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The syntheses of several Mn oxide minerals and their adsorption and redox
characteristics for heavy metals
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Abstract: Several Mn oxide minerals commonly existent in soils were synthesized by the modified or optimized methods. Their mor-
phologies, structures, compositions and surface properties were characterized. Adsorption and redox reactions of heavy metals on them
and effects of mineral structures and surface properties were also investigated. The synthesized birnessite, todorokite, eryptomelane
and hausmannite are all single phase minerals and have the typical morphology, as indicated by analyses of XRD and TEM/ED. The
PZCs of the synthesized birnessite, todorokite and eryptomelane are 1. 75, 3. 50 and 2. 10, respectively. The magnitude order of their
surface variable negative charges is birnessite > cryptomelane > todorokite. The PZC of the synthesized hausmannite is much higher
than PZCs of other minerals, and it has the least surface variable negative charge. Among the tested Mn oxide minerals, birnessite
has the greatest adsorption capacity for heavy metals such as Ph** , Cu®™, Co®™ ., Cd* and Zn* , whereas hausmannite has the
weakest capacity. Except for hausmannite, these minerals have the greatest adsorption capacity for Pbh** . Hydration constants of the
heavy metals and the surface variable charges of the Mn minerals remarkably affect the adsorption. Both of the factors affect the hy-
dration induced by surfaces of the minerals and species of the adsorbed ions. Their ability in Cr ( II) oxidation and concomitant release
of Mn™ varies greatly depending on the structure, composition, surface property and crystallinity. The maximum amounts of Cr
( 1) oxidized by the M n oxide minerals are in order of ( mmol/kg) birnessite ( 1 330.0) > cryptomelane (422. 6) > todorokite
(59.7) > hausmannite ( 36.6).
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A 1 2 0 2L e A AR PR R Min( 1) 3T #
PR o, JE N M e 8 T AP, FE AN [ 0 R8T 4 8 1 2 1l ol 288 3¢
LI (2 FACERT . Lhar B0 55 S B R R IR G AR
W 2Rz AT T RS DU L AT R
(PZC) I LE 2B AR AL A5 2 B RE T ot SUE ANl fk
Pk R Post, 1999; 4 4%, 2001, 2002) , 5 Wi A1 e s 45 He 4t
FEFEICE J9 Y 0 A L HOHUK A b R TR R A= 4 A7 R
P R LU — oA L (A B B AT AT BLRR AT HLTS A
) P W 2 R ( Oscarson, et al., 1981; Pan, 1990; Step-
niewska, et al., 2004), 75 P55 1 B3 R R SRR 4 TR 42
HE Pt R A

LI AAAE 2R LR, a2y 15 B, B al
AL ) R B A S AL R AR O, A AR G4
S E MVELEEHT ST, VP2 L 3L B 110 5 R L AN AR
i B (M ckenzie, 1989; Post, 1992) . Ak, 3l & o WL 4
PREEE ), JFER I S i A e MM EAE ], — B AR5
AL EET A b D S PR B BR A A AT R AN TR A
BRI, TS R A AT B 1 T R A ke, HORP S R,
FE AR AR AT, AEAE AN B 15 BT AR G 4 . 0T b ) /b 2 5k
B, WA RE T RV T, LR SRR R A R
A, QBRI e 4 1 A A P T L s e AT AT
BB B I0 8 22 A T e (v 44 S ( A0 0 264,
2001; #4955, 2003; 4 40 L 2003: 8 ik 5§, 2003; Shindo et
al., 1984; Matocha, et al., 2001; Lanson, et al.., 2002; Step-
niewska, et .. 2004; Tan et af., 2005) . {H5 51 £ &b
i A B R A 2 21 43 A A UL e, B A ] 2
SRR PR 1R LU 2 5 SUA R 1 6 R IR A0 . 245
FE B 52 e M IR R S AT D AR AR, fe Ak
BT PZC B &5 (0 AN [R), wf 7 e AR 4L

Stk AR SC LAt BRI AR A 5 ik A LR R R LY
ANl G Ry S AR, ST 3R Sk AL e e i vk AT
FAE, IR AT U o4 g (v BRI Ce( TTD R 5 AR
P A S IL A R A P IR DGR o LU k2P R L
DUR A b S0P R0 0 PR B A 2 AT by B4R S i, oy [
JHT Pk A BEY5 B (Lu, 2004: 142246, 2001, 2005) fEft—
LI B AL R

