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Abstract

Adsorption and post-adsorption characteristics of different oxyanions such as P, Cr, As and Se onto
schwertmannite were investigated in order to understand the role of schwertmannite in acid mine drainage, and its
performance and safety assessment in remediation system. Synthetic schwertmannite was used for the adsorption
and post-adsorption experiments as a starting material. In the adsorption experiments, the starting material was
reacted with various oxyanion solutions such as Na,HPO,, Na,CrO,-4H,0, Na,HAsO,-7H,0 and Na,SeO, with
concentration up to 2.0 mM at around pH 3.9. Dominant chemical species of the oxyanions in the experimental
condition were thermodynamically calculated as H,PO,” , HCrO,, H,AsO, and SeO, by Geochemist's Workbench.

The obtained adsorption isotherms showed that the schwertmannite has selectivity for oxyanions during
adsorption with the affinity sequence being H,AsO, >H,PO,>HCrO,>Se0,”. This sequence corresponds to the
sequence of decreasing ionic potential of the anions, which suggest that the observed selectivity of schwertmannite
could not be attributed to the electrostatic interaction between the oxyanions and schwertmannite. It is known that
oxyanions with low ionic potential have a tendency to form inner-sphere complexation with mineral surfaces.
Therefore, the observed order of oxyanion retention may correspond to the sequence in affinity for the inner-sphere
complexation on schwertmannite. This is also supported by the results of zeta potential measurement, which
showed greater decrease of zeta potential after H,AsO, and H,PO, adsorption compared to other onyanions. In
post-adsorption experiments (aging experiments), transformation to goethite was observed in X-ray diffraction
patterns for the schwertmannite containing oxyanions with lower selectivity such as SeO,” and SO,2 while there is
no change in X-ray diffraction patterns of schwertmannite with H,AsO, and H,PO, even after 556 hours.
Desorption of SeO,” and SO,” was observed prior to the transformation, although most of H,AsO, and H,PO, were
retained onto schwertmannite. The desorption of oxyanions therefore resulted in the transformation of
schwertmannite to goethite. Oxyanions with higher adsorption affinity, ie. lower ionic potential, have a greater
stabilizing effect on schwertmannite structure, although ordinary schwertmannite with SO, is metastable and
easily transforms to goethite.
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1. BUSIC

HERKRBRBEICBITI2FERROBTEE 2 THT 5
Lk, ABRIIBIIRENEZHRRTEILDOALRS
T, MBRERBRBEICBITANEOBRHOBRBDO-DOIZD
BETHAH. I, HERBIBWTHELRREY T
B HEREY L, HREKRBREICBTS2HETLEOWER
REB B0, BEXZROBHPLIREPRET LEE
hlrz—RXEWnWzgh,

HEREICBWTHEBICHED O S Fe () BE{L
Wy KBS, A—F 4 b, AxF¥A b, LEFS
gy A b, AL, Z2INLFFAL4 N, anx
VERFA P REPBTFONE. TRALDHTT 2 YN
A RIA PET2RXN T4 MIEERESEW S
i, BEEEVPAE(AELELOFAMEDLE .
TzINA FIA4 MEECHRREOM, W, LiEf
ICEEBWIZEL, Y2\ b<F A4 MIEEE, SHEEEE
JEIZEHEO T SN AEMEILEEKEREICB VT, FKEL
WHE O—FTd B Acidithiobacillus Ferrooxidans O Vg
Bl oTEET A, ZhSDAEREERBOTRND
T, SRICHET 2 EMERIREME 251300 TR, #
MEOBNEETEOBRH D RET H. IS, Yoy
FF A4 NI, SEILERAD X ) ICHBEICEETENE
FLTWBRIZBWT, CEREDFEFF VATV
DEFERETLHIEELZEHLEZONATNS. 2
X, BERE T HETE S8Rl oBEKRP T, BRICAE
RENZV 2RV bR A4 ML B CEEOR Y ARDFE
Fant, SSLREULEKHBTT Y FEVBORDY AR
DEEINTWAEY, T/, ZoMlcdyaVhvF
£ Mk 227 0 ABOIY AAG EXHEE SN TS,

