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Adsorption of Inorganic Anions on Oxides
— Macroscopic Adsorption Behaviors and Microscopic Surface Complexation Structures —

Keisuke FUKUSHI

Institute of Nature and Environmental Technology, Kanazawa University
Kakuma, Kanazawa, Ishikawa, 920-1192, Japan

Abstract

Adsorption of inorganic anions at oxide surfaces are important factor regulating the anion concentrations in natural
waters. The understanding of the behavior and nature and adsorbed anion species over wide variety of oxides and over the
full range of environmental conditions is fundamental to prediction of the migration and long-term fate. There are numerous
studies which investigated the macroscopic adsorption behaviors of anions on Fe and Al oxide surfaces as function of pH,
surface loading and ionic strength. In addition, the microscopic surface structures of these anions on Fe and Al oxide surfaces
on wet condition have been investigated by means of in-situ spectroscopic analyses because of the development of the
spectroscopic technique from 1990s. The macroscopic adsorption behaviors and microscopic surface complexation structures
of sulfate, selenate, selenite, arsenite, arsenate, phosphate, chromate, silicate, carbonate, fluoride and boron on goethite,
hematite, magnetite, hydrous ferric oxide, y-Al,Os, gibbsite, corundum and hydrous aluminum oxide are reviewed in the paper.
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1. BUSIC

RIRKP DL S OMBREA + VHERER, ThoE
BAF B GO LB OBREr L TRINSIR
FER, MEREA A VBRI T AV — R E R B

MOBREPOFREINDBEL D BIIEPITENT L

BHILN, MEEA T VEOEHANOEENEDOEER
LEZLNRTWSY, RRICBIFCHMERA + EOW
EERAEIIR L ZEH ORMLEFELZ b o4 DHY R
ERYOREM TH S ENZ BN, ZORMHTHERE
IBEL, HEEEOKREVEKRL T VI =Y A0SR
LT d - L DEELRBREMHO D L DIIBIT LN S,
BRI REKRBENSTFET 22 MO T
BY, EEBBALWICEBA T OB, FHERAKBERE
(>SOH & itak) LA+ v OFREEEERERIZE 2 L
FEZHNTWBEY, RIS BV TER
FICHEET ARZEAF V2 RELECHET S :

>SOH +H" => SOH,

—HT7NVAVBEEBIIBNTIE, KESF 2RSS
ZEIIVAICHEETS

>SOH =>SQ +H*

EICHEL-REAKRIERE S, AISHFELRKEKE
HREIELL RS (EREMAERICAR %) pH%
zero point of charge (ZPC) & X35, Table 1idEERHY
WCRED S-S D ZPC 2R3, ZPC I3 &Y
KEAEZEEZ D2 LFASON%, Table LIT/REN S
EHICSi ORI N HEALWIE 2B, Ti 25K
SNBHBAWIIS A5 6 1BE, Fe(l) »oBR I 5
BAbPnix 8 2> H10F2 R, Al » SR I AB{EWIT9
P S10RED ZPC #7R7 . ZPC & b K\ pH 412
BWTEREKBEIEIIHET 5. AOBEWEROBA
F VRERIEICHE LS REICHERKNICTIEFES

20084F (“PHG204E) 4 H 2 HXAY, 200849 H 8 HZH
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Table 1 Experimental values of pH ¢ (after Sverjensky 20053)).

SOLID pHzpc Sources

Davis et al. (1978)® analysis of data from Huang & Stumm (1973)"®

Magnetite 6.9 Blesaetal (1984)"

Rutile 54  Machesky et al. (1998)°
Anatase 6.0  Sprycha (1984)%

Goethite 9.2 Lumsden & Evans (1995)7)

HFO 7.9  Dauvis et al. (1978)

Hematite 9.5  Christl & Kretschmar (1999)%
Kaolinite 45  Carroll-Webb & Walther (1985)'%
Corundum 9.4  Johnson et al. (1999)""
Periclase 124  Parks (1965)'?

y-Al203 8.6

Gibbsite 10.0  Hiemstra et al. (1987)""

Quartz 2.0  James & Healy (1972)"; Huang (1996)'®
am. Si0O2 2.2

Average value of 2.0 (Franks, 200217)) and 2.4 (Sonnefeld et al. 200113))

N, H5WVIZIEICHE L7 REKEERE & B T35y 5
ZLTWET %, ZPC DEVEEWIE LWRIE W pH &4
TREDEBMAFEH LR T, BAF VREREE
Vv, Table LWZ/RL72BITid Fe(I) R Al SR I
HEEALIE ZPC A8 H10iF ETH B 72, T pH
FHIZBVTERA F VIRERE R T I LIRSS,
—%, Si®TiPoMEIN LB Ibler 1 BIESEWIX
ZPC A MBI TH 5 72012, IEBWORBILHIR X h,
fed F VIRBRIIEL AW ERTFEINS, Mgh b
R & N A EREWIE Fe () R Al 20 SRR S L5 BRILY
I —BLBWIPC ZFHOH, BTNV EERY
THMENKEVZD, Pl EHRAREICBVWTZ
AR MAEBRKREIEZ DNV,

e A F > OB E A~ DO BAE B E)LRTR O &K1 B
BB & ORAERR A o+ v OALERITE CARIFET 5, B
L OEEBHHE L BHEEA A VEOANRY T~V g
VHLBBMDOPHB L UL F VIBEICKRREND Z & H
5, BA T ot ~DOWEEE X pH R4 + VEE
ZIELDE LKESBICHEKRET 2P, 7208
IS4 4 23 RmCHERET S [l (REBRE) %
WOEIHSFTHHOT, KA MRITHT 2 B4E
4% VR (surface loading) dWAEZBHHIIK X LBE
2525, L7200 TRABREBEIZBITAEA 4~ 0EH)
SR TR 24T ) 72012iE, TREFROBRA + U EOR
EEXBICBIT LB OREME pH 1+ VEE,
surface loading DB % BF T 5 LB D 5.

B4 v OEMRE~OBETLREIL, FICHERNIC
FlEFEON, SWEREE IEBLF/HELES VA
Btk L, WEICHE L -REABEE L OBRNMT3CHIC
XoTHECINBESERCTEENS, NBSKTHS L
LThH, FHEBEHOANORMEBEEIKFELTETEE
% REEEBREE LI 5 5 2 L5, S8 S
P Twh, —BIZKFHPEEORE VDKL 3
RIS L CTHHBESE RO A E BT 5, — /%
a4 + Rk, a4 4+ v ol BERERLDOME
H, GRIRE, pHRA 4 VHEEE L L BRI

MEL TS EFSEFAWMEREL LD LPBEINLTY
%o RESEAHEZIIRAED [RES] IS KLREL R
BT EFMOND, 72k 21, BELILEREETDH S
HWESEETH 2B IMMORFEA F Y OREL ITEX
Y, BMICREICHRESNS, —F, BBHNLEAT
HHNBERTH DA, HEA T VICEVESICRE
YA P EBOLNBBRANLRBENDE I LR E, 2K
HZ, REEARE & O PR II A RE O R EW RS %
DA F v OEBHTMIC L > TUHEDOBEHRZ D125
T EFEHE N TR BPY,

BT TIZ, ¥ F % Fe - AIBMbWREIIHT 5,
BEEFREAA O pH, BHEEEBIUCA T VEBE
PERE L 703y 7 ZREREIONEINES
BHZATORTETnB, F1990ERD S, 05k
G (BEBIBCR GERBRRE) ToRstask IR &
e X BRDUR IR E (XAFS) 747) O#EICHE-
T, BAF D Fe- AlBALERAEICB TSI 7 nR2
Yy 7 L RESEEEISB IR S Twa, 22
TREEITICHMEINRTVEY—F AL b, AT 54
b, 7 &5 A4, KFEBRILY (HFO), y-AlOs,
FTHAL L, AT VFLBITTNI =T L BILY
(HAO) 25 A5iM, L vB Tkl VB Erg,
R UVER Zul® SAE REE 7oA A
VBIUERYBOWEZRE L L ORASEAHEEICHET S
Bzl €a—125%,

