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Birnessite is one of the dominant Mn (oxyhydr)oxide phases commonly found in soil and deep ocean
environments. It typically occurs as nano-sized and poorly crystalline aggregates in the natural environment. It is
well known that birnessite participates in a wide variety of bio/geochemical reactions as a reactive mineral phase
with structural defects, cation vacancies, and mixed valences of structural Mn. These various bio/geochemical
reactions control not only the fate and transport of inorganic and organic substances in the environment, but also
the formation of diverse Mn (oxyhydr)oxides through birnessite transformation. This review assessed and discussed
about the phase transformation of birnessite under a wide range of environmental conditions and about the potential
geochemical factors controlling the corresponding reactions in the literature. Birnessite transformation to other types
of Mn (oxyhydr)oxides were affected by dissolved Mn(ll), dissolved oxygen, solution pH, and co-existing cation
(i.e., Mg®"). However, there still have been many issues to be unraveled on the complex bio/geochemical processes
involved in the phase transformation of birnessite. Future work on the detail mechanisms of birnessite
transformation should be further investigated.

Key words : Mn (oxyhydr)oxides, birnessite transformation, potential geochemical factors, dissolved Mn(Il), reac-
tive mineral phase

Wy ALo| E(birnessite)s EY 2 AHslA A 7Y &3 WHEsEe 8 WAEE 2 47keE (Mn
(oxyhydr)oxides, ©]3} @*}i}gfn )= 0]-‘%i Itz o 2 v Z7)9] AL YRZE FAPE] 91 v ARP=7}t
- g EFS Holt, E3] BAle] % W ZAd(structural defects)z} H]oJUE Aol A (cation

vacancies), TFJg Hl&=2 ?3}@ TE ‘44 Z_ "Pi}—r(mlxed valences of structural Mn)2] %ol we} =A%
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A AN ApitsE "
(oxyhydr)oxides, ©l3} H7HislER BA)2 thgst
A Ao dy] X3l o (Post, 1999;
McKeown and Post, 2001; Marcus et al, 2004,
Dick et 21 2009), £ YAEHL] gkt 52 A
2ksl B9l wkgol| Hodshs Fagh ARREER dEA
AtH(Post, 1999; Weaver and Hochella, 2003; Tebo
et al, 2005). LA+ wlge] o 2 +2, +3, L&
34471 Akt £9E AR 2 W £ B
2kslol| wet WrkelES A 30 T o
o] tjefdt Fel2 Z=AeckMcKenzie, 1989; Post,
1999; Santelli et al, 2011).

Tt sk SolA BlvlAte] E(birnessite)=
EglX 7Y &3] dAEE F8 WRkslEe|#) A
af|#)¢] w7r] (manganese nodule) 2 AF2H2 (desert
varnishye A%k F8 FEE 484 Athk(Post,
1999). 53] WAt E= @ AR unit cel)e] A4,
Z9] A <=4(sheet stacking order), 2|3 ZAAA
(crystallinity)e] thFatAl Uebbe 574 FZ(ayer
structure)®] +32 +471e] E3t 7 AFsHEMnLIV)
oxide)Z (Villalobos et al, 2003), AFAA o= LutA
o2 g Z2 YRV W2 AR gt w2
HI WA 7|22 Ack(Post, 1999; Saratovsky et
al, 2006). =3 4 F= Ul opeFst g
Mn(V) 7] 257} Mn(IDE *|gHgell we} Ble3l
= o] A} (cation vacancies)’} 7|3 o] & <laf
7} Fo] S35 HA Hol BulAlelE x| F7F
Afolol] Tk ofol2o] 49 (intercalation)=| At 3
o] & (adsorption)== &Xo] YeEPdtH(Manceau et
al, 1992; Saratovsky et al, 2006; Elzinga, 2011).
o] Yot BujAlelEE kst ;;].61—14 A BB A
312+ whgol| Fofste] T EAlete FEe €
2 3 7R AA BHH Asd® T3 IS
XA Ech(Post, 1999; Weaver and Hochella, 2003;
Tebo et al, 2005; Lefkowitz and Elzinga, 2017).