1 MRS IHE

1.1 SHETHHER

e SRR RS EE AT AN R AR
LR LK R T T TR TR VS 28 (A BRIV
B A A IR 3 FRAN S A B0 ( M ckenzie, 1989) . A
S FHACH AN ) 5 R S B 4 bl DLW 4 Ol o %, 5 G
ik r:

AEBVEEW" ( birnessite) 78 FR 4 A 5t b & 1 (15 HEYL, 2003) .
¥ 500 mL 0.4 mol/ L ) KMnO, ¥ i JH 450 3 il i3 I 44 42 9
W, TFIR RS, 4% 0.7 L/ min (¥4 2585 01 35 mL (1) &5 @ A
15 mL 7K (¥R £5 39, 800 5€ HF I P A 80 4% 1 5 30 min
S5 AT, A B A ARV J) A Al L R HAE 60 T AL
12 h 5 8 3k B0 (50 ) 2,54 % 10% g) 35, HI 784 & 8 1
K(DDW, HLBH A 18 M Q) i A= B ™4 %8 6 S0 1 S e,
PR R

BYELTT (todorokite) 7F ¥ J H[H1 4% 1 F &5 i ( Feng et
al.. 2004a,2004b) . 5 56K SOk Giovanoli 2 15 #8 1E Ar
JErP 5 KRR ( Feng, et al., 2004c¢) . ¥4 RS EL T
S ALK Pl e B BT Al 2 G S T R L ARSI 10 g B
KB R 0 I IE BRI 1 M M gCl %30 D, fER % & 1F F
FEAPAEH 12 h 5, LK Bk, R Mg K Bl R ( EORR A 2E R
W) o PR DEIT I Mg KB R 23 AR - kIR K b, e
WS R AP, B e . 1R 24 h fS AR,
F BRI YK EE AN T 2 BS/ em Ja R TR .

iAW ( cryptomelane) % & 3E (1) Mckenzie 72 75 1k
( Mckenzie, 1971: {4 HESL, 2003) . ¥ 80 mL 0. 4375 mol/ L 1)
KM nOg i O E 60 CJ, 8 AL 60 CHY 100 mL 0.5
mol/L MnSO4 Fl 2 mol/ L CH3COOH % b, i & i 7F £ 4
TFInAAE I, L R B 20 min, SR BE R op Rh 780G 2
mol/ LiJ CH;COOH, J B 45 4 i H AR v 81 . 0 Ji 48 DDW
FEERE LI S Rl 2 W/ em BLF, JELE 50 CF {1
Ak 24 h, PSS R

ERWT( hausmannite) 42 U2 (] M ckenzie ¥ 75 1 ( M cken-
zie, 1971 {5 HETL, 2003) . HUE G DDW, 2000 N, 4b2E 5 H T
PLUR 75 AT A7 26 3% . 1L 0. 02 mol MnSO4*H,0 Fil 0. 05 mol
NaOH, 43 5] 45 100 mL /KFCHIEH . (038 Ny FIBEFE 4P T,
5 NaOH #HCZEI2 A MnSO, 1, 8k4E K2 W 10~ 20 min . ¥
AR 110 S AU B D T P 0 T AT R U, DR I R P R
FEOUTE U2 Bl K e B, B ok 2 AU . S R pH i
X T 8.5 I, HUH S0 400k B DOUE, 2 fLE) 100 mL JK 72
4Nl 02 FAL 5 b ARG T
1.2 SET M RIE

Frdlh XRD (i 2% 1F: FeKa % 4T, 45 1 40 kV, 5 20
mA, SR 0.02°/0.5 s LSBT Philips. CM12
B HBE, N HLTE S 120 kV . 7E Varian Vista MPX ICP_
OES EaEAT 0 &5 Wby o B0 40 f 28 0 s SR R vk (K
jima et al., 2001), 546 AL 3 K, WO . LR B H]
ST_08 7Y Lk e i B0 b A0l s o B b 1 s 2 203 PZC) SR H
R A 7 2 72 00 5 ( Laverdiere and Weaver, 1977), 2¢ i 2
o ik 00 532 R FH IR 3% 5 32 Ququette and Hendershot, 1993) .
1.3 SET YN EEEMRH