2. BILMNOBA XV EEES

Fig. 12°5111CHhulE, L VB, #EEL VB Hek
g VU suls® rARR KEE T o{tWA g
VBITERYBOBICDIINT EZRET 5 ERT. T
ABEBRLINSBAFT VO =54 FPADOEETF—F
M (2007)%) 1I2B W THRE L724Y, £t o
At v BEREOHERBDO72DICH/BRT 5, AL
Voa—TRATVEBEBIVCHEEEY -E&7I1CB
&, pHOZEHTREINIZEBEERFTH S OBEORAELE
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(%) ZHELT—% BETY ), BIXUpHEA
FUBERY —BEMHICBE, BEOVHEHEEOEK TE
SNATMERB~OWEELZREL 27 —F (BESFR
B BB OBE L. 7— 7 BEDIEEEIZ19804FE DL
BORBMF L WTF—FThbl L, BELY Y - kE
HFRME DO L OOWERICK LT O EOKE SN
KBWTHERTo2dbDE Lz, ThbbRELY Y
WHELTIE, W24+ rilED LIIZBHRBET
WEIN-WAELTY U, WESREBICEHLTIE, v
DD pH D LA F ViBERFCHEEI N 0%
BELL. TREEBEL Y VERESREZF—OFED
FA—OWEEFEREHNTHE LW AH4E, B—opH-
A% VEESRAFICBVWTHE SNZRESERMTHo T
LBELS. ZRBUTOWL 2h0kmE L VRESR
MOWEIIX, BtYWoOKREFEZZEL Wb, B&
PR ICB L CIIXCBRICIRE SN2 BEBRTHW O
7Bt @ BET I X Vg SN2 RmEZ R L
720 —HEKE RO HFO £ HAO BRI Twizwn
T ENEL, FlhInoBREANRE{EYW O BET &I X
DHIEINLHERBIZERODD L HA/MFEES
HIEBEBEINTNEY, 200K LE2—128
VWi Davis and Kent (1990)”, Dzombak and Morel
(1990)?, Sverjensky and Fukushi (2007b)% o#3%fE
125 HFO B X " HAO D L EEH X § X T600m> g™
ZFHL72,

2.1 Fi B8

Fig. LICERILWM IS T 2B OBAE T — 5 2R T,
Fig. la > 56 f 3WBDO Ay — % 4 P ~DOREF— %, Fig.
lg BX U hiI HFO ~DEET—¥, Fig. i8It
y-ALONDRE T — ¥ ZR$, Fig. lad b fIZ/RE N
H5EH1Z, =4 ML ABBEREIBRESEGIEIES
<, pHO¥MZIEVEAIT S5, WThOEATDH pHS
(ZPC i) D EDOSBIzB W TIREHEIZIZIZTO 2R
T Fig. Ib, c BX e llREND LT, 14 VHE
DM CEERIZBDT 5. & IFEFITRVA F
VEESEFICBWTIRBEEREVMRRE TH o THRE
#EEFEL (KW (Fig. 1b), Fig. Ib BX P climdh
5 E912, & pH, KA 4 V5REE, K\ surface loading
(ALY OBENEEED ) OBER) &8V T,
Wk &) A 13100% 2380 £ o surface loading = 1 umol.
mZB LI = 00105tz BWT (Fig. Ib 7oy )
W25 EE0%100% 225 0% £ T35 pHIE (LLF A
pH) 34 RETH Y, REFEEHO pHIKFEIIE VL
WwZ %, Fig If ORFHRMIIRENZ L HIC, KA
F VEREE (I = 001) 3 X 0K pH & (pH3) 2BV,
BAWERIZL7 umolm? %2R ¥, EBA F Y BEL L
& pH IIBRIEA T v DT — 7 4 bANOWEIIF L
BThsiz0, ZORKEEERT—5 1 N OmERRE
RABRZRT I EDHEEIND,

Fig. 1lg BL T h /R &N 5 & 912, HFO OB E

BRILMIC X B AR A 4 ¥ DR 123

BENI S — 54 PEEULTW S, $hbbEESMIE
ERERIIE L, pH OBINCEVWREEIZRDT 5,
WENDEMICEWT S pH? (ZPCHHE) BLEIZEW
THAEEEIZITIZ0IZED L,

Fig i BX IR ENS X 512, y-ALO;DTREEKE
ZBENL X — %4 PR HFO L ENT 5, ThbbBlSs
I ERERIZE L, pH oIV ERERIZBAT
0 WTFNOEMIZBWTH pHY (ZPCA¥iE) BLEIC
BOWTHEEHAIZIZIZ0ICEDL, £/ Fig 1j IR &
NBH LI, 44 VBEOEMEVEERIIRE R
A3 5, Fig. HITRENS X512, EpH KA+ ik
&, K\ surface loading D& I2 BT, BEE AT
100% 12380 { o surface loading = 1 pmolm?®3 X U1
= 001D&HBIZB T (Fig lif7ay b) ApHIZ4 %%
ETH )V RELHO pHIKGERL XY —F 1 P E—FT 5,

DEF &5l HEBOBILH~OBKE IR {LYHEIC
L OFTHBEHEN LTS, §42bbE pHICBWTR
EEIIE L, pH 0¥V T 5, W& D pH K
HFMEE L, ZPC X DBV pH &B B W THBRIZR
LT E A EAE LR\, T4 F VEREORINE
WIEE RIS T 5,

2.2 LB

Fig. 2B bW T 5L VBOBRE 7 — % 2R
Fo Fig. 2a 25 {3 LV BOF — ¥ 4 F~ORETF —
%, Fig. 2g %5 kiZ HFO ~Olx% 57— %, Fig 21 B
X O m i3y-ALOANDRFE T — ¥ % RT, Fig. 2ah b f
WREND LD, BV VEBOT -5 4 P OEEEE)
B L EWT S, Thbb R VBREE MM StE
EEL, pHOBIZAEVWEAL T2, WTFhoB&Th
pH8H” 5 9 (ZPCAHHiE) PLEOSEFIZB W THREHE
XIFIT0%2RT, Fig 2a?2b c BLUelliRENB X
I, A& VREOMINIECRERIIRDT 5, —F
Fig. 2d 13\ surface loading (115 pmolm™) &2 B
54 VBEOBBLELEBELY VERT, 2T
DEBFERIIHAB 24 4 VEERFEL RIS, KD
BWpHEBTHL10% BEOWEEAZH 2. THEE
Wb LV RRIBEE S 51T B RV R IR SR D A B
ERBLL TS0 Lk, Fig. 2a2b c TR E
N5 LI, KpH, KA F Vi, K surface loading
FHITBW T, WEHAEIX100% 12380 {, surface
loading = 1.15 gmolm™®3 X I = 00112 BT (Fig.
208070y ) ApHIZ4AEETHY), L v BEE
D pH EAFEIEIHEEE L X —% T 5. Fig 2flIREN b
o, EA A VEmE TI=001) BXOKPH&H
(pH3) 2BV, BAWAERIXLS ymolm HRE %R,
BRlR & AR, A 4 CHEBI MK pH IZ L Y BED
F—=5 A4 PNOWEIHFELWEBETHY, ZORAR
EEBRITF =54 POV VBREERKERIZEVVETDH
LI lhHERING,

