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Abstract: In order to obtain the information on the distribution of vacant sites in birnessite and surface chemistry
characteristics of birnessite, the investigation on chemistry states of Mn or O element on the surface of birnessites with
different Mn average oxidation states (AOS) was carried out by X-ray photoelectron spectroscopy (XPS). Structure
models of birnessites were presumed. The results indicate that there are two chemistry states of Mn, i.e., saturated and
undersaturated coordinately Mn, whose relative contents are 83.79%—91.69% and 8.31%—17.21%, respectively. The
relative content of undersaturated coordinately Mn decreases with the increase of AOS in birnessite. There are three
chemistry states of oxygen, i.e., lattice oxygen, hydroxide and H,0, whose relative contents are 50.44%—65.05%,
24.90%—-39.27% and 8.07%—12.63%, respectively. The relative content of chemistry state of hydroxide increases with the
increase of AOS in birnessite. The vacant sites decreases with the increase of the Mn®" relative content in the Mn®**-rich
MnOg rows.
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FONTAR A SE A R, A 5 A 4> Mn(IDOg,  H.
FEZREIA 78R A4y Mn™ 5 Mn* e el
TKEAERAT 25 K6 r R A ) \ TAA 23 0 Ay 7 v 1R 7 2
Pb, Zn, Cu, Cd Fl Ni % E 48 & 7, Co® F1 Cr'*
AN B WA S T TRy R,
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I I R g o ) P AT XPS AR, IR B 43 i
A 77245 3R] =) 2 2 Mn F1 O AN [RIE 2R
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JZ Mn F1 O RS IEAT 700, DU KB ER D)\
R4 25 1) A PR 0 DA S R T 2 M T e 3 it —

D EHIE S

1.1 RKFIS5NEE

S BT AR A 4l (AR)IRF, T 24
SEP 2RI PR 7 o ) e R S 56 FH 7K 3 4
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1454 D/Max-3B X AT XSAMS00 £ Lijfig
HL T BE%1% . Quantachrome Autosorb-1 %4> {5 L%

T AFLAR 23 A o BT
1.2 KENEEN RIE K

H 300~400 mL 2 &1 /K#Hi# 0.2 mol KMnO, T
A, A TE R A IR AR (110 "CRITT),
TR BEEES , $4 0.7 mL/min (135 28250 2> 5
45.0, 53.3, 53.3, 45.0 11 66.7 mL 6 mol/L /% 35.0 mL
12 mol/L HC1 ¥, i hno¢ 55 4k 4L ) . 30 min, 7~
YIHE 60 CHFZALALFE 12 2, MRS 2IFE S HBI,
HB2, HB3, HB4, HBS5 il HB6,

1.3 HmERE
1.3.1 X ZAT45#7(XRD)

G U AR 0k R s R ik T X 2T hY
(XRD)/ 7o MRS Fe K, FB 5 (K 1=0.193 73
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Fig.1 XRD patterns of samples
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Table 1 Chemical composition, AOS and SSA of samples

B IV
P e Ak
(m™g )
HB1 K0_23Mn02_07(H20)0_76 3.9240.01 26.5

3.91£0.00 27.0
3.8810.01 46.7
3.84+0.00 30.6
3.83+0.01 535
3.6710.01 72.0

HB2  Kg20MnO; ¢(H20)072
HB3 K 11MnO; 99(H,0)089
HB4 Ko.14MnO 99(H;0)0.75
HB5 Ko.11MnO; 97(H20)0.74
HB6 Ko.12MnO 5o(H,0)0.70

AXIE, Mn 2ps, WA E HILAE 642.10~642.60 eV
I, FEARTER AN ARAE Mn 2ps, WS AT
(640.9~642.5 eV)JE[HIN; O 1s ifIEAE 530.17~530.77
eV ZIal, EaEANIIRE O 1s wEIgIE(7(528.05~
531.05 eV)JuH A o

