The Geochemical Society of Japan

XK b % 45, 147-157 (2011)
Chikyukagaku (Geochemistry) 45, 147-157 (2011)

®m o+ £ i
(20114E3H30H %1%, 20114E6H8H 52 BL)

Prediction of anion adsorption on oxides by
surface complexation modeling
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Water is most important transport media for elements under earth surface condition. Most
of the elements are dissolved from rocks by water, while those are removed from water by rocks.
The mobility of the elements is governed by these processes. The transport of the elements via
water under the surface condition has been studied for understanding of weathering of rocks
and formation of ore deposits. Recently, pollutions of water and soils by toxic elements have be-
come the environmental concern. Therefore, this topic also has become an important subject to
understand the behavior of toxic elements at earth surfaces. I have studied (1) the chemical re-
actions that govern the distributions of elements between water and rocks and (2) the quantita-
tive prediction of element distributions based on the chemical reactions under the surface condi-
tion. In the latter, I am focusing on adsorption processes of minerals’ surface, that are not still
well understood so far. A quantitative way to consider the adsorption processes is surface com-
pelxation modeling. In this paper, I briefly review the history and current status of surface com-
plexation modeling.

Key words: Adsorption, Extended triple layer model, Oxyanions, Oxides, Prediction, Surface
complexation modeling, Water-rock interaction
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PEDFH
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Fig.1 Solubility curve of gibbsite calculated by us-
ing Visual-MINTEQ (Gustafsson, 2009).
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Fig. 2 Europium concentration as function of pH in

the presence of granite powder. The straight
line shows the solubility of europium hy-
droxide (Eu(OH)s).
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EHRMELVLELL BRI L, Fha—-uy
LBEIX pH OMIMICHEVEA T H I EDHERTE
Bo Pz R7z7 I = LEMIC, RERP B
REVNZ L WERETIIZ— T ¥ 23K RIS
L KBt (Eu(OH),) & L TkET 52 & a%4
bhd, L7z25> T, pHO¥MIZHED EuBEDOR
X Eu(OH) DT HIZ X B 2 E 272 % B7%, EE
329 Tidhv, MPoERIL, FIHiTRRIHET
FHE SN2 Eu(OH): & FHICH HBERDPL— Y
LBEEZRT, DL Eu(OH): L FHIZHhhiL, #ll
EFINL1—uy ABEBEIIERMNECTT Y FEh
53T ThbH, —H, ElITHLI/ 22—y L8
EiX, Eu(OH): D¥E/ALTFREINLEDIDLEN D
XA DIEV, FRTIR, 2— 0y A0BHRBPOE
BIIEALZRTO LRI o THEEINTWAED? £
NITEREEZHR T 2B RA~D [BE] Thb L
ZZLNTWA, RRREICBLTERIIAACTE
EEELTWD, TITRLARIZ, RARREIIBITS
MBITEOBBH 2 FMT 520121, BY~OEEL
ZRTHILPUETHDZ LERT,

3. REEBEETUTOBE

W& LB EPEARIIC ZATHICET S 70

LALEEEND, HPIC X HMEITEOEAE T
TS B A2 BIEE M ICERT 2 RABWIEE
g% R£723 (Drever, 1997; f81:, 2008a; Stumm
and Morgan, 1996)., Fig. 3a \C{RAE LoBE{LY (B
VI3 A BEE) HEERT. BN TIERB A 4
VIZHEBOBEFEA 4 v L EBRMT A L TEMAE S
NTWBA, SPEREICBWTHA F I 3EMEH
ToOBEEL KBHEAICBWT) BAETSE I EH
TELV, ZITRHEIAKEELTWEEE, BHR
PoKGTFEHEL (Fig.3b), 72 by OHERE
(Fig.3¢c) #1TH) J X VB EWE S S, &
D7 R X ) EYEREIRAKBREIBEDILS,
S RMIC AR L - RAKEERE (>S0H) &, K&
WA CTHEMNRIES B2 T 5, WML REKEE
REWRIEEEZRYL, BBRPICHEET LA+ R0 T
AT D, INPBEDERISTH %,

44 v OFHRE~NOBETLEIL, EISHERNIC
FlE&FEoh, SWRmE IEBLFESEZEL R
MBS (Fig.da) &, REKMBEL BEFEILERE
2oL ZHBESEEICGEEI NS (Fig. 4b). NESEHE
THbHLLThH, RASBHLONOERMEREITKEL

TEFSF L RMMEEBEEL D 2 L ABED TN
BIFED S SN o T b, —RRIZKFEEDOK
EWVn—liD A F VIZEPWRE I L THESEERDO A Z
BT A LPMONT WS, —HEBli4 + >~ fiZ,
A% v ofEE, WEKRBRLWOEE, ZHRIKE, pH
RAF VHBEETE LBERERICKFELTETE