Fig. 2g 2»5 k IZR &5 X512, HFO Ot L v ERk
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100 y T T T r T T T : T T
90| a.
80+ Sulfate on goethite in [=0.1 M -
L NaClQ, solutions i
& 70+ 4.6g.L"; 29 m2.g” - S
& T 1 B
e . S
Q 60 5
o I ] o
o 501 m - @
2 = o
2 I i ©
=S 40F Sigg and Stumm (1980) | - u
=
2] L L B 0.5 mM sulfate i 17,
X 3ok 44 4 . m 4 1mMsulfate _ 2
L A LB _
20 am
L N J
10} i -
i 'y A i
0 : [ . i . B 1 .
3 4 5 6 7 8 9
pH
1OOMI T T T T T T T T T T T T
L - J
90 - C. —
L Sulfate on goethite in J
NaCl solutions
80 B —
c s a 1.6 g.L; 79.4 m2.g™ ]
L 70 A - c
o ry o
5 r EN @ | Al and Dzombak (1996) N b=
» 60% N & | = 0.01; 0.05 mM sulfate L 5
8 L 8 B 4. 1=0.01; 0.25 mM sulfate B 7]
k]
E 50+ @ | =0.1; 0.25 mM sulfate | | ©
= | % 4 w | =0.01; 1.00 mM sulfate | o
=] ©
» 401 ® 4 7 =
X r 2 b %)
30 ®e *a . R
L B J
'y
20w ve & il
w ®
L v;v - i
Wou &
10+ A4 - —
A vV v :‘k ] i
0 PN TR PR ST L. 2N 2T T N
3 4 5 6 7 8 9 10 1
pH
10771 T T
90 Sulfate on goethite in KNO; solutions e . _—
L 96.4 m2.g-! 1
80 ¢ - &
r 1 €
c . E
.g 701 4 Geelhoed et al. (1997) n g
a I s @ @ 1=0.01;0.5g.L"; 0.1mM sulfate b =1
G 60 A 1=0.01;4.0 gL"; 1mM sulfate - ~
'8 - . & W 1=0.5;4.0g.L"; 1mM sulfate g 5
o 50- ® = =
-— | & -
I ] @
S 40+ ] ® -
3 | A ] ®
R 301 u ®s - %
L a ] -
20| L i ?
L m @ J
10+ " _
0 L m g ]
> 3 4 5 6 7 8 9 W0 1
pH

it o
100 T — T
90t g Sulfate on goethite in B
L NaCl solutions 4
80 ¢ 7.48 gL 51.8 m2.g" .
L ® |
70- Balistrieri and Murray (1981) [
r &, 1=0.53; sulfate 0.21 mM 1
601 @ =0.01; sulfate 0.364 mM H
L @ ]
50 =
401 ® -
30+ A _
L ® 4
20 -
L . ]
10 A ® -
ob— 1 [l SNV SO B TP
3 4 5 6 7 10
pH
100 T T r T T T T r T T
90 d "
| ® i
0 @
80r- Sulfate on goethite in | =0.1M 7]
L [ NaNO; solutions 1
70+ 11 g.L; 39.5 m2.g! .
L ® 4
60 -
50 I A Persson and Lovgren (1996) ]
A ° @ 0.35mM sulfate B
B A A 0.77 mM sulfate ]
401 —
b ‘ -
30+ 4 -
20F A . .
10+ A —
O i \ | ) 1 1 | ' @ | A l & g |
3 4 5 6 7 8 9
pH
2 —— T — Ty ——
Sulfate on goethite in f
| 0.01 M NaNO; solutions . |
96.4 m2.g™" ®
@
1.5 -
®
&
1- s @ & ]
&
L & 4
& Rietra et al. (2001)
0.5~ @ pH3.0 T
A pH5.0
i m pH8.0 |
,__B__I_A_I_J..J.._L%_-J_!!_L Lol L PEENSS NS 3
e 10 10* 10"

sulfate concentration (M)

NI | -El ectronic Library Service



The O ay Science Society of Japan

4A7% 835 (2008) BAbiC X 2 R A 4 DA 125
100 T T T T T T T T T 100 T T T , T T T
90k g - 90 h .
C m Suifate on HFOin1=0.1 M i Sulfate on HFO in1=0.1M 1
80} NaNQ, solutions . 80+ NaNO; solutions =
- 0.088g.L""; 600 m2.g! 1 r 0.085 g.L-*; 600 m2.g-! ]
c 70 = — 5 701 —
Re] L 1 = . 4
2 60+ - S 60| .
8 o b % - Swediund and Webster. (2001)
® 50- , , - © 50| B 0.208 mM sulfate -
o I Davis and Leckie (1980) | Q L & 1.82 mM sulfate i
-o&; B B 0.01 mM sulfate E
& 401 A 1mMsulfate 7] S 40 ]
a L 4 7] - i N
s 30 - R 301 - =
201 - 20} —
L E | i - |
5
100 * & & . - 10t L -
L ] 4 L A ]
0 o e m 0 . | R ST ST S
4 5 6 7 9 3 4 5 6 7
pH pH
100—gpgrvo—v—w T — T 10— T T T T
- o w I 1 o [ J i 1
90 ° " N 4, ® .l .
L Sulfate on y-Al,Oj in L A Sulfate on y-Al,O; in
8oL . 1=001MKCT ] 8oL . KCi solutions 2 °
| ¥ | i suifate 1mM
5 701 L 10 g.L*"; 100 m2.g™" i 5 701 ® 10 g.L'; 100 m2.g-!
o L R i He et al. (1996) i § L 4 o He etal. (1997) E
8 60 & ¥ 0.1 mM sulfate | | 8 60 A ® 1=0.01 _
g I L4 @ 1.0mM sulfate ] g | L] A 1=01 i
& 4% 2.5 mM sulfate B/ 1=1
% 501 o B 6.0mM sulfate B 2 501 A® 7
= - v 1 S e 1
@ 40+ . - 2 40 .
2 _f " - SO = a 1
30+ - = 301 ® ~
20} ® - 20| e -
L 4 N ] L m 4 i
10 "‘ oy — 10+ - Aa. —
i ov ] I wh 1
O i 1 ] R I o] A R NV N W AU B M—
3 4 5 6 7 8 9 !I 0 11 3 4 5 6 7 9 10 1
pH pH

Fig 1. Sulfate adsorption.

a. Sulfate adsorption on goethite as a function of pH and surface loading by Sigg and Stumm (1980)*".
b. Sulfate adsorption on goethite as a function of pH, surface loading and ionic strength by Balistrieri and Murray (1981)

27)
28)

c. Sulfate adsorption on goethite as a function of pH, surface loading and ionic strength by Ali and Dzombak (1996)*.

d. Sulfate adsorption on goethite as a function of pH and surface loading by Persson and Lovgren (1996)™.
e. Sulfate adsorption on goethite as a function of pH, surface loading and ionic strength by Geelhoed et al. (1997)".

30}
31)

f. Sulfate adsorption on goethite as a function of surface loading and pH by Rietra et al. (2001)®.
g. Sulfate adsorption on HFO as a function of pH and surface loading by Davis and Leckie (19805,

h. Sulfate adsorption on HFO as a function of pH and surface loading by Swedlund and Webster (2003

)34)

i. Sulfate adsorption on y-ALO; as a function of surface loading and pH by He et al. (1996)*.

j. Sulfate adsorption on y-Al,05 as a function of pH and ionic strength by He et al. (1997)™".

BRI —F 4 b EEERIC, BEMSAIZERAERIEE
{, pH OB WREREIZRAT 5, WTFhoftlt
ZBWTH pH7A*58 (ZPCHHE) & b Ev pH TS
HEHI1IFIZ0IZET L, Fig 2h BL U, kITREN B &
I, A F VIEEOWIMCEVEERIIBDT 5.