PERFE S 6 PH* (Cu™ (Cd** (Co™ Zn®* 10 45 3l W B -
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Fic il 20 mg/ mL PRk, 430 pH % 4.5, [l I A R
AR (1 T 42 S i, YT pH &2 4.5, RIS 1 mL W4k
WAL R )R A R A, BAR ALY 15 mL ., A
25 CH&AE R, 46 2 h, W E 24 h, w50, (8 L 8
Varian Vista MPX ICP_OES bl 52 Hop i 4 J o 7 8 . sk
R EEE 2.
1.4 SEFT M O ) BIEL

PR AR [ e S Cr( TTD 40 4E: B0 1 mL % 2 20
mg/ mL (R T 50 mL 0 B0RE LA L 2 4
mmol/ L Cr( 11D 35 3 & SR FLAS [0 4 M 40 1L 51k fig o AN
(AN I R BARBIAS ) o 258 1 P o B I 1 3R B AR
12 mL . fe it B eb IR HNOS 8% KOH #5444 & pH =
4.5, pH 1032 J5 FEAE 25 CH& % 4 h, 350, H1 4R 8, /I 25
mL 0. 04 mol/ L ) KHoPO, #HHRSEAE L Cr( VD), %5 % 50
mL . E S Cr( VD) M B Cr (e . S0 v
FAL 2 UK. Cr( VD) R 0% Wk be fa v 5, Mn®* L
Cr H 57 W B e
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2.1 HiENET YRR

PHERN 2 MnOg J\if A LURE P LB RS () 26 A 1004 7 1
T E A A 3 3 R (1 RS 4 . 14l 1a & RS BN
XRD P 3%, A7 80Hls 55 22 BUEERT (JCPDS 13164 Al JCPDS
38475) L A 4 d B A # HE  BTY B Bl Golden et al.
1986) M5 B lf . MAiE N REH S AN I AT MR A A4, th
BER AR E(D, (& 1 Bm 42 5 Bm, %529 20 nm( 4 2a) . BEAESE
B bt T 4 S PR T T 5 1200 71 3 A2 T BRI =234 i, X 4
BT Y9 SR K E ( Golden et al., 1986; Post, 1992) .
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Powder XRD patterns of synthesized
Mn oxide minerals

a =P EE b —RERH; o —RETIET; d —K YRR

a—todorokite; b —hausmannite; ¢ —(:rypmmelune: d —hirnessite

ST SR A T B0 A B HTUE 1) 59 57 5 L dUHY 3 4 o
A 1) (0 RT 4E 0.  th T S EE T P AR A TR AN )
B 36 443 ( Post, 1992) . RT 5T 4 £0% 35 T 1B 7N J5 % B 11 1)
REE K, #1297 3 P REH" S AN T 4E AT 0017 HUim) HL 17 4
P35 120° M A i

SRR O R A B A, e B AR s —
(McKenzie, 1989; Post, 1992) . 5 Bl A g 5 08 (00k) AC,
100~ 200 Chi#h A 5 0 . B 1b 4 e R XRD
[€3% . 0. 494 .0. 309 .0. 289 .0. 277 .0. 250 .0. 237 .0. 205 .
0. 183 0. 180 0. 170 .0. 164 0. 158 0. 154 Fl1 0. 144 nm % §ij
SRF 25 Ay BUER (A AR W ( JCPDS 24.734) . TEM P14 5 os
(& 2¢), SRR 5L Jy SRR, A I R B4R 0. 3~ 0.8 Hm,
ANTEL g 40~ 100 nm, 7> SF 7 JURE ] G S HE S S I b A1
BT R L O SRR A ED PR W 2d, MR
s VA T 350 S B S i o R, o A R s S DY R R S R
H:a= 0.576 nm, b= 0.947 0 nm .

B 2 x 2 MRS BRI . A 0. 701 ,0. 492 .
0.344 0.311 .0.247 0.220 0. 193 F1 0. 164 nm (177 550 4
Le) A5 S (R0 iE U5 ( JCPDS 20.908) . v B I B B R Ky
AR SR, A K 50~ 250 nm, %529 30 nm( [ 2e) . Sk
CRAPAT Y ED S (F 26) SRS ECh: PUJY AR, a= 0.984
nm, b= 0.285 nm . P RAT I RS, AT AN B 2 A AT
B, UEUHRE S BB S AR ER AP A RL, R, A5 .

