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Abstract: The generation of reactive oxygen species (ROS) at pyrite-water interface under anoxic conditions has
been one of the important discoveries in surface reactivity of pyrite during the past 20 years. This reaction not only
has an important influence on modern environments but has also played an important role in the evolution of the
early Earth. Under anoxic conditions, the ROS produced at pyrite-water interface is a type of strong oxidants and
theoretically has the ability to oxidize pyrite. However, the fact that the ROS produced at the pyrite-water interface
can oxidize pyrite itself (i.e., self-oxidation of pyrite) has been overlooked. To reveal this reaction process, we
used in-situ diffuse infrared Fourier transform spectroscopy (DRIFTS), quasi in-situ X-ray photoelectron
spectroscopy (XPS), and density functional theory (DFT) calculations to study the initial reaction processes of the

self-oxidation of pyrite under anaerobic conditions. The results indicated that: (1) self-oxidation of pyrite occurs at
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pyrite-water interface under anaerobic conditions, resulting in the formation of high-valent sulfur species and iron

oxides; (2) the self-oxidation reaction at pyrite-water interface is accompanied by the formation and consumption

of interfacial hydroxyl groups; and (3) the hydroxyl groups at the pyrite-water interface are derived from the

dissociation of water molecules at the defective sites on pyrite and could be a source for ROS. These findings

revealed the hydroxylation and self-oxidation processes of pyrite surfaces, providing a fundamental understanding

of the importance of the reactions at the pyrite-water interface in the evolution of early Earth.
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£f{%1,(Hazen et al., 2008; Wacey et al., 2011; Mukherjee
and Large, 2020). HAj, ©A KX T YK AH
PR A H A OB UK SE G P 4 (reactive oxygen
species, ROS) #5741 i (Borda et al., 2001; Cohn et
al., 2004, 2010; Zhang et al., 2016), XELHF5T K L4
XA B SR AT B SO, M G TE AR R AT
o CRTETCEAME T RBIE ™ A iG M4 0T M Fh i
/b Wk (Borda et al., 2001; Wang et al., 2012).,
BUEKT FI4: 2140 (Xu et al., 2013), [ 20 4E /T & AR
T AR K A = A i AR A K (Borda et al., 2001),
BT K ST R AR — RS2 B T O
(Cohn et al., 2010; Nooshabadi et al., 2013; Nooshabadi
and Rao, 2014; Buckley and Woods, 2015; Zhang et al.,

2016). T 1E R I HIRER 2 R G E E A0 )2 57,
B HKMVEH LT 51 28 30 1 5 % i i #2 (Ostrander
etal., 2021)c PRI R AT /K B 1T 7™ 7 P R — i e
AALAE A 1 R A 27 S R A 2 i A P 47 T T
Fff {0,(Zhang et al., 2016, 2018), A7EFWIHbERFE
JZ RS2 F1E(Borda et al.,, 2001; Marakushev
and Belonogova, 2019; Xian et al., 2019),

BT — HREEAX S A R b, Btk
Az A BT IR IR AT 1L %7K (acid mine drainage,
AMD)(Evangelou and Zhang, 1995; Murphy and Strongin,
2009; Lindsay et al., 2015), /& B ST B4

Koy K E TP 4 fb(Chandra and Gerson, 2010),
oA F53h 11245256 (Jerz and Rimstidt, 2004; Osborne
et al., 2010; Sun et al., 2015)H1— 28 JFE A7 MR (Nesbitt
and Muir, 1994; Guevremont et al., 1998; Zhao et al.,
2010; Chandra and Gerson, 2011), &M T, 2
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o AR SR AL, SRR [ BE A bR o SRR L