Fig. 2l BX U mIZR&NB LI, p-ALO,DEL ¥
RN E D BT A RIIE L, pH oM
VB ERRBLT 5. WTFhoLFizBv»T3 pHI

36)

(ZPC i) X U &\ pH T EIAIZIFIZ0CE DL,
Fig. 2m 2R &N B L H 12, 4 F VBNV
EBIIRE WA T 5, — K surface loading = 0.568
umolm™®B X U1 = 01D &M ITHB VT (Fig 21 A 7
Qv ) ApHiZ6BEZRL, Mo & LET %
& pH IR R E -,
DEzEosl, L ryBROBIY~OREIIHEBED
BEICHEMUL T, TbbEpHIZEWERIIE L,

NI | -El ectronic Library Service



The O ay Science Society of Japan

126 w|tEHN R
100 — ; . . . . 100— T . T : . T
[ T 'i?:‘. : T T T q. (o do g | T T T ]
90} = A " oo * b. ]
i ov | | ® ]
B & o
80 - 80} A Selenate on goethite
- i ® | - | in NaNO, solutions:
S 70 B & v o 70 ® selenate 0.1 mM
a __ 7] a B " 3g.L"; 52 m2gt 7]
I} - i ] o] I 4 ]
2 60- A . & 60r Hayes (1987) .
© - v . © L ® i1 -
L2 50+ ov - L 50 = A A1=01 -
e L Selenate on goethite™ A : e - ] ® =001 .
9 4oL in NaNO, solutions: _ KT 4
8 selenate 0.1 mM & % B A
° | 30 g.L"; 52 m2.g" B & 1 o I ® ]
X 30+ i : - — > 30+ . -
L Haytles_ (11987) p - - a ® i
2| Ao = . ) 2r )
L =0 & - L i
1=0.01 Iy
10+ ;|=o.001 = - 4 ¥ N 10| L. P n
L _ L N i
0 P I TR RS R | 'Y, 0 PR IS BN SRR I Y S S
3 4 5 6 7 10 3 4 5 6 7 8 9 10
pH pH
100— — T 77T 100— ——7—TT——T—
Q- e C. B 90 d -
- . B - -
80 i Selenate on goethite 80} Selenate on goethite |
5 L A, in NaGl solutions: _ c L in INaCtI S?'“t"&“S:
£ 70L N Py selenate 0.1 mM ] 8 701 selenate T m
5 i 4gL"%21.8 m2g? ] s 1 4gL"21.8 m2g”
@
o 60 4 ° Su and Suarez (2000) = & 60F Su and Suarez (2000) .
o - =1 1 g - W=t 1
@ 50| A A 1=0.1 - w 501 A 1=01 .
& L ° @ =001 4 S L ® =001 ]
9 40- - < 40 -
| L {2 1 ]
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i B & hd i P, i
20} ol - 20+ b PR -
- : S L |
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oL— ¢ v ) B 1._,_3_* ol v e ey )
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90 ® e " [ | Rietraetal. (2001) v f 7
- 1 | @ pH30 o .
80 — & F| wpH33 :
5 - & 1 £ 1.5 & rH38 —
= - _ - L & pH43 J
o 70 | Selenate on goethite in ] g | | & pH50 o |
§ 60 NaNO, solutions o B =2 1| ©eH 2_2 ev ¢ ; .
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o 40+ - - : .
8 Tl ] ® [ L 2 & ]
Q
X 30 . § £ o ]
I | & 05 °e o ~Selenate on
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I -0 ®s | I o © 96.4 m2.g" ]
b v e 1 L L -
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selenate concentration (M)

NI | -El ectronic Library Service



The O ay Science Society of Japan

BE4ATE 35 (2008)

BRALIIC & B SAREE A oF > D

127

100 . T : I . | ; 100 T y : T ; T .
+ Selenate on HFO in | = 0.1 M NaNO . - i ions: 8
ol m,, S ‘9] wf  Smesmereesws  h,
"o . 0.088 g.L'; 600 m2.g™* 4 - 0.088 g.L-'; 600 m2.g" 1
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Fig. 2 Selenate adsorption.

a. Selenate adsorption on goethite as a function of pH and ionic strength at lower surface loading (0.1mM selenate and 30gL™ of
solid concentration) compared to Fig. 2b by Hayes (1987)*".

b. Selenate adsorption on goethite as a function of pH and ionic strength at higher surface loading (0.ImM selenate and 3gL™ of
solid concentration) compared to Fig. 2a by Hayes (1987)*".

c. Selenate adsorption on goethite as a function of pH and ionic strength at lower surface loading (0.1 mM selenate and 4gL™ of
solid concentration) compared to Fig. 2d by Su and Suarez (2000)*®.

d. Selenate adsorption on goethite as a function of pH and ionic strength at higher surface loading (I mM selenate and 4g.L" of
solid concentration) compared to Fig. 2¢ by Su and Suarez (2000)°®.

e. Selenate adsorption on goethite as a function of pH and ionic strength by Rietra et al. (2001)®.

f. Selenate adsorption on goethite as a function of surface loading and pH by Rietra et al. (2001)®.

g. Selenate adsorption on HFO as a function of pH and surface loading by Davis and Leckie (1980)*>.

h. Selenate adsorption on HFO as a function of pH and ionic strength by Hayes et al. (1987)*".

i. Selenate adsorption on HFO as a function of pH and surface loading by Balistrieri and Chao (1990)*”.

j. Selenate adsorption on HFO as a function of pH and ionic strength at lower surface loading (0.1 mM selenate and 4g.L™ of solid
concentration) compared to Fig. 2k by Su and Suarez (2000)*®.

k. Selenate adsorption on HFO as a function of pH and ionic strength at higher surface loading (1 mM selenate and 4gL™ of solid

concentration) compared to Fig. 2j by Su and Suarez (2000)

1. Selenate adsorption on y-Al,O; as a function of pH and surface loading by Ghosh et al. (1994)*.

m. Selenate adsorption on y-Al,O; as a function of pH and ionic strength by Boyle-Wight et al. (2002)*".
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Fig. 3 Selenite adsorption.

a. Selenite adsorption on goethite as a function of pH and ionic strength by Hayes (1987)*.

b. Selenite adsorption on goethite as a function of pH and surface loading by changing the selenite concentration at solid
concentration by Balistrieri and Chao (1990)*.

c. Selenite adsorption on goethite as a function of pH and surface loading by changing the solid concentration at constant selenite
concentration by Balistrieri and Chao (1990)*°.

d. Selenite adsorption on goethite as a function of pH and ionic strength at lower surface loading (0.1 mM selenate and 4gL™ of
solid concentration) compared to Fig. 3e by Su and Suarez (2000)* .

e. Selenite adsorption on goethite as a function of pH and ionic strength at higher surface loading (1 mM selenate and 4g.L™” of
solid concentration) compared to Fig. 3d by Su and Suarez (2000)°®.

f. Selenite adsorption on hematite as a function of pH and ionic strength by Duc et al. (2006)*.

g. Selenite adsorption on HFO as a function of pH and ionic strength at lower surface loading (0.1 mM selenate and 4g.L™ of solid
concentration) compared to Fig. 3h by Su and Suarez (2000)°°.

h. Selenite adsorption on HFO as a function of pH and ionic strength at higher surface loading (I mM selenate and 4gL™ of solid
concentration) compared to Fig. 3g by Su and Suarez (2000)*®.

i. Selenite adsorption on y-ALO; as a function of pH and surface loading by Ghosh et al. (1994)*.
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Fig.4 Arsenite adsorption.