3 it

BORAESE N REH Mo A Mn*, JF HEE S
HBI1, HB2, HB3, HB4 il HB5 [#))Z i) Mn*" & Mn®*
SRR, MEES HB6 JZAATRES A 4 Mn® 5L
Mn®*o Jhah, AR R S L A )\ T P 2 7 4
%, S5 1—OH MNP,

3.1 Mn2p;, EXiEE

M 2] LLE H: Mn 2ps, BIEAK R, Mn [
ZATAE 1 R DL BRI RAS . DAFESD HBT A, 452
M’ (E,, 5 =641.7 eV)FI Mn*( E, .. =642.5 V)1
RZZSKE Mn 2ps, 2 X RGEAT 40045, #3500 M
F Mn* R EE SR B0y 0y 590K 47.06%F11 52.94%, H,
AL FE SR FH 0 Mn® F1 Mn* 0k LA FTnt
[ LT 45 A BE L SCHR[21]. (HS2Ps b, A AR AL
JE4 3.92, % Mn R Mn* RVER 0 EE 2R B0 B0 il
Jom Fon, W mn=1. 480 N E )
AR A, # 3m+4n=3.92, WIELIFES HBI
H M’ R (R B R B0k 8%, DMk, LA Min [
AN ZASHT M 2psj 25 DX REHEA T4 45 B 1K) M (1) /B
IRELGY H(47.06%) 5 SEBR AT o B T7E G F 7 eI
AT, BB, 1 RORE Sh E MR T Mn 25
TFIIEAT B o IXEEAHURIELAL Mn 2512 FpgE
RIAEAERAS, DRI, A SC DA RN PC A AAN R LA
X 2 Bl Mn (AL SRS ST Mn 2ps, 745 X HEF T 40 164
A, HUEERIRRES T Mn 1 2 R SRS B T 45
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)

BrHEST A 641.72~642.70 eV Fil 643.84~644.99 eV (K
2), JEE R o B ok 83.79%~91.69% FI
8.31%~17.21%. AT AMIFIEALN Mn &7, T3
P ek b, 6 M & [l L7 2 3 e kS, L 4h
J HL RN T IR R AR PSS, A6 2 L (1)
WA na, I T EN 2 T 4 A e gk
DAL, S5 R TIANHURIRC A (1) Mn & 50 Y. = 45 A
PO, I RANECAT ) Mn 250 N R R T A A
TG o URE AR AL R 3.92 k3 3.67 B, JLX)
I R 2 T AN ANECAL G Mn 851 BE R B0 30k 8.31%
BEIE 17.21%. 1X 0] fe 2 1A S IR i, 3
—OH & mE, Ak A B R, 0 kA 1A
o IXRRALT- YUK A b i ik 3 1 1) SR AR B
B it A A RS, DRIk, BUARARE B R SR T4 A
ZEARPY, AT HRMEMH, S80L R
PSRRI, IF HASKEE S S R
HRRAEAE W TR O . U RE W RR S B 3G O, 3L
LR HIAR D, 4540 2 R 1 36 T AN AN LA, Mn 525
T, PR, Bl R AN A, Mn 21
HEAAN R, I HAE MR AMEFIRA, Mn &5 &
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Table 2 Contents of Mn with different chemistry states

