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ABSTRACT: Many microbes, including both bacteria and fungi, produce manganese (Mn)
oxides by oxidizing soluble Mn(II) to form insoluble Mn(IV) oxide minerals, a kinetically much
faster process than abiotic oxidation. These biogenic Mn oxides drive the Mn cycle, coupling it
with diverse biogeochemical cycles and determining the bioavailability of environmental
contaminants, mainly through strong adsorption and redox reactions. This mini review
introduces recent findings based on quantum mechanical density functional theory that reveal the
detailed mechanisms of toxic metal adsorption at Mn oxide surfaces and the remarkable role of
Mn vacancies in the photochemistry of these minerals.

Key words: biogenic manganese oxide, density functional theory, metal adsorption, photoreactivity,
vacancy
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WHoM B8 dE 2 BHCH(Morgan, 2000; Tebo et al., 2004; Bargar et al., 2009; Spiro et al., 2010).
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Absorption Fine Structure, EXAFS) @170 2|5t™, al| == BYEl| 2|0} Bacillus sp. Strain SG-1(Webb et al.,
2005), B & EQF BFE|| 2|0} Pseudomonas putida(Villalobos et al., 2006)3 Leptothrix
discophora(Saratovsky et al., 2006)01] 2|5 MM El st 7 FE 0| F R 7F ZZHIV)E HA(MnOy)
9| S(edge)2 37 5t= HUIAIO|E(birnessite) S S T X 0| Bf54%ICH ST At zt
Z 20l CHEH KHMIEH EF o BHEH2 Z4=T(1997)2F Manceau(2007)01l Z HE|£lof QI M, 2
=Zo| M= Villalobos et al. (2003)7F ME[et WHHS [HECE HFO|R S 7 HE2 HIYESH
EMMO| F Hi Ot 310, Y7 EHAM| B 2| 2E &= A(stacking mode) 7}
20% O & o HZHIV)HAF BIXF2|(vacancy) 7 & 7F A S0f
FZHRRE EIRLE S| 2Tt FE 8
& El

HLALOIE
BHE=E

| M3t OH(turbostratic),

E X 8tCh(Villalobos et al., 2003; Villalobos et al., 2006)
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23
2fol|=2o|Lt 2o 2 M5t=2& 0| O|F0o{ZICH (A E 1A)
EXAFS §2| X- M E& 32 ¥R =22
Z % 0|2 2| 318 B (chemical species)= HES 2 M, HU|AIO|E EHO| 0|2 5%
F 8%t MEE XS ECH(Manceau et al., 2002; Villalobos et al., 2005; Lanson et al., 2008). ZL2{Lt
E30|2 3tetZ ol 27 EY E0f Hto| &5tz =0l HAHEl 0|22 3t 5 S HESHA
Bfoddl = s Z7F BCh HIO| LI Ao H2 A™EEQ FEX ZHE(defect)2 =& =2
AHEH BME HS oA BHEC O|H A2, T2 X0 S3E F50|29 MR Z ot
stetAet 2 AHMlst D Hef et 7lee = U YR et o] YT HE 4 0| (density functional
theory, DFT)2 O|&35t04, £%/0|R2 2| 3}t F0f CHet 2 AHE E2tet7 LI AHo R e =
St REM[EF E& 7|ZHof CHE X|AlE {2 £ QUCh(Hattori et al., 2009; Kwon et al., 2009a
& =HoME HUAO|E ETHO| Bt T[& F-Hof| X-ME2E
MNESHAMOZE MEE|= K| AJHEICH @M EYFZE
M MEADE H|wsto DFT ol =2

Mason et al., 2009; Pefia et al., 2010)
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S8t 43 2 & (many body interaction)g L 5| 7|=35t= 0|t DFT M= &4E&E0| gie
= 2 E ™AL} one-electron AU E O B~ R & Xl M(single-particle effective potential) =