ACEVEETT AL th— 2 MnOg J\TH Y — 22K 40 128 T HE R
TR ) 2R ( Post & Veblen, 1990) . 15 B ACHY 5@ 07 81 b
XRD i 0.739 0. 366 0. 246 1 0. 142 nm W E 24 A48 &
(A4 HEAT S ( JCPDS 23_1239) , A7 S AT 4 41 57 4 i )
1d) . TEM 30 B {5 e WK R0 S o — i Ml 1 2¢) L &
SR B ERRAE & 7, AN 0.5~ 1 Hmy XS8R ST BT
M ckenzie( 1971, 1989) 45 (1l SRR AN . w65 P 1% S (14
M%) 2 A S8 ) LR AR T AN A R, LIS A PR A 8 i
e, T VE 2 AN SRR R TE B . ED 2R B (14 2h)
HESE 73X 21, ED B SEaR 00 2 5 AT 056, 55 1 s 2 i
SFERRL ISR d A4y 50k 0. 246 R 0. 142 nm, A5 1 (111 19 43 51
SH(100) F( 110), (001) HE HIATHFER(0. 721 nm) BEHR L AW

Gk .

SR AR B VSRR R B R S A D
By, HIEARPER A L. KBV 5600 AR 1) Mn %0
b L 450 3,96 .3, 82 Fi 3. 90, JL PZC AR, 43 A
1.75 3.50 F1 2. 10 . 1fif MEEH" 19 Mn %00 1K, PZC &, 431
N 2.66 MK 10, KGN 6RO FIEE B0 18 &5 &% 55, 25500 F
SRR A S ECLE . BN AR R A 4 T H T
3 AroR, et A ik B pH () T S T, LY Ay
KGR 2P KT > ST > SSET . 7E pH KT
4. S T e oy 5 P I Oy KN ER R > B ER T = BRERET, Y
PZC [N AN 5E 4 80, AR ET 1) PZC AT A i 4t ) 2
S AG TP W pHAE A FEE , A 5y 10 5 ofk o) A4l , 31X nT g S
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Fig.2 TEM images and ED patterns of synthesized todorokite (a, b). hausmannite (¢, d), cryptomelane
(e, 1) and birnessite (g, h)
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Table 1 Basic properties of synthesized Mn oxide minerals

W EE S Y feer ek Mn SUEHE  HIRTBYm* g) PZC g R
KB BA SR i Ko.0sMn02.01(H20) o.65 3.96 48.3 1.75 ek

PR i A0 e 3 Mgo. 17MnO2.10( H20) 0.5 3.82 98.5 3.50 ey

Bl i 30 ey i Ko.24Mn0O2 o7 H20) .45 3.90 130.7 2.10 b=

M LS MnOy 33(H20) 0,14 2. 66 38.0 > 10" If
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Fig.3 Surface negative charge (a) and charge density
(b) of tested Mn oxide minerals versus pH value

i B AL B AL 2 R Feng et ol ., 2005) 5211 .
2.2 SETHNESEORH

MR EALEE T 0 PH Cu’+ Co™ Cd™ F Zn® (155
T IR R WP 4 AR [l T S 0 AT B o 2 ML, S L
LR 0 P TG A AT I VR R o A R TR 4 )
R JUE T B i 1T 0 TR A ST A A B 5 (A AT A
A, TCHC AN ] e, W BRS39S s T B
SE, 305 B GURTWE BFS L A5 0 B 26 ] Langmuir J7 B, 8
LR EM S (N= 6, Rogr= 0.917), & KK Y=
A KCH( 1+ KC), Horh, Y 3R SR T W 4 40 8 4 s (1)
W% B Ak (mmol/ kg) o A e 275 T 42 (9 D W2 Bt 5k, € S -
U O A R E (mmol/ LY, Ky 5 W B &5 A fig 47 10 5
R, R PRI JRE 1 B (R %EAE, 2001)