43)

a. Arsenite adsorption on goethite as a function of pH and surface loading by Dixit and Hering (2003)™".
b. Arsenite adsorption on goethite as a function of surface loading by Dixit and Hering (2003)*.

c. Arsenite adsorption on magnetite as a function of pH and surface loading by Dixit and Hering (2003

43)
43 )y

d. Arsenite adsorption on magnetite as a function of surface loading by Dixit and Hering (2003)™.

e. Arsenite adsorption on HFO as a function of pH and surface loading by Jain and Loeppert (2000)*.

f. Arsenite adsorption on HFO as a function of pH, ionic strength and surface loading by Goldberg and Johnston (2001)™.
g. Arsenite adsorption on HFO as a function of pH and surface loading by Wilkie and Hering (1996)*®.

h. Arsenite adsorption on HFO as a function of pH and surface loading by Dixit and Hering (2003)

44)
45)

46)

i. Arsenite adsorption on HFO as a function of surface loading by Dixit and Hering (2003)*.

j. Arsenite adsorption on y-ALOs as a function of pH and ionic strength by Arai et al. (2001)*”.

k. Arsenite adsorption on gibbsite as a function of pH and ionic strength at lower surface loading (267 1M selenate and 20g.L™
of solid concentration) compared to Fig. 41 by Weerasooriya et al. (2003)*®.

1. Arsenite adsorption on gibbsite as a function of pH and ionic strength at higher surface loading (135 #M selenate and 20g.L™
of solid concentration) compared to Fig. 4k by Weerasooriya et al. (2003)*®,

m. Arsenate adsorption on gibbsite as a function of surface loading and pH by Weerasooriya et al. (2003)*®.

n. Arsenate adsorption on HAO as a function of pH and ionic strength by Goldberg and Johnston.
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% arsenate adsorption % arsenate species

% arsenate adsorption
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Fig.5 Arsenate adsorption.

a. Arsenate adsorption on goethite as a function of pH and surface loading by Manning and Goldberg (1996)™.

. Arsenate adsorption on goethite as a function of pH and surface loading by Gao and Mucci (2001)*”.

50)
46)

. Arsenate adsorption on goethite as a function of pH and surface loading by Dixit and Hering (2003)*.

b
c
d. Arsenate adsorption on goethite as a function of surface loading by Dixit and Hering (2003).
e

. Arsenate adsorption on goethite as a function of surface loading and pH at lower ionic strength (I = 0.01) compared to Fig. 8f

by Antelo et al. (2005 .

()

by Antelo et al. (2005)°7.

— e e TR

. Arsenate adsorption on HFO as a function of pH and surface loading by Jain and Loeppert (2000)
. Arsenate adsorption on HFO as a function of pH, ionic strength and surface loading by Goldberg and Johnston (2001)*.
. Arsenate adsorption on HFO as a function of pH and surface loading by Dixit and Hering (2003)"®.

. Arsenate adsorption on HFO as a function of surface loading by Dixit and Hering (2003
. Arsenate adsorption on y-Al,0; as a function of pH and ionic strength by Arai et al. (2001)*".
. Arsenate adsorption on corundum as a function of pH and surface coverage by Halter and Pfeifer (2001)*”.

. Arsenate adsorption on goethite as a function of surface loading and pH at higher ionic strength (I = 0.1) compared to Fig. 8e

44)

46)
).
47)
52)

m, Arsenate adsorption on gibbsite as a function of pH and surface coverage by Manning and Goldberg (1996)*.

n. Arsenate adsorption on HAO as a function of pH, ionic strength and surface loading by Goldberg and Johnston (2001)* .
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Fig. 6 Phosphate adsorption.

a. Phosphate adsorption on goethite as a function of pH and surface loading by Sigg and Stumm (1980)™”.

50)

b. Phosphate adsorption on goethite as a function of pH and ionic strength by Gao and Mucci (2001)*”.
c. Phosphate adsorption on goethite as a function of pH and surface loading at lower ionic strength (I = 0.01) compared to Fig. 9d

by Geelhoed et al. (1997)°.

d. Phosphate adsorption on goethite as a function of pH and surface loading at lower ionic strength (I = 0.5) compared to Fig. 9¢c

by Geelhoed et al. (1997)*".

e. Phosphate adsorption on goethite as a function of surface loading and pH at lower ionic strength (I = 0.01) compared to Fig. 8f

by Antelo et al. (2005)°".

f. Phosphate adsorption on goethite as a function of surface loading and pH at higher ionic strength (I = 0.1) compared to Fig. 8e

by Antelo et al. (2005)*".

g. Phosphate adsorption on HFO as a function of pH and ionic strength by Arai and Sparks, (2001

)53)

h. Phospahte adsorption on y-ALQ; as a function of pH and ionic strength by He et al. (1997)*.
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Fig. 7 Silicate adsorption.
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a. Silicate adsorption on goethite as a function of pH and surface loading by Sigg and Stumm (1980)*”.

b. Silicate adsorption on goethite as a function of pH and surface loading by Luxton et al. (2006)*.

54)
55)

c. Silicate adsorption on HFO as a function of pH and surface loading by Swedlund and Webster (1999)™.
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Fig. 8 Chromate adsorption.
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a. Chromate adsorption on goethite as a function of pH and surface loading by Mesuere and Fish (1992)®.

b. Chromate adsorption on goethite as a function of pH and ionic strength by Mesuere and Fish (1992
c. Chromate adsorption on goethite as a function of surface loading by Mesuere and Fish (1992
d. Chromate adsorption on HFO as a function of pH and surface loading by Zachara et al. (1987)°".
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Fig. 9 Carbonate adsorption.
a. Carbonate adsorption on goethite as a function of pH and total CO, concentration in system at closed reaction vessel at lower
ionic strength (I = 0.01) compared with Fig. 9b by Villalobos and Leckie (2000)*®.
b. Carbonate adsorption on goethite as a function of pH and total CO, concentration in system at closed reaction vessel at higher

ionic strength (I = 0.1) compared with Fig. 9a by Villalobos and Leckie (2000)*®.
c. Carbonate adsorption on HFO as a function of pH and surface loading by Zachara et al. (1987)>".
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Fig. 10 Fluoride adsorption on goethite.
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a. Fluoride adsorption as a function of pH and surface loading by Sigg and Stumm (1980)”.
b. Fluoride adsorption as a function of pH and surface loading by changing the equilibrium fluoride activity by Hiemstra and van

Riemsdijk (2000)*®.

59)

c. Fluoride adsorption as a function of surface loading and pH by Hiemstra and van Riemsdijk (2000)°”.
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Fig. 11 Boron adsorption on goethte (a) and gibbsite (b) as a function of pH and ionic strength by Goldberg et al. (1993)*.
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Fig. 12 Various surface complexation structures of oxyanions observed by the EXAFS, XANES,
ATR-FTIR, Raman spectroscopy, CTR and XSW.
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e84 FN\OREEA F Y BEDF DM ATR-FTIR il
E X IT\V>, Peak et al, (1999)% & FAEIC, 1% pH &#
TiE MM B ORNESEERPESETHS—F, ®pH Tk
NESEARDMBERIC R AT E EBR LT,

Wijnja and Schulthess, (2000)% & ex-situ S 12 B
WTpHDBE & L 722p-ALOANDIREEA F Y IkE D
Raman %38 X FATRIR WE 41T o 720 Z DR,
W L7-TRERA F V133 & A EDEMIB W TH B K
REPEEFETHZEE2RL

Paul et al, (2005)%? 1% Peak et al, (1999)% & iZ(ZIH
BHOBEFBEIZLD, "NTF L bAOBERA * Y RED
ATR-FTIR #l5€ %17 - 720 Paul et al, (2005)%? i35%F
YIal—YaviZXBIRARY FVOBEREELE
B L 0B D b RESEMEE ORI E LTV, BEMSL
HFioBWTHBAF Va7 b Y EOMM B LI
BB #lONESEESB L OKER SR RESE R L R T 5
ZEEIRL

UraTeHBE, TNy ABEWIZEVTHE
A% IIHESE R L LCRET 5, SkRILY (F—% 4
b+ ~N<% A4+ -HFO) IZIZWBESEEE & 04 BEEE
UREFEREER 2 &) & LTRET S, WEERIT MM
B L3 2MEIL V. FEEEEROMN I 2 F 5 13K pH
BLUEA 4 VBRESLMGTHEINT 5,