A&3tod CHHRte| & S %188 7hEFotAH| 7| &H R

IO

ZM ECH AFAXQI D2 w2 A Hate 4

UCt 75 ZEHAM (04X]) & ™Al k-4 22t H|(electron exchange and correlation) ML X|=
AAE ™A oL x[of HISt0d 1 2 7|= = R[BH O A|ARIS| 5t8F Aot 2 AHEAX =01 SLF

“nature’s glue” A& StCH(Perdew, 2010). 2 24Lf, m -4 2 2tA| 0| X2 LIEILHE 2t

18
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HE0 = AUE 2 Ak(localized density approximation)2t
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UHtstEl 7|2 7| 2 Ab(generalized gradient approximation)t 22 ZAF WS AFEBtCH &, DFT &=

one-electron T 2|2 74 & & A0}t ZH2 Kohn-Sham & & 4(Kohn and Sham, 1965)2| 117 4 Eli(eigen

state)2F 117 2k (eigen value)S T5t=0 A0{AM, TRt | I BH-2F 2t Aol CHE Z At S

T
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0|83t0q 3t&t g = & o| ot Bt HEE&FElf(ground state)E T BHCH (Payne et al., 1992). W &-4F gt

A o|LAX|ol| CHEF Z At S HIE S 2 B DFT XM 2| 2 Ab(first-principles simulation)=

‘HEXMoZ VI HE Qlo| 20 22 SESE o otHE ZHFXELY MATFZE Oi=
HestH 7188 = A7 2o, 229 dEE oF/IHdolz 2l AT 22 +HAFEQ

DFT ZEO| #HE LEe X|722, 42, M2 S8 & 0 crYEt 200l M DFT & AHS

7ts 8k et ACk



DFT of| 7|Z &t EXHA M= ZIBMoE 00 E LEHLEZ| 28t =& 7| XM E(basis
set)@t A &HStEd= AARIO HAtE|H ol REIO| HR ST 3 J|MHME= 7t Al &2t
2 27 QH|ero| MEZAF O|L} B} (plane wave)S AFE 5104 LIEFHLN, A|AR DRI
B2 22 F2HAE REO|L F 7| B A Z(periodic boundary condition)2 7HX|= A%
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(precision)& ECt MAMSZE Aofeh = U= HHE 0| QUCt (Segall et al., 2002).
27 QH|EE AF835HE DFT 2 E £ Gaussian (Frisch, 2009)2 ADF (te Velde et al., 2001) S0
UM, WHIIE A8 5= CHEXMQI DFT 2 == CASTEP (Clark et al., 2005)2 VASP (Kresse
and Furthmiiller, 1996) S0| QCt. DFT () CFFEF A L HR OO0 2AF RSO 00 000 0o

Cramer (2003), Martin (2004), Mattsson et al. (2005) S0 & A7{E|o QICt EHAE 22 2XH

QHIEFZ AFE 8 DFT 2 AFQ| 04l = Kwon and Kubicki (2004), Kwon et al. (2006), Li et al. (2010)2}
T2 R7IZQY=EMH E2ES 07 =F0iA 3ot 2 &= Urt B =HollMes it
DMEEIM L2l M0l= ECt AHMXQI EE ZH 2 AT Bloch HE[O [HE F71H

