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Reactions of As(V) with Fe(II) under the Anoxic Conditions
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The purpose of this study was to investigate the feasibility of As(V) reduction by aqueous Fe(Il), and subse-
quent As(IIT) immobilization by the precipitation of As(ll) incorporated magnetite-like material [i.c., co-precipita-
tion of As(Ill) with Fe(I) and Fe(Ill)]. Experimental resuits showed that homogeneous As(V) reduction did not
occur by dissolved Fe(Il) at various pH values although the thermodynamic calculation was in favor of the redox
reaction between As(V) and Fe(Il) under the given chemical conditions. Similarly, no heterogeneous reduction of
sorbed As(V) by sorbed Fe(Il) was observed using synthetic iron (oxy)hydroxide (Goethite, a-FeOOH) at pH 7.
Experimental results for the effect of As(V) on the oxidation of Fe(Il) by dissolved oxygen showed that As(V)
inhibited the oxidation of Fe(Il). These results indicate that As(V) could be stable in the presence of Fe(ll) under
the anoxic or subsurface environments.
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2 Aol Bt @704 As(IDZ diAlE Ao JA 7Hs4E Asr] st FedDd As(V)el
WSS B8 As(V)9] As(IDEe] §4 Q28 ZARBINCh Fe(Doh As(V)y7t &40 Eaehs ddzzdM el &
kg 43 pHA whe gae doprs] 98 FAHUL, FoI pH 2AG.0~73)004 &€ Feel o
As(V)2l As(DEe} FAvhe-& dojubA] Hoirh. FEENMe] Bdnks dFdFHs Akl 84S o188 £
FAZANM ] FAS AFME AN F2HE Feol o As(V)9} Blwhd-2 dojuix] et} B8 FedD
o] Abslol) vz As(V)Q] @l thek 38 AEAT, As(V FedDd] AH8he-3 Asjsle J3E FUL 42
g ZAGMEG B 270M As(V)] FFol BEsH Uehd sleg Algdn. oYl A5 P44 2 A
& 8794 Fe(Dst 3T W, As(V)ye T dlz A4S AT
F0| : AslkE, H2Q 9, 271 4, 571 via, 35HY 39

LN B @tk =9 pH 2 AsAARA Tt dold gt
Fo= Wale, 270 Wt T oo AFE Hol
ek A7t 9 AA¥E Pl 0842 Bel & FHolm SAE 2@ fdolt (Cullen and

Atk AaRX FE, &Y, 58 28 B9 Reimer, 1989). ¥]4& pHol Eholl we} F2 -3, 0,
da] Bxap, gifEe] gold S5Ed= g2l B +3, +59 Ul 7B AEPdElE w2 ot A
F gool A AHAE FHshe thlAl SolR0® EA) A FE YeEhbe 21 As@DeF As(V) ©Jtk Xu et
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al,, 1991). As(M)y= HAsO,9} 7+ SEHl2 F2 &4
31, As(V)e H,AsO,, HAsO 29} 28 g0l &
g2 EXgic}, dutdo s Rru|Avt frulAEc)
4o B A, As@y7t As(V)ETH o]F4go] ¢
i 5o o 7% Aog gelA St} (Ahmad ef
al., 1997; Buchet and Lauwerys, 1994).

Fe()/Fe) couple2 A3} E740llA 4lal2AA%E
ZA3s= F23F QIAlelt) (Jeon e al., 2003; Stumm
and Sulzberger, 1992). B2 Aksl/ERIol] 2178 Cr(VI)
(Sedlak and Chan, 1997), U(VD) (Jeon et al., 2005;
Duff et al, 2002), Te(VI) (Fredrickson ef al., 2004)
59 FE54 LFGEZS0] Fe(IDE o183 Al
T8-S B3 o W2 Aslkrs TR 55029 &
A 283 AAHE B3 AV #F A7t S
3] o|Foix 2 Ut Liger ef al. (1999)2 Fe(Il)$}
U(VD7E 284 (hematite) EH F2E AJeioA
UVDe UQV)2e dut-go] wEA Ao, o|=
Eod 2AMY drggEs HAdsE FHA
W AAdgste e Fe(y7t 40122 o Z UE7)
wjFolglz B3I}, 35 Zachara ef al. (20072
Te(VDy}t &89 Fe()ol o8 Te@V)= 18 4= )
o3 BIsigon, Tl #de Fes F=9
pHell o3t 9gke] Zrkw B w8 u) o). Fendorf and
Li (1996)= Cr(VD= &3id Fe(l)ell 93] &40
2 C(hz Fdcky R syt