3.2 vLUE

Hayes et al, (1987)% i3Ei:4tt (pH 35) 2B WT
F—F L +~DEL VERA T 2 HED EXAFS i€ 247
W, BV VEEA VI3 — 7 4 FRECIMESRE LT
W& A & %L 7K, —F Manceau and Charlet,
(1994)%® 13 Hayes et al, (1987)% o %Ex & %l L7 pH
FMHICB VT EXAFSHlE Z 1TV, L UV BRA * Vi
BB & OWNBESEEE R T 5 & i L T 5,

Wijnja and Schulthess, (2000)% i3 pH OB x L7z
F— 4 "Dt L VEERFE D Raman Y6 HIE 247V,
B A o v LRk, BEEFICBCCEE e b R
MM WK IMBERTH 52—, pHOWIMZL b hw
NESEELEBENSL Z L %2R L7, %7 Winja and
Schulthess, (2000)% & pH DB & L7z y-ALO~ND X
L VA F Y BAE D Raman 56l E 1TV, FRERA 2
VERBRIZED & D BREWEMHICB T DA BRI
BRBETHHLZEER LT

Su and Suarez, (2000)%® ¥ HFO ~® % L » BIFE D
ATR-IR G4 E % 17V, KHE$EMA L BB R ABESE AT
HBHIEERLTVS,

Peak and Sparks, (2002)%” 13 pH, 4 4 V&ESB LV
surface loading & L7y —% 4 b~ L VB
44 VEED EXAFS %1707z, TOME, KpH B
I UBEWA T VEBELEMICBWTENESEIESRTH
%5—7F, B pH B X KA F VERESAIC B CHESHE
BEHL DI L %R L7z, Peak and Sparks, (2002)%”
L L o EER 12 30 & Hayes et al, (1987)% &

BRALWIC & 2 B A 4 ORHE 151

Manceau and Charlet, (1994)% 1277 & 1 2 S AME %
DA—FIIMNBFOEERRICBIT S F VEBESTOERIC
L 5D EMBRTVS, F7- Peak and Sparks, (2002)%”
31=01 pH3DELHIZBWVWTARY L FBIU
HFO ~Ot L VA F D4 — % 4+~ EXAFS il
EERTV, REERIHBESERCERTLZEE2RLT
W %, Peak and Sparks, (2002) d ~N< ¥ 4 + ®
ATR-IR HI5E % P& Ty, R LN NESEEIENR T
Or Y MMBTHEIEEZRL TS,

Peak, (2006)®® 13 pH OBH L L7z HAO B X U2
YEANDEL VA K VRED EXAFSHIE R T o
720 ZOMRR, YLy BEBEROPHIZ» 2D ST
HAO izt L Tk B R 2R T2 L, a5 v 5 A
W2 LTI pH &4 2 B & MM R o Py BB 816 % Bk
T5ZEERLI. B pH &HTIIA B E K
T 50, ZHIZEpH &Iz Ta s v ¥ AHHAO
WEBLHERZEBLLTWAES2d Lhwn i< Tn
5o

DEaF 2L, L VBIZHAO B L TFy-ALO;
W LTI SR AV ST 5, a5 v FAITRL
T MM B ONBEEEREER TS, ¥4 MIHL
TRNESEERS X OB R BR L, WA+ L F
BRICER R RIS A3 pH o4 F VMBI Xk - TELT
Bo NTH A B LUHFO 123 L CIZRBESE KD & a8
HESN TS, 2B RE XS 2 NESEERD
B EREEIE MM B BBRIOREAED SN T W5,

3.3 EELVE

Hayes et al, (1987)% 1% pH56& 25D &2 B W T
F—5 A4 FOFE X L VERTSE O EXAFS il 2T\
WTFNDOEMSFTH BBROWESERZHER TS L 2R
L7zo Papelis et al, (1995)% 1% pH5%* 555D 4125
WTA FVEBEORBE LB T VIS, 255 A
BXUETH A Mot 28 b L VBRSO EXAFS il
ExfTolze ZORRE, KAt VBELAIIBWTE
B7LVIF LTy 5 AIC1E MM B ORNEREEI D
LA, MORWWETIIEET NI =T 2AOFEELRT
BRWELN LD o 72,

Su and Suarez, (2000)*® i3 HFO ~DH#it L ¥ Bk
® ATR-IR 0l %2 47V, RMsEHHEEEI MM L
CIIBBREIWESEATHAILEZRLT VA,

Peak et al, (2006)" 3 X U Peak, (2006)%® i pH,
A F VEEPB X O surface loading ®B#c & L 72 HAO
~NQHE L VEEWED EXAFS Wl #1To 770 FORER
WTNOEFIZB W T b EmEEARIZ BB RO NBEEHEKRT
HBHIEERLTWS, 7275 L Peak et al, (2006)™ 1&
XANES 2 & 2 FA—EO5H 25, NEEEEIZIA T
HNBEERLFELLTWAI AR LT WA,

Catalano et al, (2006)™ ix~<# 4 + (100) HIZH

FAEL L BROWER BN 2 XSW BIZ L D17,

Wt L Y BROFHESEFHEE I BB EANEEATHLI L
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ERL7z.
DrEzFeodre, Mitl YBBOBWICHITAEHE
$:4K13 Papelis et al, (1995)% 12 X 2 Al Bg{t s X OF
Peak et al, (2006)™ 12X % HAO 1263 2 HREFIcB W
THESERDFEEIVREI NS b DD, FnDio#HE
TIIHNBESE RO LR 2 XEH L T b, WESEORMER
EIIERIEEIC X ) MMAED LI BBEISHE S
TWwh,

3.4 HEE

Manning et al, (1998)™ i& pH64-86, 1+ Vi&EE I =
0001 D 5412 B> C surface loading DB E LTHr —
¥ 4 PO e EEEE D EXAFS HIE 247V, WTho
FHITBNTH BBRIMESEKREER T 2R
720 %72 Farquhar et al, (2002)™ &9 pH 125V T
P4 NBIOLY FZ7 0% 4 Moxd 28 Bk
D EXAFSHIED S, WIhoBEE&bE ez BBEPA
Bk KT 52 2R L

Arai et al, (2001)* 1& pH BL VA + v BEOBH L
L 72y-ALOA O Hi b R 35 O XANES HlE 2 6, KA
F VHEEE - B pH O&EBIC B W THBEM RO F S A H R
5500, FNUSNOEAETIINBEEEIEMNTH D S
E#R L7z, F72 EXAFS JIE D & B RO B BRBE
XBBEITHBZ &R LT

—7 Voegelin and Hug, (2003)™ 13 HFO ~0HE & fig
W% D ATRFTIR @lEZ TV, WLEBIZBBAILY B
WS TH L EEARD LI MM BRBESEERTDH
HEHBL T 5B,

UEkZzFedre, XAFSHERALBLRBRIZY — 5
A b VEFZOH AL b - p-ALOICK LTBBHEOW
BlsE AL LCEBICRET b, RZLEAF Y BE - &
pH D42 B W Ty-ALO; TIEIN B RO FADIIRE &
nTwb, —F) ATR-FTIR #ll % Ti3H ¢ B HFO ~
OWEITHIESEARD L < MM RISk E2 D 52
ERHERM I N TV S,

3.5 & E

Waychunas et al, (1993)™ & pHS8, £ 4 V3R =
0.1D &1 B v T surface loading ® % & L T HFO
~DO B ED EXAFSME LT o720 BONIARY
VOB S, CBIZHFOICH LT MME B LT
BBEOWEMSAZERTAZ L 2R L. $7-BBE
BRI L, MMERNESEAOHNN 2FS5 X
surface loading DAL WEMT 5 Z L 2R L7,
Waychunas et al, (1993)™ 3#—% 4, L¥FZ 1
HFA N, TAFTEFRTA MR LT eBEEE O EXAFS
HWEZITW, =% 4 FTIRXHFO & HHEIZEW
surface loading 412 8T MM B NEEE AT BN S
bOD, NS TIMES L KEEKIZ BB BNESE
THAHI ExRLT,

Fendorf et al, (1997)™ X4 %+ ¥ 3B X OF surface

TR e

loading —E D&M IZB T pH D% & L7z HFO ~
DA D EXAFSHIZ 27272 Z0&FEFVTho
ZIZ BT D BB R & MM By B SRR MBS AT

L, REHEEENEH (AR pH 2MEV) EHOARIC
BWTBMEOHNBEEDERSADLND Z L %R
L7z %&b MM BN EEEAO BB RIgkRizx 3 5 M
WeFS I RmEERORM (A pH o) 1off
WHEINT B Z & ER L.