BAHAZXRH/EHIE AFE S DFT 2 AF ¢47(Kwon et al., 2008, 2009a, 2009b; Pefia et al., 2010)
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YT EE S8250| S E HUAIO|EL| EXAFS AHEH 2MDH=Z A
AHE EICHManceau et al., 2002). Table 1 2 DFT & AF85t04 ZIZ OtO|LIO|ES| AHFXE
%|x4 3} (geometry-optimization) B Z1H2(Kwon et al., 2009a), DFT 7t 2 YT X E O
HESIH o5& = US S E0{ECH (DFT & Z e fRteiE ol HMAtZ At M 2= o] 7HX|=
A A K| &[4k O FEHERe] Elo| M=zof siEste QHE FZE H= HHE FET {2
24 = M52t S ECH) DFT FAHA M2 3t X-MAHOE= & = gl 2™ =4MH)
RO RIX|E oIS E &= QICH & DFT ™42 A= 0|3 National Energy Research Scientific
Computing Center 2| FIHZFE{0|M CASTEP ZEE 0|&5t0{ &SR0, TIAtS| Wt
At A= AEIE = (spin-polarized) K EHEHE 7|27 2 A & LRI PBE &< (Perdew,
1996)= A& 3tRACH REAIEH A& B 842 Kwon et al. (20092)01] 7| E[0{ QJCH
HtO|2 Attt 7 FE 0| F250|2 & 7|5
HUIAOIE| &2 El= zn™, Cu™, Pb™ STt Z 2 B2 0|RE0|, ZITO|LIO|E
Z =0/ otd0|2 MY, Y7ZHEHA So| Yzt BIXtE| oM O F 22 3 71| &t Ast 4
SESHE M A A2 R Z(corner)@ B 7St triple-corner-sharing (TCS) £ 2F & (inner-sphere
surface complex)= O|ELC}(Manceau et al., 2002; Toner et al., 2006; Takahashi et al., 2007). [0 2 2]
E ™ HEE0f CH8H H ol & Sposito (2004, 2008)01l KEMIS| A 70|04 QICH] LIZIO|2(Ni*") Al
HUIALO|E of " ZHRRL BIXIE|0I A TCS-E2E 2 O|ECH a™d, LIZ o|22| B2 TCS-£&E
(Ni-TCS) t2BF ot L[2}, Y ZHRRL EIXtE| 2t 2 E0{7I(Ni-Inc) EME = JUSHAE 2), K2
pHOAS| &% AYHECHE =2 pH oMol A-0M O BE2 Ni-Inc 7t ¥ E 2 %[2 EXAFS
Q37 0| A Et3{%ACH(Manceau et al., 2007; Peacock and Sherman, 2007; Peacock, 2009; Pefia et al
2 &% pH o ¥0|2 ZYsE ol A= X-MAHOE FE U2 HUIAIO|EO]
6
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AEE = Jrh= 7t E MAECH ol EE™, HiCHeHE 0| M (pH ~8.3) 274 E|= Ni-
EHUIAFO|E 0| A= Ni-TCS/Ni-Inc 2| 4 THA] H|7} I R[BH S o & F (A2t 3) 2| Ni-
HUIAO|E 0| M= 1 A CHA H|7F &= A LHEFCHE Z30[Ch(Manceau et al., 2007). 1 24LY,
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SEAHN X-MAFo 2 BE U2 F 7HX[2] EE(end member) 21 Ni-TCS 2F Ni-

Inc ZFE, LIZo|22|pH of IHE EHl 7|50l CHEE HFSE T E 7HdE ME + U &, Ni-
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Matm, O M3t o4X] 27[= & pH ol &S &=Lt DFT = Ni-TCS 2} Ni-Inc AtO|2]

[o][]

0| & Eli(transition state)2F 1 &3t ALK& 2 AMESZEM O 71HE E|AE & £ QlCH
113 3 2 DFT & AF&3104 Ni-TCS £ E Ni-Inc 77t X| LI 9| @{x[of [} 2 L|Z HUIALO|E o] H&
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(D2 a3 39 aeizoiM Ztztol M2 Fo{l LA |0 HUIAMOIE BAHETXZE 2|X5}E
ANZE M, Z+Zto| A™ T X %[XMStof= 120 7H| CPU 2 HE 24 AlZH 0|4 0] 22 E[ACH)
YZHL A Fo| Lzhav) o2 2 CHAIGHA, T ZHHRE EIXt2| flol= LIZo|20], O Zol=
270 =47t RtEIE” == UCH DFT Aldtol| M= 2zHHAL BIRFE| 2ol 2 7He| =4 CHal 1 7H2]
A8 A85t0] £2 pH O T 5= BHS S LIEFACE RHMIEH DFT 2 AL 282 Pefa et al.