78] HuIALelEdl] thet Ae v Frl9a

—

L
)

3}-3ked
of gk ‘44 o] F= @?ﬂoi
’$H 3} (phase transformation) ¥
T ez wol =R gttt AR
Tl AdA] st A/ASEHE RS Sl B
HARIEZE T8 F7/9 WHiisleEz dwst 9 5
k= 7FsAdo] BaE . Uok(Ty, 1994; Bargar ef al,
2005; Feng et al, 2010; Elzinga, 2011; Learman
et al, 2011; Lefkowitz et al, 2013). £ MnD)
ol T FHo| FEI= v
3 10-A =7z A3 O{P&g(phyllomanganate),
o) 7}o] E (feitknechtite), d+$-2~Avko] E (hausman-
nite), =7}}bo] E(manganite), v EEXEJlolE
(todorokite)Z 2] g3} 7}s/do] A|71= Ak Bargar
et al, 2005; Feng et al, 2010; Elzinga, 2011). 3}
Z|RE HujAlol EL] st HE-S sk 8 A/
A8} wke A2 tisir= o4x18] ofFl=A] %2
o] W Ao, thkata ASAA FUF AT
7F g3t Aol

£ 2R =i et sl dhgo] H3kd o
2 B #ofshs viile|ES] s} 1S of3)
al7] 93l 71E A AAFHES HIRCE v 9
2 v F e AEEH RRRIAES HESISS

, HIUIALO] E2]

Toﬂ AL W o

vl

3% wﬂa} e A9IE A A WS
A2 avsied 9o IR NIZARE AT R
o= s, G che Aske A G4

e ERI CIME O LA ELE

2. M| Ajo|Ee] Awat iSE TMsts /gt
&% urgolxt

2.1, & Mn(l)e] Y&t

HUAPe|EE 2 HEA R w2 g3 Hak(point



of zero charge, PZC)S 7ML lo] o]l sk
£ TS Holy, Uokel oL AsS 2F

M| o=

s 593 982 SH(Tu et al, 1994; Tebo et
al, 2004; Bargar et al, 2005). €3] HuAlo]EE=
£ Mn() ol teirE =2 F35g Koy
(Fendorf et al, 1993; Tu, 1993), &2 =o] Jd
Mn(D} HulAloE9Le] whgAZ o] F71ge] wheh 4
Al 2%k=]= A3 ) (exchangeable phase)ollx] 37
2)8e] %] %= AF el (non-exchangeable phase)®
WalE7| = SRy, 1993). T8 7€ d7ES &
3 F& ) 2 Mo 85 Akl of sk ¥H
ol AkERESel] 23] MndI/IV) ABsHE= Akl 349
o™ (Pankow and Morgan, 1981; Wilson, 1980;
Sung and Morgan, 1981; Davies and Morgan, 1989;
Junta and Hochella, 1994; Madden and Hochella,
2005), o Yoyt WikislE = W 23 Agh
(structural defects), Hlojle Fol2 #g, Ee
Mn(@V) #2] g5 Mn(l) E= Mn()7} X3
WrsEe] 22, g8k WHelE dod 4 it
3 B3It McKenzie, 1989).

1

2.1.1. Mn(D)®] 52H-&

Tu (1993)= ERr2Z1}o]E (montmorillonite), BH]
F}o) E (vermiculite), 7F&-2]1ko) E (kaolinite)?} 7+
HEZE, X3 (goethite), 224 (hematite)? 7S
A, BIAP|E (bauxite)e] LFrlE A8 E, 2
23 BUAl|EE ﬁﬂ%& E]-‘”okf& FEo dial pH 65
Z2104 Mn(De] &2 A5 Akt st =
7] Mn(I o—J—(([Ml’l(II)]():O.Q]., 1.8, 3.6, 7.3, 15,
29mM> 204 50 T= 20gLe] FE el

£ Mn(D)yS TN Hom AFEe FAkA 204
-r6§0}°iﬂr A A AIEER] vdlAle]EolA
£ Mn(dll disl 7P =2 35S BloH,
M9 &2 AsE 21 HEFEQ ERdZolE,
wu|Eeo|E9} viwaiA oF 100, thE FEEFREE
ol E, HA|E, A, AHM)a} vlawsia oF 30
v % =4 UERTE o]9F 722 WuAlelE 5|
¢ =& Mn() F2ee HulAtelES vhe 3
HSHPZO)9t =2 ol w3k 83 (cation exchange
capacity, CEC)ll 9|3+ A= 348ttt

Tu (1993)2 F7H o2 wuAlolE FHd| F2kd
Mn(D¢] FelE Lotrr] 98 otdFd A Ge,

KCl, CuNOs),, ¥ HCDE AHg-3ted F28 Mn(D)e]
L= A3e 35kt Ao ALeE 7 fEA=

R
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b2 ol s {dA £E2FH= w3/
(exchangeable), E°]% Z33

283 3758 (reducible)e] =
=AM, 7 SEAE B3
598 ERiste] g2k
< Z7] 308 et £ AY Ad, vurelE
Hol] F2HE W7k thE ool 23] X3k 4
= 35, A4 ‘]@Qx] %= BolF 249, 1
Ak Ao= ‘%E‘r"”’%
GQE 7S AE, =

