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Sorption Characteristics of Uranium on Goethite and Montmorillonite
under Biogeochemical Reducing Conditions
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Qof: Ahsl/g e WOl W A $ehEel FEA 9 ERURYC|E i £ S-S dotr
7] sl *Pﬁ}TE}H(VI)ﬂr S $HEd V)—% ZHstAn. ddsehEe FAgeAEgotol o)
Gatdo] s s FHAA Zo] FAE FHFAV)IE A5t AT FEA dF HFY
FHFLE +EAV)7E F2hEvDel bl OH dAos wgrow, offd dd F9 st &A%
FeHEAV)7E vAR ERolE FHE EAstY F= EHo B3 o] ] Yot FaA
A& AFE3he -rﬂhr(IV)ﬂ U g20l29 542 7L Y52 Fdeila, o 234
= AR AQA Y Astrs tet olF Jhed fEhwEol o4 fEE(VDET ofyzt FEo|=A
FEaVE =3E F %lu S ojrd.

F20{: ey, 134, BRIBUE, FUGBALH oL, F2olE

ABSTRACT : Two kinds of uranium species, oxidized uranium(VI) and reduced uranium(IV), were prepared
to be interacted with goethite and montmorillonite to identify sorption characteristic of uranium species,
which are very sensitive to the redox-reaction. The reduced uranium was prepared by diluting a substantial
uranium(IV) that was concomitantly produced during a sulfate reduction via a sulfate-reducing bacterium.
The sorption amount of uranium(IV) by the minerals was relatively lower than that of uranium(VI) because
the aqueous uranium(IV) had fine colloidal forms to cause its weak adsorption onto the mineral surfaces. We
found that the uranium(IV) phase has a nano-colloid character by the transmission electron microscope,
suggesting that the uranium species possibly migrating with the flow of groundwater in underground
environments can be the colloidal uranium(IV) as well as the ionic uranium(VI).

Key words : uranium, goethite, montmorillonite, sulfate-reducing bacterium, colloid
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EY 35 9 Ast A5 Astrg wet olF
7Ved $EhE FE(species)ll B3 A7 A Al
Ao Z 44 W A3 231 I THAbdelouas
et al., 1999; Lloyd and Renshaw, 2005; Bargar et
al., 2008). AlA Zt=rell Al Y3he dAES E9
o Atal 9 o]ef] mE EokQ ¥l ofye}, ¥zt
gt 2 A Ay 5o B od gHLs
QAFA 9 A7 AFEY At Foll 7 ook
g B EA Fol F olAYE dFHL

Yl 7}x9] $-2kF AFshdE](oxidation state) &
ANA Astrg wet olF 7tedt febwy A

= $EEVDY EEIV) T R ded,
ol AAA A 71 AT FE(species)©lH
53] fehm(vDoll #3318ty 7|2 54 Fol B
o] AFE o] $kth(Fredrickson et al., 2000; Cata-
lano and Brown, 2005; Bargar et al., 2008). =3,
FE&N4o] pH, ©4t%(carbonate) % 2 7]E}
s}t 27 wet FA4E F Ae IS &2
2553 A (aqueous uranium complexes) ¥ 1
59 AHA ol B B A7 T sk
(Ollila et al., 1996; Ikeda-Ohno et al., 2009). &
ANA B dAES AstrE wet olF e
S UEE SEE(VDE A48t 34 AF
3 2ddg 58 43t ArkSilva and Nitsche,
1995).

StA R, A M 73 2 =3 2 (highly
reduced condition)|A= 4Fsh-$EE (VIS of
ygt FdemIV)E E4 7Hsstr] wiol, 3
A av)e F&84e Azl A3 A7 §E
A Zgsit A7 S SEavyd B A
T7F &S ol FY stve Sehaav)rh 2
F(VDol vl g3i=7t 1008 oA W (107~
10° M o]dh), thEE AAFE(: $eyolE
(uraninite)) JFEHE EAFdTL D 7] o]
Th(Bargar ef al., 2008). ¥ ofyz}, duk x|k
M Fr3gH oz g2 FASTFAIVIE
e A AATE W o H A eIVl @
g gt AFE EVFssH she 88lo] Ha ¢l
Th(Dreissig et al., 2011).