(2010)01| 270 =[]0 QdCt.



a7 30lM 22 pH & &2 pH ol M2l # 3t x|e| ®+0I(13 kl/mol)7F 2 K| &5
Zx™E 2 lCt 2241 Ni-TCS Ol A Ni-Inc 2 HH = BHS 0l A, HHS ST 20| ot HILIRA Ak =

Aexp(E/RT), k=8T &=, A== E=E83l0|4{X| R=7[|x|& s, T=RE]2 T2{5tH, 300

K 0| M 13 kJ/mol 2| &/ HEH0lIL4X| RHO|= £ =2 01A 200 HH O| 4 Q| X} Olof 3l
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Table 1. Atomic coordinates of ZnMn3;07-:3H,0 (chalcophanite) geometry-optimized by DFT
(spin polarized GGA-PBE). Table reproduced by permission of Elsevier, from Kwon et al.
(2009a).

DFT XRD'
X Y 7 X Y 7
Zn 0 0 0.09779 0 0 0.09998

Mn 0.71868 0.57786 0.99951 0.71869  0.57771  0.99948
01 0.52758  0.62229 0.04566 0.52785  0.62298  0.04721
02 0.25877  0.20499  0.04973 0.26078  0.20656  0.05048
O3 0 0 0.71235 0 0 0.71250
04 0.17259  0.92092 0.16665 0.17901 093108  0.16435
HI 0.183 0.972 0.210

H2 0.316 0.962 0.157

The optimized cell parameters were a =7.602 A and ¢ = 21.349 A.
'Rietveld refinement of Bisbee chacophanite whose cell parameters are @ = 7.533 A and ¢ =
20.794 A (Post and Appleman, 1988).
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Fig. 1. (A) Transmission electron microscopic image of cross-section of Pseudomonas putida
GB-1 cell and Mn oxide particles precipitated outside the cell. The inset figure shows the part of
the biogenic Mn oxide structure, where hydrated Mn(IIT) and Na" cations charge-balance a
Mn(IV) vacancy. (B) Photograph of P. putida GB-1 culture showing the fast kinetics in bacterial
oxidation of Mn(II) into oxide particles, at an initial rate of 140 + 5 uMh'(Pefia, 2009). The
culture at 0 hour corresponds to the stationary phase of the cell growth. The electron microscopic
image and the culture photo are from Pefia (2009).
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Fig. 2. (A) Fourier transforms of Ni K-edge EXAFS spectra for aqueous Ni, Ni-adsorbed
bacteriogenic birnessite, and Ni(OH), (from Pefa et al., 2010). (B) Molecular structures of main
Ni species at a Mn(I'V) vacancy, corresponding to each sorption pH condition guided by arrows.
Ni-TCS: Ni triple-corner-sharing surface complex above the vacancy; Ni-Inc: Ni incorporated
inside the vacancy. Polyhedra represent edge-sharing MnOg octahedra.
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Fig. 3. Comparison of relative activation energy from Ni-TCS to Ni-Inc reaction at (a) low pH
and (b) high pH. The b and II represent the transition state in (A) and (B), respectively. Figure
reproduced by permission of Elsevier, from Pefa et al. (2010).
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Fig. 4. Calculated band structures of (A) vacancy-free hexagonal layer-type MnO, and (B) MnO,
with 12.5 % Mn(IV) vacancies (each vacancy was charged-compensated with 4 H). Double-
headed arrows indicate the band gap. Solid and dashed lines are energy bands for spin-up and
spin-down electrons, respectively. CB: conduction band; VB: valence band. X-axis represents
high-symmetry points which electron wavevectors take on in the first Brillouin zone.
Asterisks(*) in (B) show a direct band gap for spin-down electrons at the I" point. Figure
reproduced by permission of APS, from Kwon et al. (2008).
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