NISTS XPS
oo e 74" BEFEZS] Sb 3dy, 3= ShID sulfided] ¢ 539.1 ~ 539.3 eV,
Sb(I) oxide®] 74-¢- 539.2 ~ 540.2 eV 123 Sh(V) oxidee] A% 540.2 ~ 540.8 eV
TRrA IS 4= k. o]F S, HEEYS 7] 48l 9 pHe| WSt wE A
FEHE & F AYh pH Solld= 27]o FUZ FERUS 4kslef #AIglo] Sh(V)7}
SHNE sYF AelE S whsated A= Sh(ll) sulfided] BlIgo] & 70 % A=E 7P

T, HlAael fARE HAWRgo] uEhdE & 4 QIith Kirsch et al (2008)l 4]
cryo-XPS 3 XAFS 59 #3Hd E4& Bl oleh FARE Sh(V)Y AA AAUES
Bkt o] w, Fe(ll) sulfide®] 7} Fe(ll) oxideo] Fe(ll) sulfidezo] HEHS Ea
rERYS] e Ferol Fe¥omol 4k @ STo] Pz akslo] o3 o] Folye
HoFA0

pH 72 pH 9ellA Sbll) sulfide= EA)akA] 29kl Sb(Il) oxide$} Sb(V) oxideRt
AU 271 F4E Askrek BAIgle] Sb(V) oxideZ} oF 60 % o3 &2 HlE=E
Uebstom 53], pH 994 mi7|uteto] ESE REGAIZ] SH(V)= EF Sb(V) oxide FE =
ZAsdE pH 77 pH 9ol A mj7|uielo] E9L w83k Sh(V)oll tisl] 7182 SEM-EDS
ZAS Y8, ©]F Fig. 3990 UrEHH EP RO FAHS HES Ad, AEUE AR

vl = FeE(truncated pyramid)e] Z2AS AT & AJTh I AAHY A YA
H&-S AN Ay, Shek 09 Hlgo] 2 : 52 Ueh AAo]l ShOsY AoE oAEH,

o= XPSe| Asst UAFE ¢ & U olF Bal pH SIME 2719 sl
BA] ShS:el FElR FAFe nlae] AA wWAUZY AR

R
=
SHT w2 34 2 A7 FolA AdElEYE ShOs= TS & o AT
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Fig. 38 XPS spectra of Sb 3ds» peaks for (a) FeS reacted with Sb(lll) at pH 5 (b) FeS
reacted with Sb(V) at pH 5 (c) FeS reacted with Sb(Ill) at pH 7 (d) FeS reacted
with Sb(V) at pH 7 (e) FeS reacted with Sb(lll) at pH 9 (f) FeS reacted with
Sb(V) at pH 9

_47_



Table 6 Binding energies (BE), full width at half maximum (FWHM), and area percentage
for peaks in Sb 3dsy, XPS spectra of Sb reacted with FeS at pH 5, 7 and 9

Sample Be (eV) FHWM (eV) Area (%) Species
539.1 1.5 89.78 Sb(1I)-S
o8/l Fes reacted with - oy 15 1022 SH(ID-O
1g/L Sb(Ill) at pH 5 ' ' '
- - - Sb(V)-0
539.4 1.5 69.28 Sb(1I)-S
og/L Fes reacted with 9 15 1697  SHb(ID-O
1g/L Sb(V) at pH 5 ' ' '

540.5 1.5 13.75 Sb(V)-0
- - - Sb(1IH)-S

5g/L. FeS reacted with
539.6 1.5 37.99 Sb(1)-0

1g/LL Sb(Ill) at pH 7
540.3 1.5 62.01 Sb(V)-0
\ — - Sb(1I)-S

5g/L. FeS reacted with
539.5 1.5 16.19 Sb(1)-0

1g/L Sb(V) at pH 7
540.5 1.5 83.82 Sb(V)-O
= 3 - Sb(1I)-S

5g/L. FeS reacted with
SEIRE 1.5 23.62 Sb(1)-O

1g/L. Sb(Ill) at pH 9
540.1 15 76.38 Sb(V)-O
O = - Sb(1I)-S
5g/L. FeS reacted with _ _ _ Sh(I-0