on surface of samples

F, Mn2

fesng R éﬁ/jﬁé/ POy +m%p%2/ IR
T e Y s

HB1 642.33 36234.29 2.95 91.69

HB2 642.40 34526.33 2.97 90.50

vl HB3 642.14 27 864.13 2.95 85.85

A7 Mn HB4 642.70 39 376.89 2.95 86.82

HBS5 642.27 35168.03 2.90 82.79

HB6 641.72 35 666.89 3.00 83.09

HB1 644.55 3 284.89 2.95 8.31

HB2 644.99 3622.68 2.97 9.50

THMIF1 HB3
Bifz Mn  HB4  644.67
HB5 644.28
HB6 643.84

4593.15 2.95 14.15
5978.40 2.95 13.18
7 310.35 2.90 17.21
7256.42 3.00 16.91

32 Ols EXiLE
O JCZE XPS B AXTER (K 2(b)), FIH dkE

RMA I RSB IEA N B — 1 Ak, BN
FRELEMUK S TR, L, RSk, Rt
AR 27 iR B AEX 3 A 2R AR iR A R
1) Ols X WGHAT /r Al &, HAER WK 3. T H
R H A Q=2 1) M [ (ovn=1.55) K, 45 H 4551
AT R T B S Mn 454 %S 1
I BB/, LA 2 55 P2 7 (9 B il A
S, RO W E I R AR e, Rk, 5 H 45
AN Ols P2 G iekim, M sk, IR
HIZK 51 %01 O1s HL 725G Re U . AHalpe it
K Ols HL T 45 &BE N 529.66~530.13, 531.41~531.84
1 532.97~ 533.75 eV, 73 5l %5 B (1) 2 HL 548 ks 4
FRFLEA MUK 1R A 3 PG 2EIRES, BT B AR L
I3 K4y Bl 50.44%~65.05% 5 24.90%~39.27% Al
8.07%~ 12.63%, x| T A48 A BER/INIIFE i, Pl T4
GAL SRR 6= €0 R 12 VA AR Eat VA S E(0F 2B SIS
N T L 25 ) m i R A B IR B 03 B o

F3 BEMRRBEM T ATREMFRE N E RIS
Table 3 Molar fraction of oxygen atoms with different

chemistry states on surface of samples

Ols i

T BAERY RS R K
/t,ﬂln‘l;{\& M- \/mg%/
RFIRE AR teey s

€

HBI  530.13 27068.02 233 5044

HB2 53003 2795090 260  54.56

pufg%  HB3  529.83  28146.83 248 588l
(O) HB4 530.08 40254.64 270  65.05

HB5  529.66 3916349 258  62.98

HB6  529.90 3543879 265  62.67

HB1  531.67 2107421 233 3927

HB2  531.57 18367.63 2.60  35.86

FRIA HB3 53141 13668.03 248  28.56
(OH) HB4 531.84 1662886 270  26.87
HB5  531.53  17999.83 258 2895

HB6  531.68 1407920 265  24.90

HB1  533.65 551981 233 1029

HB2  533.55 491608  2.60 9.60

K4r¥ HB3  533.36 6044.85  2.48 12.63
%A HB4  533.60 500326  2.70 8.08
HB5 533.75  5019.86 2.8 8.07

HB6 53297 702928 3.69 1243

3.3 KRR AL f B LSRR R
P SCHR[8], FEh HB1(GHESALIE y 3.92)%F Pb* [
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T KW B 2 2.457 mol/kg®® . Manceau 25y Pb*
B 3 LR T I SUAN T 2Nt VA S N
I H 2B B ORI, U RS R 16.7%, 7K
BERT TR R R JBTRR A 100 g/mol. K Po> X BE M T
JNIHAAZS IR B 78R J5, WKARERR X Po> 15k
WS B 524904 1.670 mol/kg, i Af S HB1 % Pb™ [# K
WY B IS F) 2.457 mol/kg, 293 1.5 f%. dtbnr .
Pb>* IV 1% 1] [] I B B )\ TR ZS A2 1) B D5 /RN 7o IR
I, PO MR AL AL R 2 £5, kAl
FOHAE S HBL g5 R b 57 5 it 5 VR & I R L LG
B8 0.122 9(ER Bk AN AR 1 BE /K BT 4 100 g/mol).
Ak, HBBIRE R RZ LT A AE M, HIZA
M’ B 5y B A A R N e AR A Y, T, 45 A b
RS EER, M 1 AR A (K] 3(a)). KT
TR R 28 X SR BT A0 5 1K) MinOg 5078y JE139) 43 B G,
JURRAAREE N 3.923, HSiG A5 3.920 A& A4
TRYSDESENAR 0153 8, WS
0.122 9 i . [AIFE, MG SCHR[26]15 2IFE 5 HB2,
HB3, HB4, HB5 Fl HB6 [FI4G 4 AL EFI% Pb> MR Y