22 0 Langmuir J7 P40 55 i W B ofly 2 25 S A R 40
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E IUODT ; . H 150 L. .
o " " i = ph
& x Cu & 1004 * o % Cu
B 5004 s Co = 3 E— ‘ Co
¢ Cd 30 . Cd
- Z .
0 T T T 1n 1 0 T T T T Zn 1
0 2 4 6 8 10 0.0 0.2 0.4 0.6 0.8 1.0
T 15 W b R B/ mmol » L AW P A HE /mmol - L
300+ .
250 1 . sy BEy
% 200- ) ®
2 150- E N
£ = Pp £ = .
® 100 x Cu e e
E . s Co % s Co
501 “Kd e Cd
- z .
U T T T L) 1] L] . 1 0 T T 1 Zn I
00 0.1 02 0.3 0.4 0.5 0.6 0.0 0.2 0.4 0.6 0.8
T8 P A /mmal - L EHTR b i vk BE/mmol + L
P 4 SUTe b Y 15 4 1) A il W B it 2K

Fig. 4

W B < i (1 o 3555 00 A7 T AN T), SG (1  # AKCB ET A OE
<o Jond VOB P i g deni, SRR IR WL MY G ) Ak B9, BR RER W AR,
PRI Bl O Ph 1 dge W B R KL KB BT IR
B 42 JB Y 2 P2 > Cu®* > Zn™ > Co™ > Cd* | 4 EE

% 2 Langmuir FEEHAELETYER
WHEEENE XSH

Table 2 Langmuir parameters for adsorption of heavy
metals on the manganese oxides
i 45 J 45 Y
Wk S B
Ph Co Cu Cd /n
Ape/mmol kg™ ' 1832 1084 1268 1042 1207
A ELT K 25.93 1410.44 210.62 179.50 126.02
i 0.995 0.958 0.995 0.990 0.923
A o/ mmol* kg™ ' 284.3 117.3 191.4 85.09 67.33
AR K 214.55 31.70 28.898 111.041 37.42
R 0.999 0.989 0.976 0.995 0.990
A g/ mmol*kg” ' 202.8 75.51 132.5 88.83 87.11
A K 292.31 128.02 58.00 80.26 96.341
R 0.982 0.974 0.985 0.964 0.957
A o/ mmol* kg™ ' 105.3  44.41 189 3.293 43,14
R K 196.54 7.09 66.27 187.62 268. 60
R 0.949 0.978 0.970 0.975 0.949

Isotherms of heavy metals adsorption on Mn oxide minerals

(FIUR B L gz PB2* > Cu®* > Cd** =Zn® > Co™ |, B5EENT 11
WG e PH2* > Cu® > Co™* > Cd* > Zn® | BEH 4:
Cu® > Pb* > Co™ =Zn®" > Cd** . MG L% Pb* [
W B N T Cu® MR EE T . PR LCu® Zn™
Co®* 1 Cd™ 18— AW B0 K R, 450k 10777
10772107 %9 007 7 H 107 ", A RN AR I W B 5 55 6 Y
S, SCARGT 0 () due R B ik 5 T G S ) S KRR B AT
AL AR A e FR A S AL B R AR B R AR
B T 4 8 DG P 1) 41 38 A EF ( M ckenzie, 1989; Parida et al.
1996; Tan, et al., 2005) . XF W] T4 0l fe 12 LR AL
TR BH & 71 JE A BEATWE B . th T W PR A R (1) pH {H( 4. 5) i€
ANT L JURNE 40 (0 pKy, W0 42 L E S AL SR 1T 4 2 i
PP N A 2E R B4R BH G T, A T M PR (1 i 2, ik
W BH (T RA 5, 1996; Weaver, et al., 2002) . 4 ¥ 7K
s ORI, R AR . AN, AR B TR R
A3 7 2RV 465 g IS 700 565 WK B 11 S 10 335 e T L3 R A O
AN 5E 4= H1 [ ( M ckenzie, 1989; Parida et al., 1996; Lanson,
et al., 2002; Tan et al., 2005) .
1) T 4 AR [ A A ol 0 L 0 R B /N R A
A . PO Zn® B CA™ (1 5 K B I g KB R >
AT > BSERETS MAERET, S pH 4. 5 W] ) AR e far I
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JY—E( PR 3) 5 Cu®* RO G S K M EE > SRR ~ MG 1200-
W> GREPE Co™ (¥WE WL o K WY EEH™ > BS 660> ~ABET
B> SHERD . BT BT R Cu®t AT IR (R I i A, 4 1000 :§2¥ ' .
DRI B 0 B 1 2 1T R i 2 IR K, G B o I so] TREF .
B M L5 2 TR 70 AT b U AT B AT S L AR o T £
I (R B DLt 1 W B R T ( Mckenzie, 1989: Parida et W 600
al., 1996; H41%E, 2003) , B LWL I IS AL 27 W B, 52 i § 400, / ]
L 010 T S /0N, (R LA B 00 4 T 97 ol 7 % T 4 = .
(B B AP A 4 T . 3 AT i oy T 9 fhL 7 e e, 2 TR 14 200
5 KR Ty R AR, A8 T 4 S B 1A LA B K 1 BE ARG . x
(KA 1 b il 5 FRUAE ik £ 7 T L) 15 358 3 Al BT 88 7 e 14 0 1 ) 3 4