"] Ao APl vhe] ol gAY QL 7R=
83k gdolth gitFoE 38 AN e FE
As(V 77t F93la 39l $AolMe 2 As(y} <+
3 Az EA0%t} (Yan ef al., 2000). As(V)el &2
2 dHo R pHrb S71El wel Z4sin As)
o] F&ol st pHOl P #E FH 54 w
Feacty d8A Aok (Dixit and Hering, 2003).
As(V)E 28 AEe} R8ee] Agrleds A
Az 71E (&7, M7 A8, A3 desl §), WE
g X Zie GAF, W) B ), ol 1d 7]
&, F3 71 @AYFa, AHERASE, FAyol
AstElels 5) So] 2ol (Richmond ef al., 2004;
Su and Puls, 2004; Boccelli et al., 2005; Samanta
and Clifford, 2005). H2 F7FEE ol&§ H]A9
g 71 s Fdo] EEHY glom w2 pH =
Azt ke 27004 814 AATE & dojdria B
2EF Ut} Bang et al., 2005a; Bang et al., 2005h).
T3 As(Vy7F 971 e] AksRkg-S Asigivial Bara)
o, Green rust 59 HAsE9 AAY 3o

o

As(V)7} 988 vk ¥ g vl At} (Refait of al.,
2009).

FTEH o=, A3} AN s AYE Aulst
= Fe(lyFe() redox couples} As(V)e] Akal/zhed
Hkgol thel A&3 o= As(V)eh Asel 23l
2= Y= A8t g7 Ago| =Rol @ Aol
B3 FoiRl A skl zolA vl g g71E
ol 3} AFY ofFel =g F Aot} B AF
o] Bie FAL M Fe(Deh As(V)y7H 43t
Aoz 2l ko] 7Fee 27eA (o, AR
By 2 00390487 As(V)el As()ze] a9l
9 ¥k ARE 2Apshe Aolth E3, AsDES]
Shluk-go] dojdtid As(DE wixld A 2
A 7Fs8E Flske Aol ol Ast FAelA vl
23 QPgsin] TR Fe(DE o]&3 H4e
ARl gt 7FsdE Rlske Aotk HEof, F
A BAse] $4 pH A S84 T
Fe()] AbshEgo] mXl As(V)e] FaE Lolrs]
flgloltt.