o, WL g g5 MR B, C, D Al E(#
2% J2 18] M* (LK 3(b)~(e)). HIBAL A E E, JKiH
ERASE R (110) 77 1) B Mn® 1) MnO, J\ T4
B M RO, A A S AN . BT
JHESE BRI B FOTCEERRELAAE], prih, HBLH
1 AN S ROTEA T IR
XTSRRI A, W SR ALARAL (FRERED) AN
AN BT AHEB (bR 502 TR o LR i R
SEMIERL R AL S, A i AR R LA A
AFRMEERE O I WK 4 PR ST HEHRRE S,
HAREACRE N 3.670~3.920, 2507 &t ML SRR EL
B4 0.066 0~0.122 9, & e p e 48U A S0 B 7R 3
IBU N 29.23%~43.77%F1 56.23%~70.77%; 5T
P A R, AR A AL E D 3.786~3.925, Ay
SRS RN 0.071 43~0.153 80, &kt
LSRN ks S PR R By By D 20%~40%
60%~80%( FH #3915 52 1.0 IR AN [l A 22 TR 2 1) 4L i
THOULE ). 3 4 G H: FE4 HB1, HB2 A
HB3 735 5 45 MR R A, B AT C HIARSEALE LL K 4k

(a) BB A; (b) BB (o) B C; (d) BB D: (¢) BALE
Bl “3+7 R “4+” 2 Mn 2
B3 KA AR
Fig.3 Structure models for birnessites A, B, C, D and E

© 1994-2012 China Academic Journal Electronic Publishing House. All rights reserved.

http://www.cnki.net



o5 2 30 B, S AFREEAEKBVED ) XPS BF5T 781
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Table 4 Parameters for tested birnessites and structure models

ERGE, RERSERES A
) H et =3 FA * A A ) i =i 22 Hr 45N Hr /o,
P AL G AR LA LR AR K% FRHEA IR B B/ % R SR IR LY %
HB1 3.920 0.122 90 89.71 43.77 56.23
HB2 3.910 0.119 60 90.40 39.66 60.35
HB3 3.880 0.109 00 87.37 32.69 67.31
HB4 3.840 0.104 10 91.92 29.23 70.77
HBS5 3.830 0.095 95 91.93 31.49 68.51
HB6 3.670 0.066 00 87.57 28.43 71.57
e /= i ﬁgﬂﬁ%/ e By e ¥ I R S H ¥ A S R S 5
e A i PR oo S A FRILAREE IR B K% ik SEUEE IR H O K %
Joh i fﬁ =z4
A 3.925 0.153 80 30 40.00 60.0
B 3.905 0.142 90 24 37.50 62.5
C 3.875 0.125 00 18 33.30 66.7
D 3.818 0.090 91 12 25.00 75.0
E 3.786 0.071 43 15 20.00 80.0

v *HSCER[26]H I ST H e A5 2

R RN A SRR R B SR e, PO RE
ALY S SR RN L B L A A BRI, I T
BE LW B RF R AN S BT I 2SR PO ik
A5y PO IR TR G KA T TS UL, FE S HBI,
HB2 #1 HB3 [1))2 458 ] g 3 0 B TS5 8 A, B
M C. #i HB4 1 HBS B T HAB M &L DS E
(I LLAE R S5 FIBERS C F D IR AR AR, BT RR AL 5
(3.84 1 3.83), 4ty B (29.23%F1 31.49%)F1 i
R (70.77%F1 68.51%) 11 B IR $i 43 2085 AT 4l Mt
A C R D 2 la) (S5RBARL C Rl D IR0 50
b 3.875 A1 3.818, FRIEAAEEIRE 0 0 33.30%
HT25.00% , i K S0 BE K 00 B0 0 Dl 66.70% Al
75.00%), K17, £ HB4 Al HBS (¥ 45 Fy n] ek T
SERIELRL C FI D MR A A . 2 TFEM HB6, B T H2
P e S B A R I L E S S AR E IR AR LR i 1K
Ab, BRAEAGRE . BRI S S0 R R B o B B dze Ll
SERE E RAIG, 1X A 0] BEAEAE b HB6 4544 h & K
H ] Mn® T 5.