(specifically sorbed),
} L _Q.%oﬂ _9.0]6} /\]
#5350 et e
W7ie) Felg TR, ¥

;9 m rf

€ &EAE Bl %%301 2= && Mn(De| &
T 27] 308 S wkEeMELh HAsilen, o]
B2k, = 8EA

F A BEE AlZko] F7FEe) whel B
gk W-g- A= A3 (resistance)°] F7FsH5
5] KClol| <J3] 8&¢ &5 Mn()
o] T== Mn(ID9 23S §lo] sdst §&4%S
8035 thxF(birnessite control)olA &% o] L}
Mn(De] F=2 fFAHAl Yelstor, ol &3 ke
Alzbo] F7retol| wiel wdregE]e] ko] WullAL
O|E 2 U] E3E] thE ol o3l mle] &
7153 & el (Nonexchangeable forms)® HH3}E A&
7FsE& AN B AlZko]l FKhel| whet
CuNO);ell 2]t wzte] Q@ TEIt asks A9E
Z3l, ke ol o3 4A XEEe 2T
Blo] RTHE ofle} Sold 52 e w7k 94 ¢
o mto] Erlsdt FujE Hseigle Aow A
sttt 2 HClO| o3 Wzt &5 ZAxE
3, HClell gk Aaeo] Wualo|ES} fAlgE A=
& WRslEo] FAHAS TR A71ESI &
T ATl T BuAle|E Bl FEE
o] A|slehy vk A 2ol thaia HEs] vhelx] exsk
A9k, WEg A7k w2t F2E Mn(De] FE ¥iskE
33l 8 Mn(D#e] whgel 23] WulAlo]ES] 732
7 Wzt gl sk 7S AlAlsAT

xx

2.12. 85 Mn(Dell oI5k vdlAlo] Eo] st A=

Tu (1993) S o= HYAlo]E9L £ Mn(D)e]
ohFet A|slel kgl gl Myl Bl L3 W3t
o MR WHIs=ER o s 7FsdS AXS B
& A7t FAEAKHTu et al, 1994; Mandernack
et al, 1995; Bargar et al, 2005; Elzinga, 2011).
el F2E Mool 28] wulrtelEe] A 4
H3}(reductive transformation)t&%ol dojgd = o

™, 8 Mn() &= weh Mn(HOOHS] Jolu]
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Fo|E BE= WyholEZE F49 F slgol HaEd
tHTu et al, 1994; Elzinga, 2011).

Tu et al (1994)2 11 g/Le] ®yAle]ES} 0.0033,
0.033, 2213 0.33 M2 MnSO,E pH 8 79|
b 3ol 29 Bt WRSAIZl A A= Tk
JElER Whe|ErE ¥449 ¢ itk Bsiiit
(Table 1). 53] Mn(ID2] F=7F 2255 7] W3
E21 Al EoflA] A2 T RISHER] HTRolE
2] izt whgo] mWEA oS AASIATE

Elzinga (2011)= Ak ZACA 0174 g/Le]
YAlolES 2 38 4 mMe| MnCl, &

MgCLE pH 7.0 ZANA 104 FoF w .
MgCLE ¥HEAI 735 WUlAteEolA ojm gt AW
she HAEA G W, MnCLE 22} 2

4mM= JRAIT] 75, 2k} glold]7le] B9 mrhtol
E7l 49 XA 3EEY Xray Diffraction. XRD)
3} F2jol 3t A E344 (Fourier Transformation
Infrared Spectroscopy, FTIR)S %3l &Hel&laict. &
g T/ 02 WMUAte|EQ] AhHsl AfolA ¥hEA|
1 8 Mn(D) %9 S Lotrr] 918l pH 75
o] B2k #7elA] 0.05 gllo] wuAlelE] tf
F 27] Mn(l) 5%(200-1400 uM)] MnClL,E Wt
AlZl ¥ FTIR #48 F3 ddst 22 gl
2] A3}, 200400 pMe] w2 Mn(l) F&=ol4
gto|d|7Ie]E7E, 600-1400 pMe] =2 Mn(l) &

o= Folul7te| EQt "yt EZ) S| LERE S

, Mn()2] &7t HoHdFS W7Rto|E9] H|go]