a2 RNV b3 F A4 b iE Fe05(0H) g, (SO4),
[1<x<175] CH Z 6 N AR S MESk () BRIL/KERAL
MEEESEWTH Y, Bk (pH25-5) TREHFEL,
ERERERE THEMO T SN ABREIILBEKRIRICBITS
EEDA— R THBY. a2 eI A M, s
CRREEITNTVELHREA F ¥ EEARFPEEA T ¥ Ol
MFRBRISTCEZEERICRY AL, YoV v
F 4 FPEELETIZI B A F >~ %" monodentate b L < 1
bidentate-binuclear DK T, BWEEA 4 v OFEALAL
WBICEST Y. Y asV hbeF A L O IR
REHTHEE, fAkdh (25C) THEELSKETBET
F—5 4 PNEREILT 57, eBEEETAHAR
MELAEE SN, BERIcEEIREsnsY. 2h
WZ, YarXVbvFr S MIRERLEDOT VI LD
BLHREBREPE MBSO LI LDTEL. 0
Yasu b F A ML, HEREREOK S WSS
PO ziz, LD XS ICeBUAOFF T oA VT

LTCHEVHEIEEZET A ERTFEINE. LarL, |

AN N A PNOKA B FF T oG OREEE)
R E S DR BN & ZFHHC R T v,
ZITABETIE, YoV b F A NEREICEE

HoLRE

TEAREOBREISIIEKSGG CHENEZAET S X
AV ETHEETALEE L VB, Ul VU
B, MBAFT DY ANV F A4 PANDREERE
¥ — 7 B ZITV, TN5OWMEEE % BT
5. 3BT, FNoExRELYaXNVITFA MO
IL— VY TERETY, BALhtTXFVEBAF VRERO
Yam)y bt 4 POREBICOVWTHRET 5.

2. AHBIURE

2-1. #HH

FEERHFHZIX, Schwertmann and Cornell (1991)° ®
FEZIDEH LIy a2V b=FA PRV &K
FIEOBMBEIILLTDOLBY TH S, 02M @ Na,S0,&
02M @ Fe(NO,);-9H,0 #BE L2BWER) ZF L
YEIV—Hh—IZ AN, BT T2 dEsZ &I
X9 yaxVbeFSL bRERLE Kok B
F 2 —7 (SPECTRUM MEDICAL INDUSTRIES,INC.
B) CHERLEBRE AR, BCTHRATVKIZES
BN Z T o7z, EMEERRITBEEHT LD DICKHR
L, ENMERD pH, EC OfEH»—% (pH 3456, EC
13002mS/m LLF) 422 CHhiE2 TR o7z, HRES
NRBERII02y mDBEEVO—-ZABEEHNTA
ML, BoNEMHR—Z MIEBICHEL, BETE
MEIZEOBERDY 2_V b+ A F 2B SBRL
ANV be A N, BEICIZEEEE TS0,
BEBRICHT LI TRFTIr—F—HICTRELL.

B LIz 2xV bvF A4 POBEXBEH (XRD)
Ny — Y% FigliZRy. &, XRDXF—r1iF, R
A KA RCEA - B SE-88 % Co » X HEK
R L7z RIGAKU 250K FR X EEEz AV,
EEBF40kV, FEHRIOMM, AF ¥ ¥ A ¥ — F1°/min,
AF X VAT Y 7002, FEZHF500°~8000°, FHELA
Uy b1°, Z¥AY v M03mm, BELA D v PIPTHIE
M7 FiglTHLAZ LD, EFHIES 2~ b
<+ A4 FORBMNEIADTU— Fr ¥ — 7 THK K
n, =4 ren~dy 4 by, MogY o EFTHEIZ
ROoNhole.