1g/LL Sb(V) at pH 9
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[ [ T ] X Tl 1 Fleciren besge 1

Fig. 39 SEM image of (a) 5g/L FeS reacted with 1g/L. Sb(V) at pH 7
(b) 5g/L FeS reacted with 1g/L Sb(V) at pH 9

_48_



A 4%

7)o wj7IgelelES o83

QAskA S E T,
ul7) ko] E o)
= ArAgol i

&3l

) 2}
7l
w7 Lefol 2]

S48 mo 7]

zeo] gt p

s
aQ

XO
an)

=
T2

AA A
PH 5914 As,S;& &
FHoll M= mF
o3 AARES

sulfide(As;Sy) &

e mUs} w7 etolEe] B
2oVl e} AAgel 7ad
w7lustel 20 SHEI Ak

B Ao Wash A

Fo] ol o5

H 501l 41 ¢]
BE

ZO§],

=IE=1 —11_

O

o] dojutaL o

Z O
, FHHEs-2

Z:]'

H

Nelye)
. 0

W el 9] sletkE 2
Sh(IDZE &A3hs 1 -
sl XPS 2 SEM-EDS &4
UVW}XIE

Hys
i =

o
A

KR
=

T3 A3, Qe

U

oh

_49_

Z R

o

As(IDETE As(V)e

/‘ o
A

o]

o}

TAAo tiel XPS 2 XAFS 48 433 Az
Aol ogk A A7} o]FoiAH, pH 73} pH 99| ¥4 ¥

O

\__O

S As(V) oxideZ} As(Il) oxideZ
?‘—_]’ T }y\o}]\q

Sb(IDXt} Sb(V)e] A|A L]

P~

At pHell wE AlA wAY

IS

el ok AA7E o] FAH, pH 72 pH 9ol M= SO

Ao AgdE

T4 W Al

pH7}
. o4
ZH5E wdselE 2 uavt
APl A}E
QIS pHoll e

AR AR

A A&

=11,
ol A H drAd 99

al
=

[e]
%'é‘

=g 4

o

s

i 7luelo] E ol gk
7121 As(1ll)

=3, pH7b
ol pH7t VM=
Zoz woHEn,

}\}\ )\I\T:I-

eR
=

HJO

pH 5°ﬂ /H szSg
9]



FaEH

Baes, C.F. and Mesmer, R.S., 1976. The Hydrolysis of Cations, John Wiley and Sons:
New York.

Benning, L.G. Wilkin, R.T. Barnes, H.L., 2000. Reaction pathways in the Fe-S system
below 100°C. Chemical Geology, 167(1), pp.25-51.

Belzile, N. Chen, Y. W., & Wang, Z., 2001. Oxidation of antimony (II) by amorphous
iron and manganese oxyhydroxides. Chemical Geology, 174(4), pp.379-387.

Berner, R.A., 1967a. Thermodynamic stability of sedimentary iron sulfides. American Journal
of Science, 265, pp.773-785.

Berner, R,A., 1967b. Diagenesis of iron sulfide in recent marine sediments. American
Association for the Advancement of Science, pp. 268-272.

Berner, R.A., 1981. A new geochemical classification of sedimentary environments. Journal
of Sedimentary Petrology, 51, pp.359-365.

Billon, P., 2001. The political ecology of war: natural resources and armed
conflicts. Political Geography, 20(5), pp.561-584.

Boursiquot, S. Mullet, M., & Ehrhardt, J.J., 2002. XPS study of the reaction of
chromium (VD) with mackinawite (FeS). Surface and Interface Analysis, 34(1),
pp.293-297.

Brown, JR. Bancroft, GM. Fyfe, W.S., & McLean, R.A., 1979. Mercury removal from
water by iron sulfide minerals. An electron spectroscopy for chemical analysis (ESCA)

study. Environmental Science and Technology, 13(9), pp.1142-1144.