2. dENE ¥ Uy

RE A8 200mL glass serum bottleg ©]8-3}
FAoY, FA171, vhe, f2d, STiY FEE
ARgste] AlEE AFSET f8 B EuY 3
2 3% Ao E MAHT F 2R FabE AlE sk
M-S}, BEA AR 97% Ny3% Hp= A9
anaerobic chamber (Coy Laboratory Products, Inc.,
USA) <ltollx =333} th. Anaerobic chamberell FU=
£ V%] AA= palladium catalysto] 8] AA=,
A7H Fo)E anaerobic chamber ¢t 4x1077atm
0; (029 mgLyd=e] v 4havt Exgtiy B
= ¥} 9tk (Jeon et al., 2004). o]H me] 249
EA= 549 pHolA FedD 7849 4slde 588
AFHE vepdth nbs Fe()E 043 2E A8S
oxygen trap< ©]-&38k 33 TH Oxygen trap 3
2belEo] F3E Fe@y) vl$- W2 £=2 854k
o8 AslEle HE B4 AXE 90mM Fed) &
a3 23.3mM Fe() A=9 hydrous ferric oxide
(HFO)Z #4=Ho] slew, 849 pHE 0.1M
tris(thydroxymethyl)- aminomethane(TRIS)E o] &3
818 ZAEslth. Oxygen trapZ Abg-3la] Al4E
75x10%atm O, ©|5} $FO2 I3 AAL 4= 312
™, pH 7 T 84 AkshES Qle] 25 o4 Fe(l)
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B5 §X7F 7Essith 254 5 A2 AMEE
E 428982 anaerobic chamber ¢tolA 2kAE A|A
5 3 ARSI Fe(l) 25892 99% =12 G843
(FeCly4H,0, Sigma-Aldrich, USAYS- 0.1N HCIZ &3]
AA F=H|BIEE, As(V) &89S NayHAsO,7H,0
(Junsei, Japan)® Zsearoll BalAlA FvlEsch 48
o AFgE EFgadlst A ¥71 serum bottle $F
o AAste] wherlol F9 Aol oxygen traps ©l
slod AAE AAF F APl ARSI ¥87]
Z=gole] pHE 10mM sodium acetate/acetic acids
o}23) 3.0-558 XA, 10mM Na-1,4-piperazine
N, N*-bis 2-ethanesulfonic acid(Na-PIPES)S A}8-3}
& 6.0-7302 92319}, 2718 Na-PIPES 93§
A 200mLe ¥H27]o] ¥ butyl rubber stopper=
Y Belsiy zAAh el FAV|S vhEE
o] &8t oxygen trap? A3 97% Ny3% H,
7tz AAE AAXNZALH, degassings £ uHe
7] ote] Aag 7d7F AAS F Fe() FE&Ae 3
%232 2937, RE AFxAN Fe() 84 E
st &, g 4ts} U FHWHgo] dojuA] o
3RS eI HET WRoR As(V)E ¥ke
71ell FYst 8F FeDxt As(V)e] w=wsie &2
atict.

g lo
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2.1. A XM EabtE AE
"h27] ¢tel] 10mM PIPES buffer €48 ¥ &
2oy 392 Y& & oxygen trapd GAS A4S

Aspikge ojux] 2kt Fed) %7 AR
T fAEe FAF &, 0.1 mM As(V)E F3ko] A
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2.3. Fe(l)el Atatol ojXlE Asv)el H&

Fe(IDe] 4kl vxe As(V)e] 938 dolir] <
& 10mM PIPES buffer &8 oxygen trap&
olg-3le] A4 AAG T thao R 0.3 mM Fedl)
ke zel3k A% 0.3mM Fe(¢t 0.1mM As(V)7h
=38 gold 1mLel 3715 FUsted pH 70lA
AZbol] whE Fe(De) 4tahuhe-g EsNth &5t
o] ©]3) Fe()] Akahtgo] HYoj o] F wlFo
A8 Eo] YA EFE AL AT F, 2mLe]
N5 FvHHog FYslel EaEsgelrle] 24

| o3

2.4, MUY

2= As(V)9t As(lDY) E2j= 0.2 um membrane
filterE o] &-3le] EIFP3 & AE 1mLE 9mLe] 2
%42 A8 5§ A8 £ 5mLE arsenic speciation
cartridge (Metalsoft, USAYE £#A1# As() A&
2 Fu)Elsith As@De) As(total)e ICP-OES(Varian
730-ES, USAYE o]&sla] B3tk As(V)e] &%
= As(totaD¥ As(De] =2 783l
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3.1. 28 =HoliMel #aUtE AH