B dAFddAe A §HS(biogeochemical
reaction)®l] &3l AFSH-9-2hE(VD)ZE S -9-2HrIv)
2 Hskd 4 glon, Wskd s Eavyt &
Z gelo - 2e FZo|E(fine colloid) $-2

FOR EA /Msde 4¥dor Fusa £
Ao A LeHEIV)Y AR ZuE ZFgstE ¢
£ S @A olsrE) o] YL
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TS0z = <d 7)1} 2}o] E(mackinawite)’ 3E©]t}.
£73], A7]¥(biogenic) WUl EE YA} 2

=]

I FHZo] §e Byt oYzt AAE £43] o F
AR g 9le w5489 542 7HAAL 7] diEe
(Kwon et al., 2011), -2Hge| AFsh/2d 1k
ARH O Fojsta gle ZoR Hilt

B Ago e ddzdolA Wid $ehrav)
o EAoll A vl BEe EFsto] b 7
=i FRAP L Tl AsseE(vDF Hlwst
AL, A=A APEt o fEhw T=

Frragdnte ol HAZY(D. desulfi-
ricans, ATCC 29577)E wst7] $l8) oh&3 2
& AEE g A AxsAT. &4 1L
g FAEES NaHCO; (2.5 g), NHCl (1.0 g),
K>HPO; (0.5 g), MgSO, (2.0 g), CaSO; (1.0 g),
sodium citrate (5.0 g), sodium lactate (3.5 g),
yeast extract (1.0 g)°|TH(Lee et al., 2011a, b). ©|
mA&d-E AP 100 mio] £ujste] FAz ¥
A3 5 Feupjet &Fng Pow dFE Bt
Aok 4 EHFAIZ] F 5% ferrous ammonium sul-

fate® 2 mL 37181 A ZIHRAE F98d

30TolA oF 15743 37T
SRBet 4 H fetEiel d=ihs

e Aze N2 Adye il | mgL
2 FYHEAL, 27 S 5 50 uME 33
o}, HFE8-2 NaHCO; (30 mM) H3|&H-g A
gataon dAAFAAL e 10 mME FY
HAAok a8, AAFEAQ] Fe(I)-sulfate (2 mM)
o} AHE WASH= L-cysteine-HCI (0.25 g/L)7}
AME Y. HEHoR FrE §99 pHe 7.3
olitt. AFAA F P FAHE] TE
olA7] AZEI 27 T AEE MYt
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(2000)9] EHES st FEetAa, EEEEY
OlE(SWy-2)&= HIZHEIIZREH ATE FF
gho} Abg-at Tt kel ARE-E HlE 82 3 mM
NaHCOs°|9 1 &g A eyt b2 $eF
(VD& $EHEIV)S o2 39t $EE(VD)
£HL UO,(NOs), - 6H,0(Aldrich) A1 2F& HCIO,
OFste] =<l Ao B HE Halo 3 uM FE
THEQT $EHEIV)E 44 SRB FYA A
SHEF(V)S FUste] & 4 A=, SRB ¥
#3157 ghgol B¢ Sk £9L 02 um ZH
2 o3 g FAL FHRFE FA(OF 10829 1)3h
of 5 uM FEIV) §4& FHlEAn. S
F(IV) Ao dSFro Bol (VDY
271553 uM)& 257 sl F71 3Ao] I8
gov, 2715 Ao|7t AA gof SHE(IV)E
5 uME 3}t

=HE ohE S99 el wee Az
AA 48 h AT AHEE FES HHA

0.5 gL)} ZEHEZYOIEG.O gl)yiem, &9
Aol pHE 27 759} 842 A, ERdE
UolE A g9 ¢ &d3 whgstHA 947439
pH7} ez 2 Wslhed, 53 AHHCI0)E
F7hted AR AL sA skt 2t
T35 FF B3 98 120 rpm (257C)8
2 wEkston, oA nth 2 mLe &S FA
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et al. (2010)°] AA3] 7]&= o] 9}
Al d2Aow AAd FES XA 3
AEAM7(XRD)E ol 83t A9, AAES

AAEE (10,000 rpm, 10&)3te] T4 Z2FHS
o ¥ AAg & ZZ B 82 (glove box)d] &
AN, gasZ FA) stollA FE3] dzste] B4
AT AR B A7A gi7] S 4kkel o
st BAE BEHom g dAACE HAAvt
25 FAste] AEE kst AP AeA g
A3 AL Ao Axsle] BdAElE XRD
e AASHTY. XRD 4 Rigaku D/MAX-
2500 (Japan) 29 A3 S.1, 2 theta 5~55°
7HA] 1°/min®] 2459} 0.01 step sizeZ CuK @
(40 kV/300 mA) ZANA EA 8.