7Fehe 23S Rl sl dte w17
w2 £F Mn(De F= Wslel FTIR 48 53
FETH #skE Hlal EA4sl] o 22 WAl
Eo] A3} vkARE AAISATE B Z7] B
Al|E ol F2E MnD3 WulAlelE 2 )
Mn(IV)zke] 9E++53} ¥-3-(comproportionation, Mn(II)
+ Mn(IV)O, + 2H,0 — 2Mn(II)OOH + 2H* )l <]3]
A &20l &2 Mn(D)e] 4&%9} s sloly|7lolEr}
P, o] O o] §& Mn(De &= §lof
god|7to] EdlA Wyho|ER AdHsE dojdtiar
AHsiAth. AT Flovj7e] EdA Wrhe| ER 9
iisle] wE viEdd 2 19 54 wske] 7k
o= B8l 8 Mn(D) S=7F YHSHA FA15=
BeE AAE BYon, old gk Bt olfE A
HakA] Zslglth. 2doE EFelal d ATe H
YAlelEg} 8 Mn(De] ¥-8-8 &3l MndV)y7F %

™

7

a

o
P

™

o & 1 r S op o2 by
.

ql-o7d

X

|3t WzHslEdA Mo HiRbslER $
23k (reductive transformation)7} dojuz, 2
o7 wrlslEe] F24d, sksh-gh wheg, 83
FHo] F2E Yase] Ase] HelE + 3
IABHATE. 019 2+ HulAle| ES gl s}
&2 1.0 gLe] wuAte]E}t 8.0 mMe] £ Mn()
< pH 7.0 2719 Ak A vhEAIZ & AT
7o Ad Axs FaAz 1T 4 et dlF
HAAA A= Bvlrtel B9 8F MndDe w85 53l
pH 7.0 271004 selu7lo]E, rhtolE, T8
FElo| E(groutite)s¢] Mn(II)OOH phaseE°] d4¥
< XRD 24& 53l ERlsithFig. 1). o4 BEo],
Mn K-edge X-ray Absorption Near Edge Structure
(XANES) #2418 B3l WzkslE x| gkl
o] Wl ol thFig 2). XANES &4 A},
6561 eVellr e wurle|Ee] A F5 929
A= 85 Mn(D=Re] WES- o] Folu|7lo|Eg} 1
FEIES] Eotw e WhiolES] A F ¥=
o] x|e} UXH= 6560 eVE o3t oljet
A= 7] Mn(IVy7t A1 wulAle] Eellx] MndI)
7h A A2 BRSHER RSP doutES
A~ Ft,

Bargar et al (2005} 47k 4k}l ghgglol 5 &)
Ul Bacillus species strain SG-10l 2Js] JA¥ A
E3812 7ks = (biogenic Mn (oxyhydr)oxides)

)

o
o H1 & ox

(3

p:)
o

N
(o

© R Birnessite-Mn(ll) at pH 9
B
"ot HoH Ny
2 |
B B F Birnessite-Mn(ll) at pH 7
c M Fie
9 G2 Fic M M
= « MA_M
B
(a)
Birnessite
B
B B

0 10 20 30 40 50 60 70 80 90 100
2-theta (deg)

Fig. 1. XRD patterns of (a) synthesized birnessite, (b)
transformation products after 7 days reaction from birnessite
in the presence of Mn(II) at pH 7.0, and (c) those at pH 9.0.
The initials in the spectra indicate XRD peaks consistent
with specific Mn (oxyhydr)oxides as follows: B = birnessite,
F = feitknechtite, G = groutite, M = manganite, H = hausman-
nite. The * symbol indicates peaks could not be identified.
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Birnessite-Mn(ll) at pH 9
Birnessite-Mn(ll) at pH 7

Birnessite

_.| Hausmannite (Mn;0,)

Feitknechtite (B-MnOOH)
+ Groutite (a-FeOOH)

Manganite (y-MnOOH)

Normalized Absorbance

6530 6545 6560 6575 6590 660
Energy (eV)

Fig. 2. Mn K-edge XANES spectra of (a) synthesized
birnessite, (b) transformation products after 7 days reaction
from birnessite in the presence of Mn(II) at pH 7.0, and (c)
those at pH 9.0. The spectra were compared with those of
various Mn standard solids representing diverse oxidation
state of structural Mn. Vertical lines at 6561, 6560, and
6551 eV indicate the maximum absorption edges of birnessite,
a mixture of feitknechtite and groutite, and rhodochrosite,
respectively.