“} 2.80 V(Zhang et al., 2016) . W4 K K 1.78 V, T4
ALK 1.23 V(An et al., 2011), #1174 HA S0 = AL
FLA BTG PR S A S R I RE . R
TR N R K B = R A IR R
Kk F2(Borda et al., 2001), {H2 HEjxF T 85k
WA AL 1 B 5% 38 3 B 56 1 F 48 A (Schoonen et al.,
2010). FH®EF(Holmes and Crundwell, 2000) . 744
(Gleisner et al., 2006)3 KK 52, &7 ¢ BTk
WK S SN 7= A A 3 PR RO B R B Y Ak
Y& H - Schoonen P45 2H MR 45 X 5 26 HEL T~ RE i (X -ray
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ST B R K FE A TS PR AR T R
FE T B B AL ) = AN Bk B 4 A OK 7 A2 (Borda et al,
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KAEA . R % Bz pR 3L (density  functional
theory, DFT) i1, i i 7F PRAH BBk R 18 5 | A\ BFH,
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RAFTLLAM G R R A, RN LR e, UG —
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K H Thermo Scientific K-Alpha % X 28 GH
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X KAR B (100) Fh T HEAT 60 s 3% i b P AL 15 3
T L [ (Caban-Acevedo et al., 2014; Xian et al., 2019),
Ar B TR RN 1000 V, T I LU LG %
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Wb HEAT o ROVME TR N, TR ER TN, >
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(VASP.5.4.4; Perdew et al., 1996)., 1% % {40 5% 5% 5%
Z3 ST 0% (projector augmented wave, PAW; Kresse
and Joubert, 1999) . 115 R FIbR RS PAW i #%, R
Fe: d7s1; S: s2p4; O: s2p4; H: ultrasoft test, HL—F-[A]
S B iZ pRK FH Perdew-Burke-Ernzerhof (PBE)
12 PR (Perdew et al., 1996). HiLF 55 F[0] 38 HAEH
SR 350 eV #IBTRE 19 F 11 i FE 41 (Hu et al., 2012),
SRERY HL AR ISR N 107 eVieell, B T35
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3100~3550 cm ' H 4 0 AT IS I 0 B K A
BT R TH F2 KL (Fe-OH)(&] 2b)(Wijenayaka et al.,
2012; Wu et al., 2015) A CHRAHY Fe-OH WIS £
(~3385 cm ") 5 ¥ 4k e i XUEC A R 3 0 i B
(3486 cm ")AHIT(Wijenayaka et al., 2012), %54 R
DFT 5045 J (Xian et al., 2019), i% Fe—-OH AJ 4
J& TR 2 1 R T A FR 3, 2 A AR A R,
W A7 I T MG I KW A% o i DRIFTS 4Bl 115 1Y
YRR & B DRI 4), SRR 36 s BE A AH X 5
it B A SN ] A3 R i, HH RS . X —
AR, B 5K FAER SRS, Ko
TIE W BT Bk R, RS AR B R R

T AR E R K R RS A AT R,
H—H T quasi-in-situ XPS J206; o N EEERTHE 5
i) Fe 2p3, XPS { (/& 5a, d)ff ] WELE T 707.20 eV
Qb 1 2 e 0 1 45 5 RE A B RS 06 L AN R A0 A
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Fig.1 DRIFTS spectra of pyrite that reacted with water for various reaction times

38 (arb.units. )

1200

1100
SH(em ™)

1300 3100

(b)

K B 7K

58/ (arb.units. )

Fe-OH

3300 3400 3500

S (em ™)

——
3200

2 EHH 5KKEE 1.5 h FEREGRDH()FEDF(b)EY DRIFTS £l& E %
Fig.2 DRIFTS spectra fitting of sulfur species (a) and oxygen species (b) on the pyrite surface that reacted with water for 1.5 h

Geochimica || Vol. 51 | No. 3 | pp. 283-293 | May, 2022



%3 11 MRES: TEFHTHEK

TREMZRELSESEL 287

W9 &P, AT 707.20 eV AbfIIE T &8 T A Y
ik F1 7% Fe(Fe-bulk), i = 254 e Ak i i R 1 5 &8 T
PRI RIS Fe 155 2% 1R B 7K 5207 7™ As 10 4 44k
Y Fe(I)-O(Zhu et al., 2018), —FPFE i Fe St/
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Fig.3 The relative content of sulfur species on pyrite surface
versus the reaction time between pyrite and water
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Fig.4 The relative content of surface hydroxyl and adsorbed
water versus the reaction time between pyrite and