Arai et al, (2001)*” 13 pH B X U4 F+ VMO HEE L
L 729-ALO;~ D & B IR 3% © EXAFS 3 X UF XANES il
EDD, WTFROLEMAIZEWTH BB BINBESHAIES
THDHTEER LT

Roddick-Lanzilotta et al, (2002)™ i% pH H¥E4H:12 35
W HFO ~® b Bl » ATR-FTIR #ll € %47\, %
HLeBIKERPOCEA & v L3R LR
THHIEERLTWAS, Voegelin and Hug, (2003)™
IZWEA W pH B X U surface loading §ef412 BT HFO
NDOLBEE D ATRFTIR llE %17V, W&kt
ZBWTHE—7 A4 7ONBESEEREERTLZ L 2R
770

Farquhar et al, (2002)™ 3 X 0F Sherman and Randall,
(2003)™ 3 EEMED S PHSEEFICBNTF—F 4§, L
¥rFzadA b, A<y 4 bBIUCHFO ICHT 5 Ll
W& O EXAFS HlZE 21TV, WihoE b L ERIL BB
BABESERE R TS L 2R L7,

Arai et al, (2004)™ 13—35EA F+ VRELEMEIZBWT
pH B X U surface loading DB E LTAT A M2kt
35 BRIEAE D EXAFSWE 2170720 ZOREVTI
DEMIZB VT H e ERIE BB A - BM BINESEAL LT
AT YA PRENEET A L 2RI,

Waychunas et al, (2005)*” i3 CTR & grazing inci-
dence-EXAFS ##ia&bd, ~<v¥ AL b (001) BLU
(012) HIZB % v BRESEROEERT 21T o720 £
DR BOREEERIZ BM 8l & BB ByBESEATH S
ZEERL

— 7 Catalano et al, (2007)® 1Z XSW 2k h A< ¥
4 b (001) T EBEESEROEERNT 21T, G
T AHERMEEMEIE BM BIONESEE LS BESEKRTH S 2
EERLTWA,

Dtz F2lwdE, BEtU~oOBoRmERI
Catalano et al, (2007)% 12X 2 REDOHE L B X NE
SRR OAFHRE IR TS, FEEAOERMEREIX
BBEITHDLTHMENKRERTH 2, MM B R
BM &y #HEIN T 5,

3.6 VU ER

Tejedor-Tejedor and Anderson, (1990)% 1Z—% A +
VIBRELM B W T pH B X U surface loading ® B
EL7r =54 MCHTEY VERA T VRFED ATR-
FTIR %217 072 ZORHR) Y BrOKHEEHITE
JubBBHE, 7o b BBEBLUHR ST
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MM E D 3EHOWEBESAKRTHALZ LER L. I
5 OEMEEMAIZ pH B X U surface coverage DZEALIZ1E
WHX R FSHEL, K pH &HCBVWTERE 7
u b EIBBAS, TR M 8 BB, & pH &
BTEBTa P MM BIESE 2B LR LT
% 72 MM B ® % 513 surface coverage DAL o T
LT 5T L ERL,

Arai and Sparks, (2001)% &—%& A *+ ¥ EBREESMIC
BT pH B X U surface loading PR & L7z HFO
NI LY VEEAF REED ATR-FTIR #lE % 1T\, 1F
|2 Tejedor-Tejedor and Anderson, (1990)% & —F ¥
LRERER/T THbbBRERHFIIBVWTIEE, T b
YR BBRONBEERIELZTHY, PHEHIZBNT
7o + VR BB RIONBESEERISESE L L, —FHH
PHEMFICBWIEL IBEORAESRIIANL L &
B L, ChIIXBREMEFOF I TAAF 2D &
DiF7zBi7a ~ BB ABESEARD LER T b MM
WA TH 2 L HER L T 5,

Luengo et al, (2006)% iZ—&A * VESRAEIIB W
TpH DL LZHFO X5 Y BA 4 VIRED
ATR-FTIR #l & % 1T v, 1% IT Tejedor-Tejedor and
Anderson, (1990)®? % Arai and Sparks, (2001)%® & —
BT LR REEE, ThbbBESRMFIIBVWTIEE ) T
Ty BBEIB XU T~ BB A ONESEAKIES
THY, PHEFHFICBVTEE 7T + & BB BAES
Lird, ¥7:% pH TRFBBOTE L WRHASEFIE N
%o 73 Luengo et al, (2006)% 3B OB L LTL
FEBIZBIT A ATRFTIRBIE %2175 7228, % pH 4
iz B) 2 M EREE OB (J&K400~6005") T
W2BE ) RifsEAROELIZERD b 72,

Elzinga and Sparks, (2007)% 13— A4 & ¥ BEESM:
28} % pH & surface loading DB E Liz~n~x ¥ 1
bADY VEEAL F VIRFED ATRFTIR 2475720 £D
R pH3S-TODEMICB VT, FHET HEMEEHITE
J7ut v BBEINEEALE, 70 b B MM BRH
Bk chrrmLi, TpHOBAB IV
surface loading DI fEVy BB £1o> NESE AR DR 1Y
LEEFEMTAIEERL TS, — pH8SL. Lo
B7VAh ) Z&ATIE, BBREONESKIIRST, B
7a by MM BABSEEPAERT S Z L 2R L7

UrkzTeont, V) UBOFBRIHERIBITSLE
HERIZ VTR D NBEEATHY, ZoMEIZE) 7o
FBBE, Bi7o rBB®, £/ 70k MME,
Bioa bt MMEB X OXHREREFOF MY LA
FUEROEDIFAB T N BBREIHREINRTWS,
NS DN %S 1% pH ® surface loading (& <
K3 %, BB EUIEMMEA S P ¥ESM, MM B3 i)
S7NAVBEGTEREL 2L, T/-BBRIIZEW
surface loading IZ BV THEHEL L 5,

B & B EERE A 4 OB 153

3.7 ® B

Su and Suarez, (1997)* 1% surface loading DEI% L
L T HAO 123 % kB % © ATR-FTIR #I5E % 17\,
WIENOEATHREZK T b MM BINESE KL
LCHAOEHIZEETAHZ L 2R L7, $7-Su and
Suarez, (1997)® & HFO 2%t LT b REEUE3% © ATR-
FTIR il 47wy, B a b > MM BINBESEARIZIZ,
&\ surface loading &4 Tix® ./ 7ua b ¥ MM B PHE
SEARASERR T A Z L R L

Villalobos and Leckie, (2001)% 134 # » i S X O
pH OB% L LT, K& CO & DEHEMIIB T —%
A FIZWE LB ATRFTIR #IE 24T, Wih
DEHITBVTLH 7o b MM WESEASTER S
52 & %R L7 %72 Wijnja and Schulthess, (2001)%"
F7e—VE2HWTHOBIUDORIIBITSLY —
74 P ADRBEED ATRFTIR fIE 217V, WTh
DEBIZBNTHIRF T T + >~ MM B BISEAITER &
nsz bzl