4 ZEig

(1) 7Em BRI EE R, AN ) AR AUk B /K b
W 4R, Mn 3P AEERARTECAL AR AL 2 Ff
oz RA, JLBEIREUr B0 il 83.79%~91.69% F11
8.31%~17.21%, HhAFAMFE MK BN, R 67

FEEEI—OH 2, T akLa) i A SR VR Hi 5 5
FMEAEFIFAL Mn (15 IR .

(2) EARVERSAA B KN 45, O 74
A FRIEEFIK P 3 Ak RS, JLEER
B Hr Bl 50.44%~65.05%,  24.90%~39.27% Al
8.07%~12.63%. A LR m MK B RS, )\ T4
FhL LA —OH %, Mgty & &
.

(3) AENERHTHE(110)J7 18] 55 Mn* 1) MnOg J\ [
MR M S RO, G R S A R o

S

[1]  XuY, Boonfueng T, Axe L, et al. Surface complexation of Pb(Il)
on amorphous iron oxide and manganese oxide: Spectroscopic
and time studies[J]. Journal of Colloid and Interface Science,
2006, 299(1): 28—40.

[2] Mckenzie R M. The adsorption of lead and other heavy metals
on oxides of manganese and iron[J]. Australian Journal of Soil
Research, 1980, 18(1): 61-73.

[3] Post J E. Manganese oxide minerals: Crystal structures and
economic and environmental significance[J]. Proceedings of the
National Academy of Sciences of the United States of America,
1999, 96(7): 3447-3454.

[4] Or’reilly S E, Hochella M F. Lead sorption efficiencies of natural
and synthetic Mn and Fe-oxides[J]. Geochimica et

Cosmochimica Acta, 2003, 67(23): 4471-4487.



782

R AREER)

543 %

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Matocha C J, Elzinga E J, Sparks D L. Reactivity of Pb(II) at the
Mn(III, IV) (oxyhydr)oxide-water interface[J]. Environmental
Science & Technology, 2001, 35(14): 2967-2972.

Golden D C, Chen C C, Dixon J B. Transformation of birnessite
to buserite, todorokite, and manganite under mild hydrothermal
treatment[J]. Clays and Clay Minerals, 1987, 35(4): 271-280.

Tu S, Racz G J, Goh T B. Transformations of synthetic birnessite
as affected by pH and manganese concentration[J]. Clays and
Clay Minerals, 1994, 42(3): 321-330.

Mckenzie R M. The synthesis of birnessite, cryptomelane,and
some other oxides and hydroxides of manganese[J].
Mineralogical Magazine, 1971, 38(296): 493—502.

Villalobos M, Toner B, Bargar J, et al. Characterization of the
manganese oxide produced by Pseudomonas putida strain
MnBI1[J]. Geochimica et Cosmochimica Acta, 2003, 67(14):
2649-2662.

Webb S M, Tebo B M, Bargar J R. Structural characterization of
biogenic Mn oxides produced in seawater by the marine bacillus
sp. strain SG-1[J]. American Mineralogist, 2005, 90(8/9):
1342-1357.

Villalobos M, Lanson B, Manceau A, et al. Structural model for
the biogenic Mn oxide produced by Pseudomonas putidal[J].
American Mineralogist, 2006, 91(4): 489—502.

Burns R G. The uptake of cobalt into ferromanganese nodules,
soils, and synthetic manganese (IV) oxides[J]. Geochimica et
Cosmochimica Acta, 1976, 40(1): 95-102.