He/NEAE A 711.10 eV A U E 2558 T Fe(1H-O
Y

S 2p XPS JGit (K 5b.e)rl LIE H, fe/IME S 4
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1) 46 2 W R AIF J2 BBk 11900528 7 (core-hole) RN
FEA IR (Herbert et al., 2014), {HAFE A, S° P Fl
155 (Zhang et al., 2016)A] HE5 15— 7N P2 4k
M55 EH S, tFizkb g m B A B B ARk,
AT ARAE X 5. 16 ArZidi)a, S 2p i 1E4s &
HEM 161.30 eV AR EE 1 N5, ST A mHiiE —3
(Andersson et al., 2004), %155 J& T2 i (ST,
FH 2R 1 S-S #2474 (Uhlig et al., 2001; Stirling et
al., 2007; Xian et al., 2019),
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5a.d)" Fe-surf. fll Fe( Il )-O fI{5 538 5%, 1 Fe-bulk
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P AR S A2 4.5%(3% 1), Rl Fe(ID-O ¥ #F &b 57K SN 2 J5 3R 0t A7 /> 1 00 S8 A0 9 b = 28
PG INAL 1%, BIRTERE PN RIS 2p Fe 2ps, XPS (K 1), [H Ar & F3& i 10 s 2k R 1 5 /K Kb =,
IR R R R E A . KA IR R, SRR SRV R, Wl ACE TR
B0 1s XPS i 4k ifs 5 B MBI aR(E 6c. 0, BRI 5K 07 09 RO S nsRZ
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=
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e Fe(II1)-O —— Si-surf. —— 0-oxide
Fe-surf. I “core-hole”peak ——0-0OH
Fe-surf. II — s O-other
|.|.|.|.|.|.|‘.|.|.|.v|.'|.[ A AR R N B

716 714 712 710 708 706 704 172 170 168 166 164 162 160 538 536 534 532 530 528
ZEREE(V) ZEAEE(eV) EEHE(V)

6 EHA (100)E S5KIER 4 h [FHY Fe 2p35- S 2p. O 1s XPS it
Fig.6 Fe 2p3s+ S 2p. O 1s XPS spectra of pyrite (100) surface that reacted with water for 4 h

R1 HETA00)ES/KERBIEE S 2p. Felpsy,. O 15 XPS i S IEH &S5
Table1 S 2p. Fe 2p;3,. O 1s XPS spectra peak fitting parameters of pyrite (100) surface before and after reacted with water

XPS A F PRI XT T 435 B (%)
T U REDF AE(eV) JERARE & tE O Rp =R e AW I
FUIARER AR 60s  BURFEMHKZETRAL 4 h Ar'ERd 60 s+KZELLL 4 h
S3 -bulk 0.00 79.9 47.8 81.6 50.5
Doublet 1.20 - - - -
S -surf. —-0.70 12.2 13.3 10.8 15.0
S 2p Doublet 0.50 - - - -
s* —-1.30 7.9 38.9 7.6 34.5
Doublet —-0.10 - - - -
“core-hole” peak 2.18 - - - -
Fe-bulk 0.00 70.4 50.0 69.4 45.1
Fe-surf. | -1 0.60 0.0 0.0 0.0 0.0
Fe-surf. [ -2 1.20 8.5 14.5 8.3 13.0
Fe-surf. [ -3 2.90 0.0 3.0 1.4 8.6
Fe-surf. | -4 5.10 0.7 2.5 0.0 3.5
Fe-surf. Il -1 1.90 8.5 1.5 8.3 13.1
Fe-surf. I -2 2.80 5.6 7.0 4.9 3.2
Fe 2p3p
Fe-surf. I -3 4.20 0.0 0.5 0.0 1.4
Fe-surf. I -All / 23.3 29.0 22.9 42.8
Fe(lll)-O-1 3.92 3.5 6.5 3.5 6.7
Fe(Il)-0-2 4.92 1.4 1.0 2.1 0.9
Fe(Il)-0-3 6.02 0.7 2.0 1.4 2.2
Fe(Ill)-0O-4 7.07 0.7 1.5 0.7 23
Fe(Ill)-O-All / 6.3 11.0 7.7 12.1
O—water 0.00 59.5 21.7 45.5 38.3
ols O-oxide -2.00 0.0 43.5 14.9 21.5
O-OH —-1.00 17.3 22.6 23.1 31.0
O—-other 1.10 23.2 12.2 16.7 9.2

T P FERUEI G th Rz TR AR AR RS & i C 0T, T2, 28628 70 P ORI 5 BEAT </ FonizZB ez AE
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W R T 5 K o FRE BT, IS ROEE A B K 4y
THE B ERE R W BT A AR AL . 2 BT
5 AN 5 Sk B B30 1) B BR AT (100) 3 T (g W B SSHY , AT
DL, ASHIFGE 5 50 B2 (100) B 4 2 T4 7K 43
T R ARG TR R 43 R 4 IR B, AN 3 A4 2 1 (i
BB R 1L 20 7)XF 2K A3 04 WL A4 750 A i 2 WA A
FH B T JC 3% T B 5 A #5 2K I (Stirling et al., 2003), A
2 THT S B 385 0 T 7K o0 AR B AT 2R TR S 1 T RE,
AALENUE T b sE a2 8, it — 2 500E 7+
SE A8 0 B R (100) 2 TH R B S I 1 Y 0 (Xian et
al., 2019),