Bargar et al, (2005)*® &4 4 v #ES L O pH OB
#HE LT HOBLUDORTHOKARCOE DFHE
HIZBWTHr—F 4 MIBFE L72REBRO ATR-FTIR #
€ % 4T o /2o Bargar et al, (2005)® 345F3¥ 321 —
a IZEBIRANY PVOKERE L ERERLD
RE24T, HEFhpRESEHIR 7o b~ BBRKNE
SER L M BESEAR D L RAERABOMAEDLETH S
EHEEL TS,

DEZFEHbE, REBOBLY~DOE%E X Bargar
et al, (2005)® DL Z K< & MM RINEEATH 5,
—7 Bargar et al, (2005)% 134"~ % 4 F O RERHAS
DOFBEEKIIE 70 7 BB NEISEK L B AL L
CEAREREHOMABRHLETH L LBITW D,

3.8 J/0OLER

Fendorf et al, (1997)™ idr{k - —5E A + VRSN
2B W T surface loading D E L7247 — % 4 Micxt
T5 270 LBEED EXAFS M %2170 72 TOKE
BB i3 X " MM BINBESEARATRD b, &\ surface
loading &£FIZBVTIRI NS 2 0DKEEAKICIMZ T
BM PN BESEA D R D 325 STz,

3.9 KUEE

Peak et al, (2003)% i3—E A + VBELSMHIIBVT
pH B X ¥ surface loading DB % & L7z HFO iI2xf3 5%
RYEBKED ATRFTIRAIE # T o720 ZORHRE
pH65TixA ESEMA, MM RIERSE 3 ALy (B(OH);) OW
BsEhEs L 0" MM B OB 4 BAAr (BOH)) D HNEE
ROERHPED S5Nize pHIALL EDSEMIZB W TIEAN
BISS ARSI L, pHI04ICHB W TiX, 2 o0NEE&
IZhnx BB B O NESEEIENE Z EE2R L7,
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3.10 EMPpFmMICHTBF FB1 7 RABHFEE
DEED

F—%4 b+ ~<¥A L, KB (HFO),

y-ALO;, ¥7HA b, AT VFLABITTNVIZTA

Bt (HAO) x4 A6l L VR, Wbl U,

L@ vl VUVEE JULBE REBIVTRVEO

pH, A% V5P, surface loading @B & L 7K IE A

RYIL—YaYICHETABEEZLE2—-L, TOMA

/7.

ST I ARBEIZ B TERERA o VI3 B R
LTRAET 5. SKELICIZABESERS X U4 E R
(KEREARMZEL) L LTRET 5. FEEKIX
MM # & 3 2 8EVE V. NESE KON 2 %5
K pH B X OEA o+ VBESRACHINT %,

-k L YERIZHAO B X Uy-ALO IR L TII 4L Bl $ 4K
BEVRETS, 25V F AN LTIEMME DR
Bt A2 KT 5. ©— % 4 Mot L CidNBEsE S
XU BESEAREZTER L, B oREmEAIE pH 4 4
VBB o TEILT B, AN ¥ A FBLUTHFO I
o L CIIHESE RO ARHRE SN TS, Skt
W3 2 WESEAOBRMEREEIZ MM A & BBRE O
B BRRD LN T B,

- Hik L U EROBLWIC BT B RS/ B A0
EERBTLIHREDL 2HDL 0D, 1TEALOHE
TIIHBESEEROAER L XL TV 5, WESEERORNM
B REICL Y MM A S L < i& BB B2t
ENTwhb,

- XAFSHER»LHELBIEY -4 - LEFZ a0y
A4 b+ yp-ALOSICH LC BB R OB E L TER
WCIRET 5o 7272 LA 4 VB - B pH O&BICE
WTCy-ALO, TR B SR OFEEITRIREN T W S,
—7J ATR-FTIR #l € TI3H B HFO ~DO W3 i
BBEINESEA L D FVWKEEEELE O 5 2 L%
WENTW S,

- B~ 0 L BRORMESERIIANT F 4 P EBEEE L
1B ENEEAROASTEI LTS, HE
ERDOBN BRI BBEITH 5 LT HMENKREHT
HAHA, MMERBMEIHEIR TS,

- ) VROBBALWEEICB T ARAEEKIIVTRLA
BsskTh Y, ZoREIE/ b BBE, RS
2 hMYBBHE, T/ 7ubyMME, Koo b
MM#E B L UEZFERETOF NI T AL F 2D
&7 Ta b BBEFHRESNTWSE, Ihb
DX 72 5 5-1% pH *° surface loading (258 < KFF
T 5, —#\Z BB BUIERME D S b S, MM Bz
B ST VA WEGETESMEE 25, $7-BBAIZ
B\ surface loading I2BW T HEH L 22 5,

- RBOBALY~OWE ZAT Y [ PR REERE L]
Bz k< & MM BNESEETH %,

T RLBOT -5 4 PNORMEEIIBBE B LW
MM B O WBESEEAZVTFRLOEE L RO LN, BW

it hla

surface loading &£ icBWVW TR IS 2 D0 KA 4
RITMZ < BM BN BESEEDO AR b B bz,

- RTBROT — 5 4 PAORMEEERIE pHOS5TIZA B EE
&, MM B OPEF% 3 BLAL (B(OH),) ORBESEESL X
UMM B oEEFE OKkBtw) 4B BOH), DR
B SR D R EEARAZRD SN iz. pHIAM E DS
BULTRABESEARM AR L, pHI04I B W T,
BB EIOWNRBESEARSEH]NSE Z & 2R L7

4. BbYIC

HEZTICMEINTWETY =4 b, AFAL b
XRT7FF AL, KHg#ALY (HFO), y-ALO; ¥7
FA b, AFGUFABICTVI =Y LB (HAO)
WX AR, LU HEYlL R LR v
VUBR, suLBR, AR KRB 7oitAArBX
R TBROWERHB L PRMARY - a VICHT
DRE L 2a— L7, w2 uxa¥y s 2EER
51, BBEA F v OB ~ORESEIIERILIREIC X
STEULAHERIEONLA, 3700y 2k
TSR EBE TR —D&H T 2 B2 5 R iiE
EAWRDOENDE D DOVE oz, TOEMKEIL, FBHWE
EBIZITITFEIHILL TS —F, FOROGEHEIX
EBREITIMAEE L IR 2FABMERS R ARY
MUV Z B L CW B ERE—ICB8IF o b, 2k
ZATHABOER FEICIERIR L 72 ex-situ B X U in-situ
DORF B olze TI2ARY VBT, EEYE L
RET2 LI BmEREL, REMEKOGTFIIa
L—=2a L) ZFO5KRAXRZ PVvEFHIL, £ht
BT L2 HEO2BE o7, SHOBPEL LT, &
VR i LR AL T 52 L, BLUE
NG HANRT PNVOIRBHEZHELT HLENH S
LEZHLNS,

AL E2—iZBWTIZnRaYy 7 REEREE
twrsnAa¥y s hBREEET FhEFNHy L7233 E
ELThOoholzd%, BRI BBA F Y IREHED
BRI VIZI ZuRay 7 R REHEAREEICE
DWCR I uRaty 7 hlEEE %25 - FHlT A
L THBLEZD W% 2BT7u—FELT, %
EW L RAERETY ¥ S FEOMLIHE TIN5,

B

ABHOBEZED T2 750 b iE K T
FHEBZ RS ICEH - LE T, ARHEOLIAED
KER 513 4% A% Johns Hopkins KFEWHERIZIT 72D
b DT, Johns Hopkins KEWAERED T F/NA F—T
3 o 7z Dimitri Sverjensky #IRIZEH V2L EFT, T2
ARAEO—MIAHEE T (B) (REFHF 520740315)
(K - BRI BT DA F » FERHEAE (AT —
vav) TORGIEIE] oMb R 2 TITVwE L.
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