W T RAEE, 1996) , IR 0 kL B . 35 E AR
WA I 053 1 W B, FL LS O il 6 s 21 g o B £
S B TR 20520 2.3 02 (r R R) (WRsR L
4F,2001) o TG B KA AR (ra+ 2rn,0) THEESUML
Sl B AR T 4 R () R B AR TR B LS 3L BR SRR R
Cu™* R85 W B i s G T B 6 R0 0 IS 5k 4, R A 6
T RVAR 6 JL Al T 4 g (10 Al VR B it 2 T B8 R
Pk, T 7 A0l 1D e I VR B A DU 38 K T B R W B
(5.7~ 12.4 %), XF PH** [y de IO B 3t 55 Al K Ak 85 1 00 4
I35 JCBE 8 W Y BE (1 608 mmol/ L) $23T . 45 WF 4T e W]
PH?* 7 S Ak Bl ) 4 T W B 98 A7 2E 1T 1 4 B A
{t(Matocha, et al., 2001), 25 % ACEET 47 W BH 0 4 Jud Ny 1041
FIZ B, DK B85 W G PO AT G AR TR
2, MR GRS I KA T RS L XA
(Eiptip 2 A

R3 EERMAUBTHERESLETY
e TH] Y B K 32 18 IR Bff & mmol/ kg

Table 3 Hydration ion radii of heavy metals and their maximum

theoretic adsorption amounts on the manganese oxides

W4 Ph(0.396) Co(0.35) Cu(0.349) Cd(0.371) Zn(0.35)
AR BT 148 189 190 168 189
PR 301 386 388 343 386
kA 400 512 515 455 512
R 116 149 150 132 149

5 P O AT N T e s A AR A T AR (nm)
2.3 HRELERTYN O I)HMERLE

P s SRR o6t Co( 11D R 4UAE i i 2k . 4 Bl P4l
e 2 AT, 25T Langmuir BYWE Bl 28, N Cr( T1D) 3¢
FEBUIN < 1.5 mmol/ L) B, BB e 2 0 168 I, 404k 4k SRl
B0, A Ce( I BRI, S0k ik i e 22 0T ks T RRE . A
[FIAAL SR 40 Cr( 11D 40P HE A0 4H 22 0, KRl i) 41k
fE 7 dge v, 28 T IR, JEDORE BE T, SRR AR R
M BE 855 . Langmuir J7 B2 SR A0 i il 28 45 31
f) 5 RS0 S K ( mmol/ kg) : AKBRERH7( 1330. 0) > S 40

1 2
mACe(IIEYHERE /mmol-L-!

Bl 5 SRR P Cr( 1D 140 1k Gk il 2k
Fig. 5 Oxidation of Cr ( II} by Mn oxide minerals
B(59.7)> BEEH(279.6)> MEEH(36.6) .

SFACRERE Mo BEHCRE S Cr( 1) AL M KR 6.
M n®* R Ttk B A AR A G088 BT b ThL KB R A R
BRI Mn® B IBCREAR D, AT T AU L R A Y
B METR, M BEIE A SN Y 4 (mmol/ kg) < B EERT> 6
P> ACBYEET, by JE T S o Bk 10 WA s TR
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Fig.6 Relationship between amounts of Mn™ released

and Cr ( 11} oxidized
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