26 CoK «

Figl XRD pattern of the synthesized schwertmannite.
(numbers in the pattern : d-values in A) -
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BRY 2NV FA, VOBERELREBREAEL,
FNENEBEBRMEZOICP-EESWE, LT
NaOH B OA F v 7 a< N7 5 712X 5 EBGH
roRD. T, AR FA RO OH ®
BEEMMNIE > TR ZORE, FRINh/ Y2
NV b F A oeEEERI,

Feg05(OH) ,5(S04) 175
LRD SN,

2-2. WEEER

B 2V bwFAL PIIHLT, HeetFIBA
F U REOWEEREITo72. SHEKEI L IBA 4
vEBEIE, U UEE (Na,HPO,), 7 2 AB (Na,CrO, -
4H,0), t B (Na,HAsO,-7H,0), LV VB A + ~
(Na,SeO,) THh5b. YaxVbwH 4 PERBEES
TEVEAF VEERIZ FTFTVEAF VBER
0mM (75> 27) 20mM 2% 5 X 912, %72 NaOH
B L HNOB M %2 AT pH 133912725 X 9 1T L
7. pH3OWZHEL-DE, ORARTY a2V F A
N DR - FAET B D2 pH25-50HBATH W, @
WRETEFFXF VAL VEOBBERARY - 3 ¥
PHEMICERETE S (MR FET—-F Ny r—
Geochemist's Workbench® @ act2% H W CAPEEEE
SHIZBITERISBBRFOFF VBAF VDARY T~
Va VEHEEToRR B4 X VEBAF Y OBRBE
1%, SO, H,PO,, HCrO,, H,AsO,, SeOF Th -
7)) HOTHA. JulBROBHFREICELTIX, HEL
HCrO; "EEMETH o8, BROBLE, SHBL
T CTZO7‘ @ﬁ&%lﬂé%’c% 2\, L&L, 'U\_ch‘\&iﬁ
WMol-Hr7urBoEfFEs & LCTHCrO, &Lk
H FNOLBHBEEAER 2NV I FA M E,
500mg/500mL DR L, XIRFEHERE0.0IM (NaNO,)
KHSE L TRV ZF L VEOR M VHATERE I E. 2
noOBERIZDCOERENTHEBELALIRITLY
BS &%, mA24FEE# T C—ERBEICOWM L. &
RBEREBIZ0N0u mDENT—ATEF— XS
LY 7AW —2HNTABL, LB EO pH &
TFVEATVOBEZWEL - pHB 2 21X
HORIBA #® pH X — % — (B-212) #Hw/z. %7,
BETFVEA T VEER, kA a—BFITEHOICP
HEH5HEr (SPQI00) i2khexE rua, L3,
T LY VERIZ YOKOGAWA # D 7 5 2 (ICS-A23)
2R L TYOKOGAWA # DA + v 7 u~< baHret
(IC7000) TEEL/-.

T, FFXFTVEAFTVOBRBIZLB VARV IS
A MOREEMOEERIBEBT 572012, B b FH
BECTEESIFIVEAT VERESEL ANV T
FAroE—-FBEMEZEEL M BEIZIZ Malvern
Instruments 3 Zetasizer Nano-ZS90% H 72, FRE K
1200-1.0mM O & F F VA 4 %, pHAUIHEL
NaNO;#E# P 12500mg/L OB 5 X 5 ICBEBW
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ELTHEMLE. ZFRFho¥—2 B ML, 25CI2T
FTo72 3BOHEDFEHE, SEH L.

2-3. IO UEBE
FFIVEAFTUEERE LY 2NV ITFA FOR
EMLWEFFVEA 4 OB EHFET LDl —
VYT EBETo. HEWERIIREERTHW.
20mM D& F VA F VB EBRE S ELEK
VarW b AL b THBE. -V U TERTIE, BB
WERYVZFLVEOKR FVIZAR, 50C DEEENT
BELAL) €. ABORKFEMERARLD, &
K556 F C—ERMEICRBOSRE TV, SBE
BEBICEVT—XT7 57— MLDOO20um DAY T
VT AN =R BWTHBEIT, BEHIIEEEZEREC
X D EMY L 728812 XRD S Hricfit L 7=,