WA IX 3 2 3 i AR E IR A (8] 7), &
IR 3 S i I B 127 5 B R (100)R Y 4 BCAL Fe
FHIC . BT (100)F ELEEECGE R 1 F 2 B, 7K
O3 FAE AR (100)7 1A 1 iFf: 15 W B AR e #4902 S 3L

®2 KRESTRERIEEERIE IR (100)32 H AR H 28
Table 2 Adsorption behavior of water on pyrite (100)
surfaces with various vacancy numbers
RIHL  RIMRFE Felid  RWifc  FI4R KT
iiErRe Bt i % EA ] JeAl

ete)s
e B A 7Y

1-4-d 1 4 25%  FERESCRH A RS R
1-4-m 1 4 25% AT SR
1-5-d 1 5 75%  FRESM 43R
1-5-m 1 5 75% AT AR
2-4-d 2 4 50%  fERESWRKE 43T
2-4-m 2 4 50% ST URKE 43T
2-5-d 2 5 50%  RERESWCE A RS R R
2-5-m 2 5 50% AT 43Rk
3-4-d 3 4 T5%  FRESM 43R
3-4-m 3 4 75% AWM AR
3-5-d 3 5 25% BRI 4> T
3-5-m 3 5 25% S TURME 43T
4-4-d 4 4 100%  fff BB 3 IR
4-4-m 4 4 100% 4> TRt 7 Wb
5-4-d 5 4 100% ik B3R BRE 37 WY
5-4-m 5 4 100% - FWRKE ZrF
6-4-d 6 4 100%  fift B ICHE 23T IR T
6-4-m 6 4 100% 43T WCHE 23T WR
7-4-d 7 4 100%  fiff B9 PR Aot 8 R RS
7-4-m 7 4 100% 4 FWRFE o7 W

T RSG5 S5 R BB K —Fe 103 K0 4R e B2 20 11
A S, m ARSI AR W BT A 237 RS d AR IR IR
itk B I I

Vit Ry, BIK o> T 8 = AR R LRI S 1 4 4 g
i Fe Ml 14> 5 W7 Fe LA, 17K 50T 55 00 o F
W5 RE AR S JRT45G, B S-H 4. ik
(100)Z= 18 B R 7 B, KA TFAERERD™(100)3%
TET P 225 W SR A e # 78 ly B b AR R, RIOK 43 F i
FAER IR FE S 1A 4 BN Fe 454, MK TR By
JEFNSRME R 1 A0S FPasa . UM eks &
BB S A, R R TR S AR BT R Y
fitf 25 W Y

T T M, AR B M, Ko F e
i B B AR SR 0 T RE YN TR, RIAK S FAE
O U o B AT 3R D A AR 2 R B R W B T 3 R
HEAT o X 5 BRAH (O 3 BB ) B8 R0 (100) 3K a1 g A 25
S, BAIK A 7R BAR B (100) 2% 1H Y 43 e Bt
Al [ & PEAT (W B fE R —52.68 ~ —54.14 kI/mol), i fi#
BB T A & #E T (BB 81.21 kJ/mol). X
1 — 25 GE B T 0 2 T I o XoF 7K i R
AR HEER .

2.3 KEBST A00)REHEELNE

HARIAT T R MG A B T K o> FAE B8k %
AT 114 i B B 73X — AP, (ELK 43 7 B BB Bk
2 THT P9 R A 7 I 2 T e o 250 o 1 A8 A6 O IR B A b
(1 8), 2R 18T W B il 55 2 1 ke B 250 O 80 A DG
Ry itk — 25 B IR T B B AT (100) 2% 1T Y TR
B 7 5 W R BB A DG R, A0 BT T KAy F 5 Bk R
T/ R Y Fe—O #EK M S-H 8. s &M
(3 3), Ko F 7B 2 0 (1 W B e 5 58 5 iR 59 A
— R R S W R B PR 3 R R Y R (1-4-d
2-5-d)ff, JE MY Fe-O #EK 550 F W) Fe-O 4
KR —F(~2.10 A); ik 25 W B 2 5 Sy B 4
HI(7-4-d)F, FEIAY Fe—O HEK (1.86 A) 5 T H:
b R B4 RS F) Fe—O K o 3 At 5 % A4 784 £
XTI AR AR, K 3 F A B SR R (100) 3R 17 fig
T A il s S (B R A ), B T B R T R
S JUAAT 25 8 T 4 o 1) 2% 181 5 7K 43 B A ELAE
R