Butler, E.C. and Hayes, K.F., 1998. Effects of solution composition and pH on the
reductive dechlorination of hexachloroethane by iron sulfide. Environmental Science
and Technology, 32(9), pp.1276-1284.

Coles, R., 2000. The political life of children. Atlantic Monthly Press: New York.

Dingman, J.F. Gloss, KM. Milano, E.A., & Siggia, S., 1974. Concentration of heavy
metals by complexation on dithiocarbamate resins. Analytical Chemistry, 46(6),
pp.774-777.

_50_



Dutre, V. and Vandecasteele, C., 1995. Solidification/stabilisation of arsenic-containing
waste: Leach tests andbehaviour of arsenic in the leachate. Waste Management, 15,
pPp.55-62.

Edwards, J.R., 1994. Regression analysis as an alternative to difference scores. Journal
of Management, 20(3), pp.683-689.

Elinder, C.G. Friberg, L. Lind, B., & Jawaid, M., 1983. Lead and cadmium levels in
blood samples from the general population of Sweden. Environmental Research, 30(1),
pp.233-253.

Gallegos, T.J. Hyun, S.P., & Hayes, K.F., 2007. Spectroscopic investigation of the uptake of
arsenite from aqueous solution by synthetic mackinawite. Environmental Science and
Technology, 41(22), pp.7781-7786.

Gallegos, T.J. Han, Y.S., & Hayes, K.F., 2008. Model predictions of realgar precipitation by
reaction of As (II) with synthetic mackinawite under anoxic conditions. Environmental
Science and Technology, 42(24), pp.9338-9343.

Gaudin, A.M. Fuerstenau, D.W., & Mao, G.W., 1959. Activation and deactivation studies
with copper on sphalerite. Minerals Engineering, 11, pp.430.

Gregor, J., 2001. Arsenic removal during conventional aluminium-based drinking-water
treatment. Water Research, 35(7), pp.1659-1664.

Gulledge, JH. and O’Connor, J.T., 1973. Removal of Arsenic (V) from Water by
Adsorption on Aluminum and Ferric Hydroxides. Journal of American Water Works
Association, 65(8), pp.548-552.

Gu, Z. Fang, J, & Deng, B., 2005. Preparation and evaluation of GAC-based
iron-containing  adsorbents for arsenic removal. Environmental Science — and
Technology, 39(10), pp.3833-3843.

Guo, X. Wu, Z., & He, M., 2009. Removal of antimony (V) and antimony () from
drinking water by coagulation-flocculation-sedimentation (CFS). Water research, 43(17),
pp.4327-4335.

Han, Y.S. Gallegos, T.J. Demond, A.H., & Hayes, KF., 2011a. FeS-coated sand for
removal of arsenic () under anaerobic conditions in permeable reactive barriers.
Water research, 45(2), pp.593-604.

_51_



Han, Y.S. Jeong, HYY. Demond, AH., & Hayes, KF., 2011b. X-ray absorption and
photoelectron spectroscopic study of the association of As (II) with nanoparticulate
FeS and FeS-coated sand. Water research, 45(17), pp.5727-5735.

Henderson, A.D. and Demond, A.H., 2007. Long-Term Performance of Zero-Valent Iron
Permeable Reactive Barriers: A Critical Review. Environmental Engineering Science,
24(4), pp.401-423.

James, R.O. & Parks, G.A., 1975. Adsorption of zinc (I) at the cinnabar (HgS)/H,O
interface. American Institute of Chemical Engineers. 71, pp.157-164.

Jekel, M. and Amy, G.L., 2006. Interface Science in drinking water treatment. Elsevier:
Netherlands.

Jeong, H.Y. and Hayes, K.F., 2007. Reductive dechlorination of tetrachloroethylene and
trichloroethylene by mackinawite (FeS) in the presence of metals : reaction rates.
Environmental Science and Technology, 41, pp.6390-6396.

Jeong, HY. Klaue, B. Blum, J. D., & Hayes, K.F., 2007. Sorption of mercuric ion by
synthetic nanocrystalline mackinawite (FeS). Environmental Science and Technology
, 41(22), pp.7699-7705.