3. & R

3-1. EEER

SERY P oL A F VAT DY 2RV b
FA4 FNOPERIL, 4RRERZICIZIZIEZ-EOREEL
ALTWEZ R0, 24RMBICEREFEIELTRS
LOE AL, ZHEEEICNT B WS PRI
SERENTVEEFT VRS VER L. Fig2
1, RUS24EFEHB O ¥ VA + Y OPEHREICNT S
VARV ITFA PNOREBRZHE LD DTH 5.
WIFNOFF VA VETH, FEHEEIREWVIEE
ARV YT A FANDFFVEA F U EOWEENS
K hfEmMERL. E/2, Fig2X W FEEFFTVEA
FUREBREICNT AT 2NV b F A PADOTEIRED
H,AsO,” > H,PO, > HCrO, > SeQ,” TH 275, ¥ =
RVIIFAIPNDTFFIVESAF VREOERMZ
H,AsO, > H,PO, > HCrO, > SeQ,” DMETH 5 T &
WL LT

38}

s &

S

A | vv@ 1
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T

Fig2 Amount of the adsorbed oxyanions on the synthesized
schwertmannite as a function of equilibrium
concentration after 24 hours(2 :arsenate, :phosphate,
Ww:chromate, ©:selenate)
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3-2. E—4BLEIE

TaNVbeF A MENT AREFEREL E—-SE
WMOBEFEE Fig3llRid. WFhot 3 YRA + VR
BT, MEFHBENKE L 2o TREEN MY
BIFEE— ¥ BRIZRD L $712 HAsO, % HPO,
W&y 2V h<wF A4 FTld, FEIEENEL 2B LE
WAL FRAETERTTEDLHo72. AUEREET
DX - BEMTHLET % L, HASO, = H,PO, >
Se0F > S0/ = HCrO, DIETETFORENKEL o
TWw/z,

3. I—IVIRER

Bort X BAFVEERELY 2V TS A
FOSOCIZBIFE -V Y T EROBR, BoNi:
XRD 70 7 7 4 M DIEFFEILE FigdllR$. SO &
EYaNVhF A PTIE, S2BHELSTF—F AL O
HELZ Y — 7 RO LN SeQ WY 2NV )
4 F T2 By — 54 POBHELZY -7 35510 5
h:. ZhooadBcEvoh/ir—%4 boEIFTE—
713, BEIEBTAICONTHESEAL TV,
72, HCrO, & ¥ 2NV k= F £ b TIE556H R #12
r—%54 FOBBELZY -5 —F, HPO,
WEY 2NNV ITF A4 PR HASO, BEY 2V b=
FA4 FPOXRD 7u7 74 NIZIE, SEOL—Y I

ﬁ T T T T T T
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Fig3 Changes in zeta-potential of the synthesized
schwertmannite as function of amount of the adsorbed
oxyanions.(2:arsenate, ll:phosphate, ¥:chromate,
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Fig5 Changes in amount of the adsorbed oxyanion on the
synthesized schwertmannite as a function of aging
time. (&:arsenate, lM:phosphate, ¥:chromate,
©:selenate, O:sulfate)

BRIZT—% 4 FOY— 27 2 HELTE ol

Fighlc &+ F VA A VEZREIE/ZT 2V b
<+ 4 FoOREEHEORKRELEZRT. I HPO,
2 HPO, #WEL72Y 2V b=F A P TIZEER5HRE
BLTOEVWBEELRIFL, SHoFHBEERDIZEA
CHEET 22 L R S REWES-NT. —F, Se0F %
SOF #MELY 2NV bF 4 TR, KISEMAT
BBTHIZONTY 2N b F A4 55 DOBEENZED
Sz, 208 EASIE—EOMEERL TV,
HCrO, #lRBE L7 axXV < F 4 M T RIS
i e 3 32, b%h&ﬁ=5%%%%%%%®w%§%ﬁ%
LTw/.