IK Gy FFE B RR AT 2% 18T B RE P LA B 7K 43
T HEG RAAHEAERRE. KT Lo TR
g R B A SR B, LR B R T AU 1R B
PR R TH Fe 57K 73 48O ) A B AR I Y JSCBERE
MK 53 LA Sk 5 W B A 7 % B A R R e,
B RE I AT 43+ S #5 4K 1l Fe-O, H . S—H A4 A i
K5+ O-H e fiRae, Hh O, H 5 HkH T
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Fig.7 Adsorption configurations of water on pyrite (100) surfaces with various vacancy numbers
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Fig.8 Adsorption energy of water on pyrite (100) surfaces
with various vacancy numbers

IR T e o i K Hh O,—H 8EHE(~500 kJ/mol)(Luo,
2007)H153F W fiF i) 1) Fe—O,, B RE, Al LIS S—H
HERE. MHEZEIREI (R 4), KT HEEY K S
YEREIE ) S—H 4#H8(393.48~443.06 kJ/mol)EbK
o O-H #ERE/D, X REEK T TSI Y
REAEG KAME MR A, & AR SR 5
AT (100)K 1 Fe fiA1 S (sl 5K i85
) 5 RS - AH ELAE R SR S5 R [R) . Lbdn, 3 e
TR T A S A AL R EER T (100)K H 1Y 4 AT
fii Fe 5 O, JE MK Fe-O, #AES 5K 63.68 kJ/mol
i1 85.97 kJ/mol. X Ut /K 4376 BBk R IHI i 25 5
A A R T R A 3R T A R AR o

x3 KESTFERELKEREKT (100)FRE AR M2 E
REWSH
Table 3 Adsorption behavior and structural parameters
of water on pyrite (100) surfaces with various
vacancy numbers

TR RAEE e K (A)

%7 WBHRR  (kI/mol)  g(Fe-0) d(S-H) d(O-H)
1-4-d B —7042  2.12;2.13  1.52 0.98

1-4-m UK —63.68 2.10 / 0.98; 0.98
2-4-m ST —124.66 2.10 / 0.98; 1.01
2-5-d B —79.12  2.12;1.99 136 0.98

2-5-m ST RK -92.82 2.12 / 0.98; 0.99
3-4-d SrFRKE -102.76 2.10 / 0.98; 1.00
3-5-d SFRKE -115.49 2.12 / 0.98; 1.01
4-4-m K —86.35 2.18 / 0.97; 1.00
5-4-d T —162.38 2.07 / 0.99; 1.01
6-4-d ST 7314 2.14 /' 0.97;1.00
7-4-d B —13.31 1.86 1.37 0.98

7-4-m ST WK -85.97 2.24 / 0.98; 0.98

R A Y A 9]

Ryt — 2 AT B R T A M 5% K 40T i
BN 2, 58T T K 5T LAy T B =X i
B fiE (Fe—O,, HUHERE) 5 & Bl b B2k (100) 3 18 frY) 2
PREIE R . AT A (B 9, Ko FrEs sy
FE 0T & A 53 WA %) W R i 5 HL 3 T 1 T eR B TE —
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FERERE EAFEIEARSCOC AR, BV Il ok B oy A R 1T
K3 B AH ELAE S

® 4 KESREBERYT 00)REBEBWHE Fe-0,-
S-H. O,-H ##&E
Table 4 Bond energies of Fe-O,, S—-H, and O,—H of
dissociation adsorption configuration of water
on defective pyrite (100) surfaces

FH R HEHB (kJ/mol)
%S Fe-0, S-H O,-H
1-4-d 63.68 443.06 ~500.00
2-5-d 92.82 393.48 ~500.00
7-4-d 85.97 427.34 ~500.00
0
: [ ]
_40-_