Jeong, H.Y. Lee, JH., & Kim, F.H., 2008. Characterization of synthetic nanocrystalline
mackinawite: crystal structure, particle size, and specific surface area. Geochimica et
Cosmochimica Acta, T2(2), pp.493-505.

Kang, M. Kamei, T., & Magara, Y., 2003. Comparing polyaluminum chloride and ferric
chloride for antimony removal. Water research, 37(17), pp.4171-4179.

Kang, M. Kawasaki, M. Tamada, S. Kamei, T., & Magara, Y., 2000. Effect of pH on the
removal of arsenic and antimony using reverse osmosis membranes. Desalination,
131(1), pp.293-298.

Kim, E.J. and Batchelor, B., 2009. Synthesis and characterization of pyrite (FeS,) using
microwave irradiation. Materials Research Bulletin, 44(7), pp.1553-1558.

Kirsch, R., et al, 2008. Reduction of antimony by nano-particulate magnetite and
mackinawite. Mineralogical Magazine, 72(1), pp.185-189.

Lauwerys, RR. and Hoet, P., 2001. Industrial chemical exposure: guidelines for

biological monitoring. 3rd Ed. Lewis Pubishers: New York

_52_



Lee, S.Y. Bakk, MH., & Jeong, JT., 2012. Study on the oxidation and dissolution
characteristics of biogenic mackinawite. Journal of the Mineralogical Society of Korea,
25(3), pp.155-162.

Lennie, ARR. Redfern, S.A.T. Schofield, P.F., & Vaughan, D.J., 1995. Synthesis and
Rietveld crystal structure refinement of mackinawite, tetragonal FeS. Mineralogical
Magazine, 59(397), pp.677-684.

Manning et al., 2002. The Protein Kinase Complement of the Human Genome [Online]
(Updated 6 November 2002) Available at: www.sciencemag.org [Acessed 15 November
2007].

Miley, JE. & Chatt, A., 1987. Preconcentration and instrumental neutron activation
analysis of acid rain for trace elements. Journal of Radioanalytical and Nuclear
Chemistry, 110(2), pp.345-363.

Moignard, M.S. James, R.O., & Healy, T.W., 1977. Adsorption of calcium at the zinc
sulphide-water interface. Australian Journal of Chemistry, 30(4), pp.733-740.

Moon, D.H. Dermatas, D., & Menounou N., 2004. Arsenic immoblization by
calcium-arsenic precipitates in lime treated soils. Science of the Total Environment,
330, pp.171-185.

Morse, J.W. and Arakaki, T., 1993. Adsorption and coprecipitation of divalent metals
with mackinawite(FeS). Geochimica et Cosmochimica Acta, 57(15), pp.3635-3640.

Mullet, M. et al., 2002. Surface chemistry and structural properties of mackinawite
prepared by reaction of sulfide ions with metallic iron. Geochimica et Cosmochimica
Acta, 66(5), pp.829-836.

Mullet, M. Boursiquot, S., & Ehrhardt, J.J., 2004. Removal of hexavalent chromium from
solutions by mackinawite, tetragonal FeS. Colloids and Surfaces A: Physicochemical

and Engineering Aspects, 244(1), pp.77-85.

McNeill, L.S. and Edwards, M., 1995. Soluble arsenic removal at water treatment plants.
Jounal of American Water Works Association, 87(4), pp.105-113.

Nikolaidis, N.P. Dobbs, G.M., & Lackovic, J.A., 2003. Arsenic removal by zero-valent
iron : field, laboratory and modeling studies. Water Research, 37(6), pp.1417-1425.

Patterson, R.R. Fendorf, S., & Fendorf, M., 1997. Reduction of hexavalent chromium by

_53_



amorphous iron sulfide. Environmental Science and Technology, 31(7), pp.203%-2044.
Rahaman, M.S. Basu, A., & Islam, M.R., 2008. The removal of As () and As (V) from
aqueous solutions by waste materials. Bioresource technology, 99(8), pp.2815-2823.