Zachara et ol. (2007)° 2la} By® gFEZANA
o] && Fe(het Te(VIDQ] Atsl/Ednkgzt zro), o
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o] 8& Fe(et Te(VIDS] 4tal/2kelutg- s Fe(D
As(V)ske] Abalskukgol 2)s) Fe(DE 4tshe
3 Ao} B As@yF AAECH (1) AkshE
Fe(ll}= 27422 Fe(OH)yeE 494171 Fe(OH)y
9] B8 FAEH o= U3 Fet As@D7} Fe(OH)y
9] XHo FzrelA Ha 4R As7t Ui E
magnetite-like material [{Fe(IDFe(IMAsII}30,]¢e
gAslel FAEA 2 Fejtia )] FEEAM 4
Pure A8e 0506mM Fed) 0.1mM As(V)
9] ARl@duks-g dolry] s chust pH (3.0-
73002 AP-E T8l Fe@ 2 As(V)e] =¥
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H,As"0, +2Fell+ 3H+—>HAs"0,+2F + H,0 (1)

g #A9T °]2 Fig 13 29)

H3ASHIO3 + 2Fem + FeH + 4H20
=[{Fe"Fe™As"};0,])+ Fe(OH)y +8H* @

#AZZANM ] SIure A A3, As(V) Y F
2847k As/gdites RYEE 3 sAe 2
€ pH 244 Fe(Dd] F=ws7t gle 2oz B
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Fe()s} As(V)o] Absl/ghdut-g-& dojpx] eistrh.
Table 13 7Fo] z} A¥ZAY FeDst As(V)e) Ey
ol - 0.02-0.487 V= pH3.094 ] AAZZAL A9
e FedDell 213 As(V)2] As(IDES) $Hgiurgo]
QAgF o Fiseichy detsigict. 2 #dE
oMol As/ghedntkg AEAS, Fe(e] Aralhur-gs}
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& 0054
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As(V)9] $rnkg-e Jojuh] sttt ol Fe@)s}
As()e} Asl/@gnkgo] dostyoz slsaigont,
I ke FASoE AFH Ao AmE &
ARSHA, Liger ef al. (1999% @3 Z70AM &2
Fe(IDek UVDe] Abslghedurgo] dodsiyoz s
sht, e oE A A wgolr)d 33U Fot
U(VDe w55 #2323 Wsrt gucky 1ae
u} gl},

3.2 ®TE ZUHMo galttsS Nﬂ

Ao FAE Fe)e] #dHe §& Fe
of w3 wl$ I dEA Rlﬁ}(leon et al., 2003;
Stumm and Sulzberger, 1992). &% Fedlol] 23
As(V)o] Aksl2hiut-g-g Yol 7] $ia) ?ﬂ Az719

A2] Feot As(V)e] 218l/agnts Adle 2Asky
o}t B Z70Ae] shgiulke Ao u}07] ool

03mM FeMs} 845180} & £7<) 134 10gL
g F8e] YHFe) FeDE U4 Eel F2hA)
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Fig. 1. (a) Homogeneous reduction of As(V) by Fe(Il) and (b) recovery of added Fe(Il). Experimental conditions: pH=3.0-

5.0, [As(V)]=0.1 mM, [Fe(I1)]=0.5-0.6 mM.
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Fig. 2. (a) Homogeneous reduction of As(V) by Fe(Il) and (b) recovery of added Fe(Il). Experimental conditions: pH= 6.0-

7.3, [As(V)]=0.1 mM, [Fe(I1)]=0.5-0.6 mM.
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Table 1. Summary of experimental conditions

1. Homogeneous experiment

Ri‘;gt‘” pH [Fe(IDJmM) [As(V){mM)  Ej value®
1 30 060 0.10 -0.020
2 35 060 0.10 0.039
340 060 0.10 0.098
4 45 060 0.10 0.157
5 50 055 0.10 0216
6 55 060 0.10 0273
760 060 0.10 0.334
8 65 060 0.10 0.393
9 70 060 0.10 0.452
10 73 060 0.10 0.487

2. Heterogeneous experiment

REACIOT 11 [Fe(ID}mM) [o-FeOOH](g/L) [As(V)}mM)