£ Mn(e] ¥H8-5 B3l AR-e HzlstEe] 344
& AeS AABIACE pH 7.7-7.8 27N Bacillus
species strain SG-13} 0.01 £+ 1 mM¢] MndDE
HRSAIZL &, A7l w2 WzHtslEe] e A
3} J== XRD #2493} Mn K-edge XANES #4]&
B8l ARt Mn()e] s 270 #AIgle] Wzt
2ks) v Elolel] o3 FAE 7] HRMIEHES e
AA} =715 zk= ¥4 A (amorphous)?] §-MnO,Z
AIEEAE. 5-MnOy= Ao WA sE Wyt

o|E(vernadite) FE2] I FARIE HUAIE F
3 £ 38Hy 542 Adolgt Alea d=A dok
(Manceau et al, 1992; Post, 1999; Villalobos et al,
2003). sHAIF FAX G AF wiES ALkl HullAL
olEg} FAKE AA FZRE zl7] wiol| “birnessite
family”= 725 71% 3HGiovanoli, 1980; Villalobos
et al, 2003). W7H¥s} mlElolel] o FAE 8-
MnO,= £ Mn(D=He] HkSo] X&EHA st
dojyrom, ol %7] Mn(l) =] wel A==
o|x} WM sEC] T2 YR ti(Table 1). 7] &
Z Mn(D9] F53 0.01 mME ¥H$AI7] A e
HkS- 47.3417F o]F XRD #elolA 10 A 239 4
shdEe] AU olefgk HrHlslE- WA}
o|E9} vl 3 T2E AL YA T F A
o)(interlayer)ell Tl e & EA= {3 WaEkE
2 484 JohKuma et al, 1994). WH, 1 mMe]
MnD)& wHSAIZ ARolM s whE 47347k o]F
XRD s{€elA golul7lo| EZ}F 2= 0w, 30547
o|Fo& godl7lel =S}t 10 A S48 AspdrgEo]
A BFEAL olEe] AT AHE T, &&
Mn(I)°] Bacillus species strain SG-1o 23] Wk
Z7] 5-MnOy2t frAkeE R84 e] LS ks
2 ABA 9 4 3o, 7] MndD) 3% &
o mel 10A 4% 2slaE T vyl
2 st dofd ¢ dsol AAEATE =3 T
Aoz g3t §-MnOy2F 8= Mn(De] #7134 Wt
(abiotic reaction)S ESIME A8 AxE 1G]
o, o]E F3l AETHOE PAE WiktslEe] F
7174 ¥ke ARE Tl thdEt HRIstER st
2 F U= 7FsAel A=A

T, O

o N fm Al b o rf

¢

T

O

Table 1. Transformation products from birnessite or biogenic Mn oxides at different Mn(II) concentrations

Experimental conditions

[Mn oxides] [Mn(ID)] Initial DO Transformation products Reference
(@L) (mM) pH
11 3.3, 33, 330 8 Oxic Manganite Tu et al. (1994)
2 Feitknechtite
0174 —— 170 -
. . 4 . Manganite .
Birnessite Anoxic - - Elzinga (2011)
0.2-04 Feitknechtite
005 —— 75
0.6-14 Feitknechtite and manganite
1.0 8.0 7.0 Anoxic Feitknechtite, manganite, and groutite This study
Biogenic 0.01 10 A phyllomanganates
. . - - Bargar
Mn oxides 1.7-1.8 Oxic Feitknechtite and/or
1 et al. (2005)
(8-MnO,) 10 A phyllomanganates
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22 8F iAo AE

2AS A S AbaE M2 AR =
Ase F s PSR §4 R st
T0g TS vAE eRIAE ZE-gthDiem and
Stumm, 1984; Von Langen et al, 1997; Morgan,
2005; Lefkowitz et al, 2013). &= MndDol] <]t
HuAle|Eo] ShelAd st wkgs) ) 85 4t
SAlshs At A s WAl E FRCA &
s Mn(De] FH4sREge] F7E0R dojd
2t} (Elzinga, 2011; Lefkowitz et al, 2013).