Rickard, D., 1995. Kinetics of FeS precipitation. Part I. competing reaction mechanisms.
Geochimica et Cosmochimica Acta, 59, pp.4367-4379.

Rickard, D. and Morse, J.W., 2005. Acid volatile sulfide (AVS). Marine Chemistry, 97, pp.141-
197.

Rickard, D. and Luther, GW., 2007. Chemistry of iron sulfides. Chemical
reviews, 107(2), pp.514-562.
Scott, W.R., 2014. Institutions and organizations. 4th Ed. SAGE Publications: California.

Smedley, P.L. and Kinniburgh, D.G., 2002. A review of the source, behaviour and
distribution of arsenic in natural waters. Applied geochemistry, 17(5), pp.517-568.

Carnegie Institute of Washington Geophysical Laboratory, 1970. Structural refinement

and composition of mackinawite, Washington: Carnegie Institution.

United States Environmental Protection Agency (USEPA), 2000a. Technologies and costs
for removal of arsenic from drinking water, Washington DC: USEPA

United States Environmental Protection Agency (USEPA), 2002. Arsenic Treatment
Technologies for Soil, Waste and Water, Washington DC: USEPA

Vaughan, D.J. and Craig, JR., 1978. Mineral chemistry of metal sulfides. London :

Cambridge University Press.

Vaughan, D.J. and Ridout, M.S., 1971. Mossbauer studies of some sulphide minerals. Journal
of Inorganic and Nuclear Chemistry, 33, pp.741-746.

Wolthers, M. et al., 2005. Arsenic mobility in the ambient sulfidic environment: Sorption
of arsenic (V) and arsenic () onto disordered mackinawite. Geochimica et
Cosmochimica Acta, 69(14), pp.3483-3492.

Wu, Z. He, M. Guo, X., & Zhou, R., 2010. Removal of antimony (I) and antimony (V)
from drinking water by ferric chloride coagulation: Competing ion effect and the

mechanism analysis. Separation and Purification Technology, 76(2), pp.184-190.

Yu, C et al, 2002. Antimony speciation by inductively coupled plasma mass
spectrometry using solid phase extraction cartridges. Analyst, 127(10), pp.1380-1385.

_54_



A 2

oju
b WE N % Ny oy
‘me — o ~ OT —_ O:_._ N e
e] 1_A_u; ,.NH <o N OTu Hl N l o
CL B on U o xo o =
X N B - X o wﬁ (Y o 0
5= DE R M T = o g
. o O# Z._ ] o= o
R ojy mm 1o 11 TR o> ow T oo
€S B oF T o T o e B ooy .
™ __o,u@%a £ B X o
olJ G [N o ol T o
o % ® S Eow g WX
e g B2 5o > b am T
M = F w5 T e < 03 ar &
o ] o & T G Nak N R
=P IR y
© oy H oo xR E o T 9
ﬁl - a ) N To C_E ;ﬂmM ,__|O_| E—
el w r— T o ool =
%Q%E:mrwmlemr%ﬂuu?
ﬂm%wmuﬁﬁiwmﬁgéwﬂ
UT d_ﬂ ~ T ~ =~ = ,_L_.mv c_ J =0 gLl =
—_ H—l 7D ﬂ 1:M OL ‘HU. OO 1 ﬂo R
Bt Az N o < ny m o X joH
w2 x T P LT me L x
oy W <H J) oy ®E T W = W ¥/ < %
g % _HOW =y M:_M meo T B ,_.wﬂ m_nu, m il
mXR oo - 4.@ T B
= = " +oor oo S X x o © o
A ‘Ui 4 p | H 3 o] m T 5 Mo o %
T & A A g AETIG e
wggﬁmlﬂgﬂmmg%L
o X ﬁo ° — ] o o ) I~
qvov,ﬁmvwwﬁz %ama
5 5 Mo = = 2T o = N
2%%%@%%§6%ﬂ%@.
X W A mm 7w A 0 E 5 m
NF BK N X B 9
N o Am
W oN

dygo=z

- 55 -

Rem, T4
doum, s ZemolAE A= H
oA ZAkel kg AT vy

=
=

==
==

d

hromul

o



	1. 서 론  
	1.1 개요
	1.2 비소 및 안티모니의 특성
	1.3 비소 및 안티모니의 제거 기술
	1.3.1 침전 (precipitation)
	1.3.2 흡착 (adsorption)
	1.3.3 이온교환 (ion-exchange)
	1.3.4 막분리 (membrane separation)