4. £ B

4. BEFEHOLER

EFRIZBNT, Yaxbr2Fd b~OFF A
F VoS RRE X H,AsO, > H,PO, > HCrO, >
SeO) ThHI LHHRTE. —#iC, BEINLH
B2 228 T5E, MBRORELRAF VEDOTH
BEHETERKICSmENS. LrL, FEEY) -

O:selenate, O:sulfate) 7ok ¥ VA VHETIE, —MlOFF VRBRA 4 CHEOR
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Fig4 Changes in XRD patterns of the starting materials adsorbed with various

oxyanions at different aging times.
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RE M 12 B 2o 7. Waychunas ef al. (1995)%
i3, AsO” FHBESEARER L THEIICY 2V b
A FEEIZEELTWADIZH LT, SO IZE@E T
YANEENTHEEEREZER LA I L 2HRELT
W5, SEED o 7w BiEE HASO, TH Y LED
METRIFEDODN DD ERLZ-TWEDY, BFLHL
H,AsO, % H,PO, IZPBESEMAIEIC & Y BIREI R L,
Se0,” % SOF A HE#EA L LTEMICATEEhTWwD
bOLFEINS.
et F VERERTREINEAFTVRF VI N
(IP=lzl/r) &, BENLEERGA + v - KBELOKSE
DEERTFTINGA—FT—THY, BAFVIZBVTIE
IP ST A2 L7245 T, BA LT VIZBWTIZIP A
BATBIZ L7205 CEMEAOSER TR L IBHFA 4~
ORERKAWIWEMT B LEEZ LN TWEY, EBRIZH
WEREBBPOBEE AR L —Y g v DIPIX044
(H,AsO,), 047(H,PO,), 044(HCrO,) -0.68(Cr,0,"),
087(Se0,/), 092(S0*) THY, YaNp b=+ A b
NOFFVEA LT VORREOKNEFEOBERICH -
72. %72, Fk - AH (2006) 13, BHEEA LT Lk
L DO ZEMIX, bond strength RBEREHEDO K
SEXPLEENIGHMECEAZ L ZRL TS, SHE
DH/o-FF VA F VOBREME L, 172(PO,),
1.74(AsO,), 205(CrO,), 229(Se0,), 229(SO,) T &
D, TN aXWbFf IOFFVES T VDR
REOKRKNEHDOERICDH o7, TOIENLLY, T a
N FRFA PADAFVEAL AV OBIEL, BB
BENLGHEEEZXB L3023 TldRl, yanx
WETH A4 FEATORAGREBEDECERBLZDDOT
HHZLPTFRENS.
FighTmRL72& 912, wFhotFTESL F VRIC
BLTH, BREFHREISKESBREESEMT 213
¥ — 7 EMIF WA L /2. Velikovska and Mikulasek
(2007) 12, RSB O pH R W& T 5+ F VA 4~
BllL o TE&BEKBItYDE—FBUNIETHLZ L%
MEL TS, AFETEpH 2 —EICHEL TW5A /2
W, T BNORDIEITFIEAFTVOWREIZLED
DEHEETES. 7272L, ALBEETOE—-YEBME
WET 5 &, H,AsO, =H,PO, >Se0,* >S0,” =HCrO,
DIETETOERENRKEL ZoTEY, ¥—-FEMNDE
TIEFFVEA L YOWREELZT TIEFHAI NG W,
—f&iz, -y EBMIZEW L BHOREICHFET AT
NYDEZBTABMNTHE. ZOTRYEONETHE
RSERRITBE ENE 2 EHh 0, 44 U HHNEREALE
BT AHBEWCIIY—-FEMICKRELEAITEL S, —
H, TRY O OILEE 5T B S E IR,
Y-y BMICFERE L. L L, SERE KOG
TEXVHBWHFEHEERERT IO, COTXRYVED
WHEITEER T A 70, P—BICEEZRIZT L
BEOENTWS., LdoT, IPOMES Lt FIEA
F U TH B H,AsO, % HPO, ZABERSEKZTEE T
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BEIGABNDIIE, YarVbwF A Fo¥—y B
CRERBAZD L LZbOLEEEINS. —F, IP
DK E % Se0,” 2 SO/ B/ BREEREZBET 5710
2, ¥— 5 BAOEZHENIIEI I LN DL
ML/, HCrO, 1%, W ERMECIIT R 2ELR
TICH b oT, ¥—yEBMOKTEISOS L%
Tho72. Zhix, HCrO, O—EIZNBEEEZ BT
B, 1oL+ EBTHEDIZY a2V F A
FRE & OB EMEEAIEEL, SOF % SeO,” ITHA~R
TIFRYEONE CTHESEERZ KT 5 b O DEEK
Wi, HHVIIPOKER Cr,0” BHET S0
ThbEHETS.