Elzinga (2011 Mn(Dell <]t Hu|rlelEe] 29l
A st Aelx 85 Ak S Golr] ¢
3 0.05 g/Le] HurlelEe] 50-1800 pMe] MndI)yS:
pH 75 2719 74k B fka oA WhgAIZe
), €& MndDe] AA A=t Huate]Ee] Ahs)
AEE AFsIATh A8 Ax P 2dAM =
0.05 g/Le] wvjAlolEd] olaf At oF 400 pMe| &
& MndDe] AA=HJAR, Ak 204 271
Mndl) 5=7t 37155 AA== Mod)e =7}
400 1M oFo 2 X &EH o2 Frkele AdE Bt
FTIR #4& 53 vuAlo|E9] RISt A5 Az
S A, 8T A {70k FAIRle] HulrtelEL
7zt WS B3l Fedlglo|E e WR}o|EVE
FEN e, o Fika Ao Hls) fAka €
oA steldl7te] E HIEo] O =A vEhdS SRlsk
oh Ak S vlasl fatka Sl = WAk
o|E ¥l F2E Mn()e] &= Akl sl Atst
g 4 9lom, Ao g X&AQ 8 Mn(De] 7
29} F7HAQ1 WHtElES] o] AT o
3l 8% Ahho] J3ke Lefkowitz et al (2013)8] &
TE 53 ot pH ZAEH 6.0, 7.0, 7.5, 12|32
8.00014 AT A+ A3, pH 6.0 =oM<
85 4ol o] vERA] SAIRE pH 7.0 o)
o] Z7oA= pHF SIS &5 4t o 3
7FAQl & Mn(he] 727t S7Hke @klsiditt. o
23t A= pH/E S718el vt £31Es Mol
FHEZ Ashkgol gk A 4= 2 (Diem
and Stumm, 1984; Davies and Morgan, 1989; Von
Langen et al, 1997), frita S730lx ¢-AsHA viet
o sjolilslelEe] AL BRNsE HHd 4
® Mn(De] #H AsWEE AAHERZ Toldl7le]Et
LA5HA A= t= Junta and Hochella (1994)¢]
ATzt A3

o T

o -o71d

2.3. pHe| A&t

HuAlelE FRe4 MndDe] 53 A= 2
Mn(Dze] ¥l oJgt M2-e HHitslEe]
|oio] pH Z7lof| 4dst d3S vhs 2o=
AITHTu et al, 1994; Letkowitz et al, 2013).

Tu et al (19942 €< Mn(Dell 2J3F HUAlolE
o] st wkgolAl %7] pHO F3S AR
11 g/L8] HulAlelE¢} 0.33 M2l MnSO,S *%7] pH
24, 4, 5, 6, 12|32 8 FIoA oF 22 FF WHEA|
7o, &9 pHe ¥ 27| 2717 B9t NaOHE
T AAE & o o] FUHQI ARE sHA
BTk T D7) HkE & A2 A AAd=EC] XRDo:
=374 214¥ v) 7 (Transmission  Electron Microscopy,
TEM) 84 43}, 7] pH &7 uje} Hujale|Eg)
st Edo) tEA UePdti(Table 2). 743 4Hg
Z719] pH 24004 = 27] MuAle|EVl BT AREEA]
I ARE W EER QAEle] E(nsutite)2} T2~
2}o] E (ramsdellite)’} FA4ER o, 7] pH 4 ZA
oM ZHEDH 2 (cryptomelane) = TR EO|E
(manjiroite)’} FAEACE 27] pH 5 2=
HEx] 948 u|x|e] Aunknown phase)o] HEE|C
™, 27] pH 60l = vurle] 9} 9] 2FEe| X}
3= YeRith viRete g pH 8 2704 = v
Al E9] A3t ukgel o3| myhte]ErE P
oh AN B AFXE BES 2A1%F o]F ST
<l pH A4S 1A esken, whgo] zla=o] 7l
w2} pH Z710] WslgiS Ao2 Alsdnt HIE AR
"S- 717k B3t pH 2710] YA FAI=ERA] &UA
T aE AT AIAE Bl vdAlelES] Adwist vh
o] 2lo] pH7l T8 RERRIAE 28 & U2
3] ER1E 4 AL
Lefkowitz et al (2013)2 Blu|Alo]Eof|A2] Mn(I)
2 43 F2HE MndDol 23 vujael e
Wl v lo] pH7F W= FES PRI
H, g Aelxs HA W 717 B9t 98¢ pH
g 171 918 4Z-& A (buffer)S AHE-3HA T
5 g/Le] HUAlo| E9} 50-2200 uM<] Mn(I)S pH
, 7.0, 75, 80, 12]3L 85 Z710] FAakA FelA
38U FF WRSAIHT A A, wulAfelE o3
AAE &5 Mn(D)e =& pH/} 7= =4
Uehs gubd]l ol &3 A3t dX|8Kd
o}, SIAIRF Mn(D)<e] 5= SZM(sorption isotherm)
737 H Z7 wet A 7 7 23F8S o

olo

ofy

o 1o

(

oo
o
rlo
o)



YA 1_;_)\}1‘3-1‘ g_}&o W dksi kel ) 13_}.2_,7:@
[¢) =1 [e]