E

i -80

1

= L

= 120

~160f
1 " 1 L | L 1 L 1 L 1 L 1 L
43 44 45 46 47 48 49 50
R (eV)
B0 okiE S BRIAE SAT(100)5 E AR MY B8 5 L T T
REBIKF
Fig.9 Relationship between adsorption energy of water

on pyrite (100) surfaces with various vacancy numbers

25 Lk, EER T ZR LA AL B R 2 1T ) R AR
P HL R 5 K 4 F AR SR S, 1T 4 i K 7 B
BRI MR . T, AREFT 5 K Bk
FM 25 th ™ W) R WA 505 5K 5 F A
YERFEFEE S . MoK o 5 ke 2R i & A A R,
WRAEH G B K Fe-0,, S fE 5 HART S {4 v GETE
Y S—H HRE Z AN T /K i 2 75 21 g & (K] 10a),
IK Gy F AR ) F LA 37 W B ) 2 S 2 ik 2 1
WRAE G Fe-O,, BERERY 2 £ 5 HLARIT S 17 45
Al AEIERLIY S—H A 2 AR T /K M B 2 1 fiE
(&l 10b), 7K 3—F i 1) F LU f7 225 W BFF 1 5 = i o
FERARY R, WEARAVERSIE L Fe-O,, #EfE 5 H A
VT S A7 S AT BETE Y S—H B AE 2 FIR Tk ik 5 7 2
B RERE (& 10c), 7K43F W00 R] LA LL B ik 25 W B %)
S B 7 B R R . X R OK A T 50T Y R A
Y F 5 1) e A8 A6 1T RE = 45 K 43 F 7R 0 1) 2% 18 it
B5 T R AR AR

' EF670+E57H< EO*H
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Fig.10 Schematic illustration of water dissociation on
defective pyrite (100) surfaces

24 HEPW - KAEWESRMLLRE

D A7 18 2 ST Mo HL AR ' 3 RN M S A X S
Al R 2 0 4 SR vh Y WL B B JC AR R BBk
R ABS, DFT T8 45 R85 Z A i
AT (Xian et al., 2019), [R i o 9256 B0 4 F 545
B, G55 O A MBS R A R GR, A0
SEHRE TR A T SR SR A A LR N . FEZ T
(BIFSE H (Xian et al., 2019), BB 2 Tk 4 A0 1 2k
PE L Fe(+2.5), 4 H,O 5 & BREA E ™ (100) 1
RAVERBY, BB efE gy R AL Fe(+2.5)
it B IR R B (5N 2), R Y R BRI R 2
H 5L («OH), FFHFBEAM Fe +2.5 ik 5 +2 fr
&N 3). HULFE, 2 4~0H Al LIZE & A oA K
(Zhang et al., 2016)(z{ 4).

2[=Fe(+2.5)] + H,O+ -S= —

[=Fe(+2.5)],-HO- + =S-H (2)
[=Fe(+2.5)],-OH- — 2[=Fe(+2)]+*OHqy (3)
2¢OH@gy — H2O29) 4)

TRFKMHE T4 K ROS A gt — 4 #4044

Ao eI A ELAAR AR S R TR AR T Bk
WK ST A B R AR F O BRI K % ROS 4G
WG RMA (S ) L ERN, 7w
FRHR(S,07); BEJG F=A: ) S,07 AT Az i Ak s 1w A ik
AR ERAR (SO )FIBA i (S”), SOT Ft—4 5 ROS X
N, A RERRRAR (SO ), WIRE A AL SO FCan T
Fe-S-S(- I )+6 *OH,q) — Fe"-S,07 +3H,0 (5)
Fe"-$,07 — FCH—SO§7+SO(ad) (6)

Fe"-SO} +2 *OH,q) — Fe'-SO; +H,0  (7)
Fe-S—S(- I )+3H,054,4 — Fe'+S,07 +3H,0 (8)
Fe'-SO; +H,0,,4) — Fe'-SO;+H,0  (9)
Fe'"+H,0,+H" — Fe"+H,0++0H (10)

Fe"+H,0, — Fe"+HO,*+H" (11)

Fe"+HO,+» — Fe"+0,+H" (12)
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Fe'-SO; +H" — Fe"+HSO, (o  (13)

i B3R S BRI L, BT AT SR A W A SR T

KA TR T, JCRSME T BB K i ALY

ATREAR R TR OK R R R AL R, ke

5K A AR W B 48 TR 7 3R AT TR 7R &
A B B AR AR S 2R A

3 45 ©

(1) TS T BEA K L 1 25 5| e 3
B R ARG R, A R =N S R B AL A AN
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K ST 7= 3 P S AR TR
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T T P 2 1T pR RO SE 1 3R 1T 5K 4 AR, 4%
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AHH AR R AR AL .
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