O Oxygen ion ‘ Metal ion

Fig. 3 Schematic representation of the cross sec-
tion of a metal oxide: (a) Metal ions at the
surface have vacancies in their coordination
sphere; (b) Vacant positions occupied by H.O
molecules; (¢) Protons rearrange to form sur-
face hydroxyl group (modified from Drever,
1997).
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Fig.4 Schematic representation of surface com-

plexes. (a) outer-sphere complex; (b) inner-
sphere complex.
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HEICE OV TR T 24N [Rugiker) v 7
(Surface complexation modeling: SCM) | Td %
(Drever, 1997; 81, 2008a; Stumm and Morgan,
1996), SCM @ #: A& 1y 7 B & 1X19704F & % 12
Stumm HIZ X > TERENA, SCM LA F D
HWRE~OWAEBR % KHKERE L BHFEOSE A
BSOS & LT bEF i oW Tl kS FEETH
%o WP TOEKRERS & DEVIE, KEABEL
WBEEAF VL OMBEERICEVERZLE, Thic
o THBR L7 BERRIRE RS HEEY5 2 5,
LWHHETH 5,
SCMICRFIIHENROEZFIZLoTw L 2Hh
DY TEFNVDPHELET D, TDH L, Hid L7-sHEsE
- NBESEARELERTES WEAH=ALEERT
&%) HRKBEOBELFHFD L XN/2EF VI Triple
layer model (TLM) #%% %, TLM 31970X D%
FAZRAF 7 4 — FK%¥D Davis (BLfE12 USGS) 5
LB Eh (Davis et al., 1978), 19804FXF1T
WKRLKAY V74— FRKFOD Hayes (BEIXI ¥
HYRE) LAISESER - NESEAEZERTES L)
\Z TLM 2 H L7 (Hayes et al., 1988), TLM Tl
FEIZ3ODE (H) ZRET S (Fig.5). do L d
RO REKBEEICHY T 285500, 203 <E
BApE, bolbIMNCdE (LEE) »HEEL,
ZNZENOHEIIEN (o) LEBM (v) 2HD,
Fig. 4a lSR &N 5 X 9 R2ODIEIZHE L 2 KEAK
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Fig.5 Schematic representation of interfacial
structure in triple-layer model.
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Ay, = + 2w, — 3w, (5)

(5) RIFEAFREABEREOMEICH YT 501@ICIE
KEAF O HREETHIETERTODIEBM o
THBYH, REKBERE»SRLLHN HEHIZITZ AOS A
F Uy HANEEEICEIVEET LI ETIER=ED>o0HE
WAL TWAI LERLTWS,

—7%, Fig.4 (b) \IRENA X LH2DODIEICHE
L7 REABEICES F ~ (AOS) 2ELL T3X#
L, WESEEZERT 2LEKGIZLAT TRABTE
5

2>SOH +2H" + A0S = (>80),A0, +2H,0

(6)
COEEREARXIBIRRIIGEZONE !
K(>som,wz :W 10%% (7)

2 2
QA" >son Q" H*QAC Y

Hayes ® TLM Ti&, w7727 7 —3UTDXHIE
Hahsb

Ay,= =1y, (8)

(8) it A0S HYELAL FAZMIC X 1 KEKBREIZH
W4 L0MICKREL, OHIZIZ-10BMXEL L &
FRLTW5,

S OBMBOSRIL, BT WO, S

adsorbed arsenate (umol.m2)
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HEnb (Fig.6a)e WETL Y VIXRICHETIHE
BLAF ViEEEZ—EICBE, pHOERTERENS
BRADPSOBEOBEEE (%) 270y b$5HZ
EWCEDIERE R B (Fig. 6b)o SCM Tid W Kt
R2RELEBREARELTHI LT, WMAERIZE
3235 2 -5 OB (=y YOEEIIpH, FiRk
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Fig. 6 (a) Adsorption isotherm of arsenate on goethite as function of pH (Antelo et al., 2005). (b)
Adsorption edge of sulfate on goethite as function of ionic strength and initial sulfate con-
centration (Ali and Dzombak, 1996). The lines show the ETLM regressions.
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RN T HLEND D,

A @) R (7)) S pH, BHEFDOAOBE, R
HEABEEE, BEHEHEWSTNNSA—F925252
EIlEoT, —EBICKEERE (BER) 25tET
EHLT bbb, WERKGR L FREH R o5
L, BHROLHEEETEICHAAL Z LT, EBRY
KCHLIE ENTOVRWKERFICBIT 2 BERE %
FHTHZLHFMEEE 25, LD, RARREICHERE
THEELRWAEBRE 7 5 HWEEANDORE 4 RIBEEA
OREFECRE FHERN VAT T4 v 271K 5
ha&, RRBEICBT2BHEOWREREE TR
WFHREE 25137 TH S, MELEOHEH~DR
EXHOERENREH L T, BEHLEEORLS
¥, auq FRZE, BREbS, HE¥ERE05HTE
ELRBELWZ B, 1970 %FH 5 D SCM DR%
L&, Hk% %258 C SCM %l 724 L O &L S
ShT&7,