ERATE. MndDe] 5283 A HulAlo|Eq
olgk £ Mn(De Hd AAZFE 27] M) %
o} golo] pH7} Z71eE S78ISith pH 6.0, 7.5,
a8 85 ZZAMME £F Mn(De Ao A7 %]
ztzt <k 100, 400, 22]3L 800 uM=E LFEREA 9, pH
703} 8.0 ZAME Z+2F 100 uM oA 400 pM, =
3 400 uMelA 800 uME Mn(D) w5 Hol u}
2} o AAZo] thZ2A veldth £, pH 7.0 &7
ANHE &= MndDe =71 2F 500 ML wj71A]
pH 6.0 Z=7lolx9t TLe Aol AAZH~100 uM)yS
Holtpzk pH 7.5¢1419] FHo Al AZH(~400 uM)SE
A Z718I) o) mix7IK2 pH 8.0 A<M +=
4= Mn(De] &7t 9F 500 MY wi7k2] pH 7.5
Z7ox9t TUE Ho AAZH(~400 pMyS Holthrt
pH 850x1¢] Hth AAZH(~800 pM)e= HA F7Ist
ek olwl, Z+ pH 7oA Yehbs Bujrle]EQ]
A3} wkg-o XRD9 FTIR ¥48 E3l ARt
(Table 2). 34 <F 100 uMe] Zth Mn(l) AAZFE
Hol pH 6.0 A3 pH 709 & Mn(l) §%
(Mn(ID];=400 pM) =AM E W AllE 2 W
TR Rl 7hAaEGi). - HAIR oF 400 pMe] Hoi
Mn(D) AAZES B pH 709 =& Mnd) 5%
(IMn(D]y=1000, 2200 uM) Z7A=} pH 7.5 Z7IA
= Mn(Dell gt wujrtolEe] ShlAd “duist vholl
ofgl] dlov|7tolES} W7o EVL A #EE o,
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Elzinga (2011)¢] A+ A3} w72 Mn(De]
Tt TS WyRolE H|go] FUIeINT
Ao 2 oF 800 uMe] o] Mndl) AAZS Hel
pH 802 =& Mn(l) &%= (MndD],=1000, 2200 M)
273 pH 85 2o E odFielE, WrhelE
o} 3 SRRV EZE SAISHA FAEEUTE 9 A
T AFE nEeZ g A7 85 Mol <
3 At Ee] gl s} vke-S E3) Jhodlvt
o|EV} $MHoR P, o]F pH 27| we} &
JRPOlEQEH 7.0-75) T 3F-2HU°]E(QH 8.0-
85)E sl =& wke WAUSS A BT

2 A7z 1.0 gLe] HulAlelEL} 8.0 mMe] &
Z MnDE pH 7.0 2 pH 9.0 =49 Fakx 3
AA wEEAIF O, vk 7Y & AF T AlEe sl
XRD, Mn K-edge XANES, Z2g]32 TEM 24& &+
gPalo] MulrtolEL] Ads) wkgol 2lo] pHel Fa-s
Felslth(Table 2). XRD £4 ZAz}, wks- 7d &
pH 7.0 27M = =7] wulAle|Ee} $A| dlolu]7}
olE, WyhjolE, a8lr aEEe]Ee] MnIOOH
phaseE°] A= eH, pH 9.0 ZAM= %7] o
At ES} §HA| alp-2mivto| BV} #2kE|rh(Fig. 1).
Mn K-edge XANES #41& F3lAx pH =70l w2}
XANES 2HE®9] g 9 A F5E5 Hole T8
=9 A7} tEA VEPES LI CHFg. 2). pH
7.0 Z7A°)xE Mn@DOOHS] Mn(l) =7} A}

ol

Table 2. Transformation products from birnessite under different pH conditions

Experimental conditions

[Birnessite] [Mn(Il)] Initial DO Transformation products Reference
(gL) (mM) pH
24 Nsutite and ramsdellite
4 Cryptomelane and/or manjiroite
11 330 5 Oxic Not identified Tu et al. (1994)
6 Groutite
8 Manganite
22 6.0 -
02, 04 -
1, 22 70 Feitknechtite and/or manganite
0.05 0.2-2.2 7.5 Anoxic Feitknechtite and/or manganite Elzinga (2011)
0.2, 04 Feitknechtite and manganite
1, 22 8.0 Feitknechtite, manganite, and/or hausmannite
0.2-2.2 8.5 Feitknechtite, manganite, and/or hausmannite
7.0 Feitknechtite, manganite, and groutite .
1.0 80 ——— Anoxic This study

9.0

Hausmannite
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Fig. 3. TEM images of (a) synthesized birnessite, (b) transformation products after 7 days reaction from birnessite in the

presence of Mn(II) at pH 7.0, and (c) those at pH 9.0.

A ZEQA 9hE) pH 9.0 2A4E Mnd) I3
o} Mn(D 37t A HAde shH-LHuolES
XANES ~HEf fARsH Uelstth. TEM
=3 pH 7.0 ZAAME A wWohle|lE
ﬂola}aigttl pH 9.0 Z2AdX= Exdole]

she-2muolE el S B35 th(Fig. 3).