4-2. WEEOREMOLLE

Figd b 5THOL AR L H1Z, B FVBRAF V2 RE
L7z axw b=r4 MoEetiE H,AsO, =H,PO, >
HCrO, >Se0, >SS0 Ty, BWELFFTVEAF
CHEORHBREEZEORILIEF Th-72. Thid, Yanx
WETFA4 MR TABREORIRELFEUIETH Y, IP
DBENF F VA F VEERE LY 2NV hTF A b
BEYEETHHIEIBEL. —Kic, Yaxiw
FA MREREHEZLONTEY, RRIET L5
RWRE L2V 2NV heF 4 MR, KPP CREALS
BRBTERLTTY =74 MZEATAIEFHAONT
Wa® LAl Y2 bhTF A4 bid HASO, R
HCrOy 5 WiE Cry0;” 2 BAET 5 L HELAHEE X
hBZ LRI TICHMEIRTWEY, KEOEBRLI
PIZT — % 4 MEPHERTE Lo/ aNV b F g
M, WFhHHEHEEEZERLTWEEEZONS
H,AsOy R HPO, ZIREL 25D THY, —EHIHHE
SRR LT3 & E % 5N 5 HCro, T ¥ 2 ~b
FeF A4 FTOHEMIBESIR TV, LR oT,
VarbhwrA FoHEIE BA A PREE KR
FERT A EILo TRESN, BEOERELEVF
FIRAFVERELDDIEIERETH S EHHS
Pelrolz. ElRO X ITHREORRERNEEROTE
B, IPRBEREEEICX > TEMWICHHETETD
D, IPREREEECEVYFIEBAF VITE, BE
Ko Tyaryb<F A FORERZMLEERLDD
LEZB.

5. % W

AETIE, a2V IS FPREIHFELETES
REBOBESINEKEGETDY) VB, 7Ll LB
LV VBORERB L ZOBOREEICOWVTHRE L
72 MEEBROBRE, 2RV FAL PO FVE
4 F v oW ERR M H,AsO, >H,PO, >HCrO, >
SeO” TH Y, HESEREBRT AT FVBRAF VIEFE
W IR E B2 o 72, H,AsO, % HPO, 233 2N v
P+ A4 PRALNBSEREEE LR TV LiE, BA
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FUORBIZEDBT AV T A P DOE—-FEMNDE
LBEH LI/ IR T FFVEALT VEZRE
BV 2NV IYFAL PO -V YV FTEROBER, &
FXFIEAFTVERE LV 2RV A PORENE
13 H,AsO, =H,PO, >HCr0, >Se0/ >S0/ @ JIE T &%
D, WELLFAFVEA T VEORFRERDIRALT
Holz. RL—T YV F7EETIE, BERA LV OREEN
BOLNZRBIZY 2NV I F, FOF—F 4 b~DH
BB LN s, BEEBREOVBRVFFVE
A F D BEET 5 2 & THELSFHET S h, BEERNE
DEVHDRIEEICHERTHRIICRIT TV, Yax
VIvF A POREORRERLHNESEEROBRIZ, 1P
RPEAEBEEICE o TERNICHHATRTH ), IPR
BRBUEEOEVA X VEA £+ VIE ERERBRENE
{, BEILI Ty aVb<F 4 roRERZHEX
EHLDLIEHEINS.

&

AFREFELDODIIHI2Y , HRETFT RS
OMEFZEL  ABEER L, S HNATFE L, Bxk
RiEL, FEFATELD REABAEL I ERRD
HHEE, F4AN Yy Y vORTCOBELRIBERLY
TEREZHHEBV I L. 72, AHEOEMICE
LT, &RKEDL L UHLiEERF21i# COE 7u s 7
AO—EEFEHVZLILE ZCRELTERHEOES
RLET.
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