4. BENREEEET Y > J—Extended
Triple Layer Model

KESEAEE L, RERBHLEMTL-00EL
Wo TS, ZOBEHBREIRLLTHTHIETL
T&7zo BEBRAEIBEHBREORAEHTHELLHR
Thbh, REVPEL L5 KEWEO—5F5Th
57 HEEBEIIEEL V. L2 L1990 R LIk
DHNBMOBRIZL > TREEFHEEOEHEHE
B LD, HETIEZOEXHRINE Sk

(XAFS) ##rRedmstsat (IR) HHic & ) Bk4 i
B4 S RE~NO RIS HEE ICHWAG 2 5
NTw3 (Hind et al., 2001; Brown and Sturchio,
2002)c XAFS 53#id 5 3 EH &R L i OLEE S
DEEBLIMLFEEOEHL AEL L LI TE
5o L722%> TRESEEINBSE A NESEEK) % X
NTBZ LWL LS, FARAEBET L BEEHE
FOMHMED HIL, REFERIED L 5 B2 IREE
ZhoHHh (HERA - ZHEEMZ L) OF#HIELN
bo IRGHTIIWAEIZ L 5B E 5 T ONHMHEDOEL
o, WEPNBESEEREIES D, SEEAREIES D,
ACAZ BRI (X BB RO A B 2, F Ao R 7

O b ALIREZ AL EHNTE D, BEORAEHIED
FERIXTIRE 2 04T - BIEHES T AV -RESE R OE
BBHEL Vo TIv, & 512200045 5 1351
FRFEICELD, RAKEKBEORNENRER %
BAWTAOMELBMEEIN TS (Kubicki et al.,
2007) o

%% 1320044 2 5 Johns Hopkins K %% ¢ Dimitri
Sverjensky #IZ DR ICHFA L2EMARAF 2 & L
TAF VA F Y HED SCMIFFEEE T o720 T O
2T, TN TICEE STV Hc R ERS MR
A4 F YO A LB~ DOREEER T — ¥ # TLM
WX DT L, SRFNFED LB LN RS HE
HEE SCM » 5 R b s RESEAEEN—KT 5
DEBE L7, LaL, %R0 TLM 2 w354,
EDEI)LRERBREZRELTDHDIZLAELDENH
F=F %)L ERTHIEDNTERY 272, RICH
TRTELHETY, THENICRD N5 KA SEFE
BE—HTDHIEIRIEEA LD o, RITHBRLE
NBLZ=DE, HERDTLM LIZRZ25HEHORD
HFETHILT, PRYOEFT—5 %9 FLEF
TEHILERBL, L2 ZORYHFVZFAT
5L, RS X5 REEEAHEE L5 EFEN
IZRDOHENDDBDE S L {—FHL T/, Sverjensky
and Fukushi (2006a) TiIHEED TLM & 3874 %
CORD B2 KRG FORMBOLEE LTEZ, DT
DEHITHAL 726

B TRBICEBEAF Y OWER, T b ALl
ISR L7 RAKRE L BA 4 OB Ta L 22
5%5

2>SOH," +AQS = (>80).A0, +2H.0 (9)

K 9 WTRENBIHIZ, BAF Y ORMFRHEIL
KGFOBMEES o KGFIIRBFTHY, KRk
BICBIT ARG FORBICIIEEROMLENEIZ L
DRI EN TS (Bockris and Reddy, 1970), L 2»
L, $€k®D TLM TG FRIBOFRITHEBRICE
BEhTnhdroiz,

REZBWTKRIET OkFEA A+ & OB L 7
FKEAKMRA) 1Z0MICHE L T2 (Fig.5). O »
5 DKRBAEF OBLBEIC S BEMEFIAKXIZE 25
na .