J[m 091.’ M
OE g 1%
2t o

24, FH do|29 Hsek

WAl EE QWR) B pH ZA0 e
W gsleh gole we SRCEQS 7ML o]
Be golese Ul e FASE Holk Aoz

e
gdHA JHTu et al, 1994; Hinkle et al, 2017).

Tu et al 1994y & W A EAlsk= ohsst
ol gt vulAle|E9] ds] 7S AR
sl 1.0Me] K*, 0.33Me] Cu?*, 283 0.33 M2
Ca?* o122 11 g/Le] HulAlo|ES} g Ft HHEA]
A HYUARE, o5 ol ogt ou gt F=3HA |
Sl sl st

Feng et al (2010)2 A&t 4kaphak-gol os) o
AE B (e, §-MnOy)RHE EXg7lo|Ev})

Wi W An A, ol g U] A
TS Mg clee) g2 S, 14 48

A u Pﬁ}g(blogemc Mn (oxyhydr)oxides, BMO)
< M,] MgCl, & Wolla] 12A]7F &0t ¥-g-A|A
P7abetE U Foled Mgt ol X3AR
BMO-Mg A& FH31em, XRD 412 B3l #&
sk WH3lE A A3} 7] BMOZYE ofweh M3}
= :L]-;‘d—lq;q o}g)}g} 3};(]1:} BMO- Mg ]EE_ 1M°]
MgCl, €A oF 140°Ce] && 252 37 (refluxing)
7182171 A3, 71 BMOZ AFREE §-MnO, £l
A2 o] TA=UT T A7t= XRD2 Extended

X-ray Absorption Fine Structure (EXAFS) #2] Z
= B3 7= 5-MnOL14 10 A =47=8
At dEY] FUAE AA HE FZE(tunnel
structure)?] EER27l0|ER APA3ZI} dojdtia F
etk SRR £ Agtollx] AAE XRDeF EXAFS
4 ARE = AR Y WHEES 989 1%
3p7] ol ZoE A, agdx Bl 54
259} Mg?t X|3ke] 9| o] o)zl 27194 BMOS
st 7heAe ER1E ¢ AT FHEOE B2
2% ZZoA dojub= BMO9| st wh-g-ofA
Mg*" X|3ho] m|X)= S Ilsp] g8 Mgtz
A TR & BMOSF Mg?tS 24417H8<H X182
71 BMOZ 140°Ce] 2= 71E3F & EXAFS

Ag Bl vasisinh. w4 A, AR FAE

M

F

S-S W] FHE] ojE AR Mg?te] A%
Foll wgh MZ 2 Felo] grkilskEe] 34ES
s
3.4 2

2 2 =R okt AT 36 EAlske
T8 WHIsEQ] WulAto] E(birnessite)e] ‘st

(phase transformation) -3} Wkgoll J&FS v

T2 A 0 DSl ) 12 49 A 2
F5e AHS AEsigr. vlielEE dvos
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Bl As} whge

£ U2 ol2(e, Mgl 9FE e o= et
k. 85 Mool 93t WulAlo|Ee] el ~dwst
(reductive transformation) ¥H$-8 3] ulouf|7lo|E
(feitknechtite), ™87 }o]E (manganite), 2] 2 32
HLto| E (hausmannite)2} 32 Tkt W7HSkEo] ¥
qE 9o, 88 Ao {59 89| pH =7
o wie} s} W R dEfle A0 & el
Mn(De] A& Alshitgol digh $Ee ATETE
Ea] AESFA k= (biogenic Mn (oxyhydr)oxides)
2 WUIAFo | ES} FALSE 4720 WuytiolE
(vernadite, §-MnO,)E HIHJTh Mgt o|Lo=
AghE ABESE 7AksEe] 140°C o)/de] a2ellA
E'd7-Z(tunnel structure)?] E=27}°]E (todorokite)
2 st 2 ¢ Qs 97 A3Eo] BAEHIA,
2T dst 48 BEs] sl fs FH491
A7F Y=o & AT A B =i

oA HES Wuxlo]Ee] AJuist vkge] digh 7|&
A ArAde] W2, st jkS 2dske o
oF3l z|3}eka wkgelxle) 1wl =

Q3] FREA e Fio] We o Algdh
=]

o] =S 2017d% AR Ade
2 FmAAte] A AS Wol Y% Ao (NRF-
2017R1A2B4011773), T3+ 20179% BR-(-338h)
o] AP ShAAlcte] ekl ATAA LA
o2 3 A7 NRF-2017R1A6A1A07015374).
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