1 70 030 1.0 0.10

DE,=E—(0.059/2)xlog([H']*/{[Fe"*x[As"])

ol 7] 3 pH 7.0014 AL F=33IT) A7kl
e §& Fe(D9t As(V) 2 & FeDo} As(V)el &
ZRglet W RE Bk

Jeon et al. (2005)° &j3] Ry E Bzl
F2HE Fe(D9) UVDe| Absl/aanksat o), 3¢
Fe(IDo} F2H8 As()9] Absh/Eddd digh w85 A
(3-6) 7ol UeRd = 9l WA AN FHd] FeE
TR, As(VyE 74T & 31 Fe(o} As(V)
o] ksl/Edukso o3l Fe(lx= Fe(DE 4kelE
Aol FeE As{lyt A€ [4(3-5) Askd
Fe(yz A4 2= Fe(OH)3eE 4841719 Fe(OH)yg,
9] B& FE LR Q] Fe(9t As@ 7} Fe(OH)s
o] FHd FAA HI FUE As@D7l oA
magnetite-like material [{Fe()Fe(DAsIID};0]eS
BAdstd FHA € Aotk [A 6l

2=SOH+2Fe"+2H,0—2=S0Fe'OH+4H* (3)
2=SOH+HAs"0 2 —2=SOHHAs"0,) @

2=S0Fe?OH+2=SOHHAs"0,)
—2=S0Fe"OH +2=SOH(HAs"0,) 6)

2=SOFeOH +2=SOH(HAs"0,)"+2=SOFe"OH
—2[{Fe(IDFeMAS(ID }30,]¢) +2H,0+20H
—As(Ill) incorporated magnetite-like material (6)

HHg7) Qo Fe() T%& 497 RYE A3

E‘ 0.4+ .
Goethite added
g 034 w = o §
E 0.2+ -
3 ™
 §
% 0.1+ -
E o'c L L) L] L
0 2 4 8 8
Time(day)

Fig. 3. Adsorption kinetic of Fe(Il) onto goethite at pH 7.
Experimental conditions: [Fe(II)]=0.3 mM, [goethite]=1 g/L.

Fe %7t YA AES EAs & H3H
& FYsiack. FEA FHo F3HE Fe(he <
2417 Fof 50%2] 0.1mMe] Fed7} @ F3
ST 48X 7 F 02mMe} Fe(yt EAHUL, &
Zukgo] B et (Fig 3). °1F As(V)E
sl F2h Fest As(V)e Badz7oA 9
Fuke S ST As(V) FA F 497 4
ANES-S RUEE 3tk £F Fe(Do}h As(V)e]
TR b Al Aol Hole e Fe(h9}
As(Vy7t FE4 g9 vF Faule 202 Alsd
o 22 F Fedoh As(V)e] w=Rs7 gl 2o
2 yot Bwtd A F3E Fe(oh As(V)9] 2F
sakduke2 dojux] At (Fig. 4, 5). 3=z
olMe] Feinky d@AA} FARBH, F3E FedD
of o3 As(V)ol S-uhg-& dojuA] e¥gkon, of=
Fabh B740)A As(V)7F FeDot 358 o, wi$- <t
A FE2 EAE7] wiEel] FeDe] whgol mi¢- =
A vYehbe AeE Algdnh

Johnston and Singer (2007a)0] 2}std Ao
EAshs Bo-d 27404 1500 1M As(V)sF 200 uM
Fe(De] Hk-goll ojsh pH8 oA 8r17F Foff A
As(V) 55 F % 0.04%°1 stz 06 uMe} As(ID7t
A=A Bt AR B A Faje] ofs)
W 0.6uM HE HF] FrE expEYdl glvky %
9L, A BeH4Y) Ase FEE HAT Fo
total Fe() 2 As(V)¢] E=¥sr} gl Aoz vFo
E3 whgolae] FedDot As(V)e] Atsl/ghed whg-2
AojulA] skt o] AFE n|Fo] Hol As(V)e &
Aoz BINkgo] Jhssh, F2E As(V)oh &%
E Fe(d] ¥h3-2 FHTHOR AghFoln, Fakh &
25t B70A Fe(et 38 o, As(V)e w¢ b3
3 AHE EATE AALE AR whelE o