	1.4 매키나와이트(mackinawite, FeS)의 특성

	2. 실험 재료 및 방법
	2.1 매키나와이트(mackinawite, FeS) 합성 및 특성 분석
	2.2 수용액상 화학종 분리 (speciation)
	2.2.1 LC-SAX
	2.2.2 Bond Elut C-18

	2.3 평형실험 (equilibrium experiments)
	2.3.1 Langmuir 등온 흡착식
	2.3.2 Freundlich 등온 흡착식

	2.4 pH-edge 실험 (adsorption envelopes)
	2.5 고체상 분광학적 분석
	2.5.1 XPS 분석
	2.5.2 XAFS 분석
	2.5.3 SEM-EDS 분석


	3. 실험결과 및 고찰
	3.1 매키나와이트 특성 분석 결과
	3.2 수용액 상 화학종 분리 실험 결과
	3.2.1 LC-SAX
	3.2.2 Bond Elut C-18

	3.3 평형실험 (equilibrium experiments) 결과
	3.3.1 비소의 평형 실험
	3.3.2 안티모니의 평형 실험

	3.4 pH-edge 실험 (adsorption envelopes) 결과
	3.4.1 비소의 pH-edge 실험
	3.4.2 안티모니의 pH-edge 실험

	3.5 고체상 분광학적 분석 결과
	3.5.1 고체상 비소 화학종 분석 결과
	3.5.2 고체상 안티모니 화학종 분석 결과


	제 4 장  결론
	참고문헌
	감사의 글


<startpage>11
1. 서 론   1
 1.1 개요 1
 1.2 비소 및 안티모니의 특성 3
 1.3 비소 및 안티모니의 제거 기술 4
  1.3.1 침전 (precipitation) 4
  1.3.2 흡착 (adsorption) 6
  1.3.3 이온교환 (ion-exchange) 6
  1.3.4 막분리 (membrane separation) 6
 1.4 매키나와이트(mackinawite, FeS)의 특성 8
2. 실험 재료 및 방법 10
 2.1 매키나와이트(mackinawite, FeS) 합성 및 특성 분석 11
 2.2 수용액상 화학종 분리 (speciation) 11
  2.2.1 LC-SAX 12
  2.2.2 Bond Elut C-18 12
 2.3 평형실험 (equilibrium experiments) 13
  2.3.1 Langmuir 등온 흡착식 15
  2.3.2 Freundlich 등온 흡착식 15
 2.4 pH-edge 실험 (adsorption envelopes) 16
 2.5 고체상 분광학적 분석 16
  2.5.1 XPS 분석 16
  2.5.2 XAFS 분석 16
  2.5.3 SEM-EDS 분석 17
3. 실험결과 및 고찰 18
 3.1 매키나와이트 특성 분석 결과 18
 3.2 수용액 상 화학종 분리 실험 결과 19
  3.2.1 LC-SAX 19
  3.2.2 Bond Elut C-18 19
 3.3 평형실험 (equilibrium experiments) 결과 22
  3.3.1 비소의 평형 실험 22
  3.3.2 안티모니의 평형 실험 29
 3.4 pH-edge 실험 (adsorption envelopes) 결과 36
  3.4.1 비소의 pH-edge 실험 36
  3.4.2 안티모니의 pH-edge 실험 38
 3.5 고체상 분광학적 분석 결과 40
  3.5.1 고체상 비소 화학종 분석 결과 40
  3.5.2 고체상 안티모니 화학종 분석 결과 46
제 4 장  결론 49
참고문헌 50
감사의 글 55
</body>