Manceau A, Charlet L. X-ray absorption spectroscopic study of
the sorption of Cr(III) at the oxide-water interface : I. Molecular
mechanism of Cr(III) oxidation on Mn oxides[J]. Journal of
Colloid and Interface Science, 1992, 148(2): 425—442.

Appelo C A J, Postma D. A consistent model for surface
complexation on birnessite (-MnQO,) and its application to a
column experiment[J]. Geochimica et Cosmochimica Acta, 1999,
63(19/20): 3039-3048.

Lanson B, Drits V A, Feng Q, et al. Structure of synthetic
Na-birnessite: Evidence for a triclinic one-layer unit cell[J].
American Mineralogist, 2002, 87(11/12): 1662—1671.

Manceau A, Lanson B, Drits V A. Structure of heavy metal
sorbed birnessite. Part III: Results from powder and polarized
extended X-ray absorption fine structure spectroscopy[J].
Geochimica et Cosmochimica Acta, 2002, 66(15): 2639-2663.
Toner B, Manceau A, Webb S M, et al. Zinc sorption to biogenic

hexagonal-birnessite particles within a hydrated bacterial

biofilm[J]. Geochimica et Cosmochimica Acta, 2006, 70(1):

[18]

[19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

[27]

[28]

27-43.

Peacock C L, Sherman D M. Sorption of Ni by birnessite:
Equilibrium controls on Ni in seawater[J]. Chemical Geology,
2007, 238(1/2): 94-106.

Lanson B, Drits V A, Gaillot A C, et al. Structure of heavy-metal
sorbed birnessite: Part 1. Results from X-ray diffraction[J].
American Mineralogist, 2002, 87(11/12): 1631-1645.

Villalobos M, Bargar J, Sposito G. Mechanisms of Pb(II)
sorption on a biogenic manganese oxide[J]. Environmental
Science & Technology, 2005, 39(2): 569—576.

Nesbitt H W, Canning G W, Bancroft G M. XPS study of
reductive dissolution of 7A birnessite by H;AsOs;, with
reaction Geochimica et
Cosmochimica Acta, 1998, 62(12): 2097-2110.

Banerjee D, Nesbitt H W. Oxidation of aqueous Cr(Ill) at

constraints  on mechanism[J].

birnessite surfaces: constraints on reaction mechanism[J].

Geochimica et Cosmochimica 1999, 63(11/12):

1671-1687.

Acta,

Banerjee D, Nesbitt H W. XPS study of dissolution of birnessite
by humate with constraints on
Geochimica et Cosmochimica Acta, 2001, 65(11): 1703—1714.
Kijima N, Yasuda H, Sato T, et al

reaction mechanism[J].

Preparation and
characterization of open tunnel oxide [alpha]-MnO, precipitated
by ozone oxidation[J]. Journal of Solid State Chemistry, 2001,
159(1): 94-102.

Zhao W, Cui H J, Feng X H, et al. Relationship between Pb*"
adsorption and average Mn oxidation state in synthetic
birnessites[J]. Clays and Clay Minerals, 2009, 57(3): 338—345.
Grosvenor A P, Kobe B A, Biesinger M C, et al. Investigation of
multiplet splitting of Fe 2p XPS spectra and bonding in iron
compounds[J]. Surface and Interface Analysis, 2004, 36(12):
1564-1574.

TR, XUBE, TR, 9K RUaL 1R M 0], e T
HiAR, 2003, 40(7): 536-540.

FENG La-jun, LIU Yi-hui, LEI A-li. The controlling of
nanoparticle agglomerates[J]. Micronanoelectronic Technology,
2003, 40(7): 536—540.

LR, TS, BRIEEE. KR YO BRI TiO, E A AR
8 OB HEAIRPED]. b7 A3, 2006, 64(2): 145-150.
JIANG Hong-quan, WANG Peng, XIAN Heng-ze. Preparation
and photocatalytic activities of low amount Yb**-doped TiO,
composite nano-powders[J]. Acta Chimica Sinica, 2006, 64(2):
145-150.

(W48 FRultE)