AN 2rdzyolEY 4z 27] 9 HH
EAS dolr7] 9§ FE-SEM (Hitach, S-4700)
S o] gste] YAk WS FEEY thy] 24
AN BEARE Zrd 72 g4 H o] Z(carbon
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of EAlste] oFAl FE(~10 nm)3F ¥ BZ3 T}
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I G EES 70-nme FAZ ZE 200-
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SRB % 380 s Y 2 HIH wF
of A EAS #Es] f8) dAFHE SR
w2 oA kg Aede 0.2 umE o Fstal
T AAgel A Azxste #ASAT AHEH A
Adu 74 JEOL JEM 2100F Edoln 200 kV
TFEAY 20AM BESIA. E3E, AlHe 33}
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X o Hu

i

=2
1o
g{é
o
_);I_g
o
o
21
-

>
i1y

N

| wEol ol A Afete g3ld A=
435t ©h. XRD 3 TEM #4& &38| &
ot A3} <@ 7)1}9}o] E(mackinawite)’ 2= FeS 3
=52 wyHdon AYY FRE AYAol F
SEHAHIE 1). TEMS 53 FeS BTZ9
4 (d-spacing)< 0.5 nmE E AT

— 265 —



Fig. 1. A HRTEM image of a crystallized mackinawite particle showing 0.5-nm lattice fringes. An inset shows
the X-ray diffraction pattern and (hkl) indices for the biogenerated mackinawite precipitates.

29 g3l
gnkgo] zlg= it
2). 7] &5 ABMEH 9 2V
ZA, 462 nm FFYIE ZHs UOy(COs);" FH)
9] -2 (VI)-E4td B A (uranium(VI)-carbonate
complexes)©|TH(Lee et al., in review). 3}A|TF
A ARl Aato] SRBol| &) HajEa HAI}
TEEHEA FAQET oy}t SeEE HAF
A7) AF3AT A E 2F Fol= &%
F(VD) tEEe] $EEIvV)E U FEHA
¥ 2). ¥LHEL 663 nm FFIIE Z
+ SHEAV)E FRIHAeH e TFY 95%
olAto] Lt (V) FHE Ao EA s Tht
M7 5%e Bre|gotel Y #WIelo]E FE
FaAE o] A" HoE 1Y),

e Ads gubAl dH oty s HAF I
OE 235 ozt A7 e a53ddH e
ofol] o3 S-ghgo] Y W, &Y $2hgol
3t g FAste] SAdd ALY FoldA &A #
THLovley et al., 1991). o2& o]fr= FdH &
ZHEIV)7E $PFUUolER FEstE Bl ofg}

EPS (extracellular polymeric substances, M| ¥%2]%
At s T ofs) £33 JAd ks
& el = A AR 7] wZolth(Lee ef al., 2010).

F7188 4 0 2 S -SE(IV)S um o439
A71E zke 14 FHE wste] Lo ZH8A
Zata gFE HAshe A2 4¥A gt oA
& $FEVDY $EHEIV)Y &= 1008 ©
& Zol7h U ddlol7| = sitk(Ollila er al., 1996).
A E AHAE 02 ym ZEE FHH 3
Aew(TehE T oF 95%)°] UV/Vis %
4714 o8 ¢etEIV)E SJAHAL HFE &
Bogoll EA) s Tt

PN

st S

A RetE(V)e §

EAAE | Z(TEM) 2.2 #as 3-9$-2H51V)
= F2 20 nm "7 FEo|EA YAE HAH
UTHZHE 3). =3 YUl ES 491 (111)
9] 0.32 nm d-spacing= FZHUT YukF oz
SRB ©5o2 Wt 7ol utggolel ¢
3 Y=o HHse FUESE YAEC] Ha
100 nm °]3¢] &€ FeE ZteTh(Lee ef al.,
2010). =, FHE(1IV)Y 712UAE 2~3 nm
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Fig. 2. Spectrophotometric absorption spectra for the filterable U solutions (< 0.2 pm). Black line is the initial
U(VD) spectrum, while red line is the reduced U(IV) one after 2 weeks of experiment.
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Fig. 3. (a) A HRTEM image showing U nanoparticles. Spearheads indicate single U nanoparticles (< 2 or 3
nm). (b) An enlarged view of a small square in (a) shows a cluster of 1-to 5-nm-sized U nanoparticles. (c) A
UO, nanocrystal with lattice fringes of ~0.32 nm. Carbon and copper components in the EDS spectrum were
derived from the carbon-coated grid used in the HRTEM.
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ARE & ddsts 5549 SHE 7ML o
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o4 EA FE A fohEe] $do] yH
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Fig. 4. SEM images of (a) goethite and (b) montmorillonite (SWy-2). An inset in (a) image shows an X-ray
diffraction pattern for the synthesized goethite particles.
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Fig. 5. Adsorption ratios of U(IV) colloid and U(VI)-carbonate phases for the underground noticeable adsor-
bents, (a) goethite and (b) montmorillonite in the 3 mM NaHCO; buffer solution. Co: initial U concentration;
C: residual U concentration.
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