Ow = pu(Xcosa ) Na = puy

—QL]Naﬂw

EHyo& o
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Z 2T P WERAICBUAKORBTE—A > b X
WBEROMEE, o IR THEMNRZ PVEBRAZ b
VOBDAE, eno ldRHEH A MIBITHKDOFEE
, eI EZEEOFEF (£,=8854X10"C%J .
m™), Naid 7 K F F o & & (N.=6.023 x 10%
mole™) T&H 5, TLMIZ B\ T, O ® F i &
(0o ROFBLVUBHEDBEME (wo—ws) &EF ¥
NI F Y ACICEYEBRDSTLNS -

0'0‘_‘01(11/0_11/11) (11)

11) %= (10) CRATEHERAIELND ©

éw:kﬂzo(lllo" U/ﬁ) (12)
ZZT,
kH20 =pH2oC1NA (13)
EHgo&o

X (12) 76, Ko THEOHERMNMFIL kup £0
HAWMMOBMEICEHBRITIONEZ b 0s, &
CCTEM kno (HALC -mol) OEAEIE, F/¥TF A —
YERATELEBBLZ 77 9 7 —BHIEWEER
To L7223 T, RUSIZE Y K1 mol 23HiEES HBED
HEIAAER

ow=F (yo— wy) (14)

THEzZonb, X (14) X (10) % Wi gt
LEZHTHLH, X (14) 3BA + Y BEDO TLM
WIESIBHATAZENTE L, BRI TFHEED S &
U3HBEANAFIEHEROETIIRARNTRIA LKL
5

Kps = 10~ 750870 (15)

CIZTn EHMIND KT FOENEERT .

Fig. 4b TR L7-NEBESERZFIICHI T2, 1IL D
B FRBUCHTH AL F VA F VIIEICHFEL
7o R AKBRIEICHE L pHEICEA T 5 ¢

2>SOH,' + A0S = (>SOH.")., AQS” (16)
ZOREDy 777 ¥ —ERNTEHBRE N,
AWrs= + 200~ 3y, amn

SNESEAER R (9) EFRKETH B, RITKHEK
BEDPOKGFVBHENL I LEERD !

( >SOH2+) 2_AO4 = ( >SO) JAQ,” +2H,0 (18)
ZOBBEIRENX 15) POLRDEHIIIHEZLNS
AWro=—2(wo—3ws) (19)

L7228 o THU T3¢ # BUS O 1IEBR B E R AL S 13 K1
5z26h%

A=+ 2p0— 3y, _2(1//0_ l//ﬂ) = T Ys (20)

A Y v & Hayes ® TLM & DWW, (1) + ¥
VAT VI BHICENMT B, (2) BRATRIEICHE
IKRGFHRBEDOHEAMRIEZERENS, D2HTH
5o BHESIEZ O L\ TLM % Extended Triple
Layer Model (ETLM) & #&f$i), ETLM 2 X 584
BAXRVEAF OB NDREEEFENT Z1T-> T
w5,

5. ETLM DiEHR

ETLM O#HO—fl & LT, #4 2BILH~oL
BB DN H (Fukushi and Sverjensky, 2007a;
Kanematsu et al., 2010) Zf##H$5., Sk L ERE
D BT D Z DM XAFS 132 (Waychunas et al.,
1993; Fendorf et al., 1997; Sherman and Randall,
2003), ®IE LM% (Kubicki, 2005; Sherman and
Randall, 2003) BXULEEA F v L HUPOILFEE %
%Y YA T v DB~ OBFE D Z DN IR B
%% (Tejedor-Tejedor and Anderson, 1990) 75, 3
HMEORMEROFENBDLN TS, FhbHIE,
i a b oAb LB sk R, 7o s ALl -NE
THSERB IO T O b AL LB ATH B

(Fig. 6)0 T O3B DONBSEEAE K G IZRDIE
RN TRBT LI ENTES

2>SOH + H:AsO{ = (>S0).As0,” +H" + 2H,0
(21)

2>SOH + H;As0? = (>S0).AsOOH + 2H0
(22)

>SOH + H:AsO¢ = >S0As0%™ +2H" + H,0
(23)

rF—5 4N, BERESEBLEY, a5 5L, ¥TY
A PBIUOEERET VI oY AB LW TEOATY
HEBEAET—ZIIRHLT, Tho0RMEGMERX
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Fig. 7a {Z Dixit and Hering (2003) 2 X b #llE &
h-OeBREEBL VO pH OBEKL LBy —
T4 FNOBEEEERT, HPICBIT5HMBRIEEE
B &hic B\ T L3t o MBS A A i UG & IR E
L7ZZETLM 2L 2RtEMRZ R T, BeRBESB X
K pH &2 BT, ETLMIC X 2 5tEBRITE
WF—% % X {EIHLTWS, Fig. 7b i ETLM 25
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(a) Adsorption edge of arsenate on goethite as function of initial arsenate concentrations

(Dixit and Hering, 2003). The lines show the ETLM regression. (b) Predicted surface spe-
ciation of arsenate on goethite surfaces. (¢) Adsorption edge of arsenate on amorphous Al
hydroxide as function of ionic strength and initial arsenate concentrations (Goldberg and
Johnston, 2001). The lines show the ETLM regression. (d) Predicted surface speciation of
arsenate on amorphous Al hydroxide surfaces.
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