492 B - o - AYS

gonzm

E o o o o

°

c

© 0,084

©

5

i

. 0.044

Lo

=

(o4

"

2

o 000 T T
0 2 4

Tirme(day)

(a)

A
o
e o o N
X ﬁ: S
o
a
o

b
pre

Total Fe(ll) conc. (mM)

o
o

2
Time{day)
(b)

o
I

Fig. 4. Heterogeneous reduction of As(V) by sorbed Fe(ll): (a) dissolved Fe(Il) with goethite and (b) total Fe(Il) with
goethite at pH 7. Experimental conditions: [As(V)]=0.1 mM, [Fe(I[)]=0.3 mM, [goethite]=1 g/L.
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Fig. 5. Heterogeneous reduction As(V) by Fe(Il): (a) dissolved As(V) with goethite and (b) total As(V) with goethite at pH 7.
Experimental conditions: [As(V)]=0.1 mM, [Fe(II)]=0.3 mM, [goethite]=1 g/L.

A AT, EE[F 1 mMe] Fe()@} 0.5mM
As(V)] 2 =2 pH ZA9A (>85) JANg 3t 4
Z#A0)E (symplesite) [Fe()z(As(V)0,),-8H,01E &
At 437t 239 bl 1o}k (Johnstonst Singer,
2007b).

3.3. Fe(lhe] &30l nixl= As(V)e AdE

FeD2] 2¥slol] n]xe As(V)e] 98-8 dolrr] 9
& FAka 2AE fAF ¥87) Qe 0.3 mM Fe()
Ao Z2AF F 0.1 mM As(V) &0 EAT o9}

&
Fe() €47 ST ), &4k &3k Fe()e] 4
sehgo] digk A8 Y8t 1mle 3718 F

A3t F, Fe() ST ESAE o] Ashikgst Fe(D-
As(V) EFEolM ] Asipkge & 2ol E YeRlA
etr). ey} viake] HilslEe] Y BwEd
oM Frtdem 2mLe] F71E FYUHATE Fe(D-
As(V) EgoAe] Atshibgo] Fe() &7 A4
g wjo) Ashukest Wwelde W =2A JYLE
et FeDdl sxx 8d B¢t oF 0.185mM

7248 o, Fe-As(V) E3-&dolx= <F 0.05 mM
o] 73T} (Fig. 6). o] 3= As(V)7+ FeDe] 4+
-2 Asishe S F7) "ol Alsdt
ol FoiF AARAAAN F8 3EEA HAsO, 7t
Fe(ID9} complex® AAdste] Fe(@DEFE A4 £
2o Ax} ALE Welshe AR ALEHT (Luther,
1987). ©lE-0, Philippe ¢t al. (20093 2J3f B.g u}
o 93hH As(V)7} green ruste} 72+& HAkslEo A
Alel) B deg Fohy B vslen, Thoral
et al. (20052 As(7} Fe(e) F3hate 2 JEA
7} Yy EAEAE (Lepidocrosite)e] AL A3
S BorstT

4 HE

£2|

2 diide ad 3 EaE AdAes =
Fe(IDot As(V)o] 2¥sh/@ vES o9} As(I)7} o
A Aoz JA ARE PolHyth. Fe(7}
Fe(D= AstEwA As(V)9| As(DZ9] Sduke-g
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Fig. 6. Oxidation kinetics of Fe(Il) by dissolved oxygen
in the absence (control) and in the presence of As(V).
Experimental conditions: [As(V)]=0.1 mM, [Fe(1I)]=0.3 mM.
Air was spiked as indicated.
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