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IC
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Copper Standard)% 1913
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10

40

Tomashov

2-1 2) 2-1

1 m
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2-1 2)

Rosenfel d3)

0.1 N

2-2 2-2

2-2

10 m

2-1
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2-2 0.1 N

3)

1)

100%

Vernon 60%

2-3 4)
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2-3 4)

50 70%

100%

20 80% 18.7 hPa

100% 16.5

16.5

p0

r T

p

p = p0 ( / - )(2T/r) (2-1)
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p = p0 ( / - )(2T/r) (2-2)

r

(2-2) p 1/r

Tomashov

70% 10-6 cm 5)

1)

Dearden

6)

4.5%

10

Larrabee 30°

40 60 7)

8)

1)

SO2

2-4 SO2
9)
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2-4 SO2
9)

2-4 SO2

SO2

SO3 FeSO4

2FeSO4 + 1/2O2 + H2SO4 Fe2(SO4)3 + H2O (2-3)

(2-3) Fe2(SO4)3

Fe2(SO4)3 + 3H2O Fe2O3 + 3H2SO4 (2-4)

H2SO4

SO2

3) SO2 1300

1)

SO2
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NaCl 75%

10)

Cl 5×109

2-5

11)

2-5 11)

76% 34%

32%
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10)

12)

13)

39

2-6 14)

9 11

2-6 a

0 80%

2-6 b

14)
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2-6 14)

2-1 15)

2-1 15)

2.2.3 SO2

Fe3O4 FeOOH

-FeOOH -FeOOH 16)

2-7 17)
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2-7 17)

p m t year k n

p = ktn (2-5)

(2-5)

Vernon4) Sydberger 18)

2-3 SO2 0%

1

SO2 Schikorr 3

19, 20) SO2 SO2

FeSO4 FeSO4
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SO4
2- SO4

2- FeSO4

2.2.3 (2-3) (2-4)

21)

log Y = 1.45 log X + 1.42 2-6

(2-6) Y (mg/dm2/day [mdd]) X

X (mdd)

45

22) T ( ) RH (%) Rain (mm/ ) SS

(mdd) SO2 (mdd)

Y = 4.15 + 0.88T 0.73RH 0.032Rain + 2.913SS + 4.921SO2 (2-7)

Y = 5.61 + 2.754SS + 6.155SO2 (2-8)

m/y 100 m/y
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2-2 15)

2-2 15)

2-1 1 2

23) 2-8

Legault

24)

(2-5)
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2-8 24)

Haynie SO2

25) 8

(Y [ m/y]) (RH [%]) SO2 (SO2 [ g/m3])

Y = 0.001028 (RH-48.8) SO2 (2-9)

(2-9) SO2 SO2

48.8%

25)

Benarie (M [g/m2]) A b t ( )
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tw 0

M = A (tw/t)b (2-10)

26) (2-10) A SO2

(SO2 [mg/m2/day]) (Cl-[mg/m2/day])

A = 4.8 + 0.53 (SO2 + Cl-) (2-11)

b pH

b = 1.55 0.142 pH (2-12)

(2-10)

SO2

pH

39 8

Dose-response function

(g/m2) ML SO2 ( g/m3) [SO2] (%) Rh f(T)

( ) t (mm) Rain (mg/l) [H+]

ML = 1.4 [SO2]
0.22exp(0.018Rh+f(T))t0.85 + 0.029Rain[H+]t (2-13)

14) (2-13) f(T) 2-6

( ) T T 10

f(T) = 0.062(T-10) (2-14)

T 10

f(T) = -0.021(T-10) (2-15)

(2-13) (2-9) (2-10)

(2-13)
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SO2

Leygraf 27)

nm ZnO

ZnO Zn(OH)2 Zn(OH)2

Zn(OH)2

pH

ZnO

Zn(OH)2 Zn(CO3)

Hydrozincite: Zn5(CO3)2(OH)6 Graedel

28)

3Zn(OH)2 + 2Zn(CO3) Zn5(CO3)2(OH)6 (2-16)

2-9 27)

2-9 27)
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2-9

Zn4SO4(OH)6 4H2O

Zn4Cl2(OH)4SO4 5H2O

2-9

Zn5(OH)8Cl2 H2O

NaZn4Cl(OH)6SO4

6H2O

m/y 16 m/y
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2-3 15)

2-3 15)

2-3

Franey

AT&T Bell

29)

2-10

2-10 29)

2-10 brochantite

(Cu4SO4(OH)6) 2 Franey



26

29)

brochantite

Vernon Whitby 30) Vernon

13 300

(Cu2CO3(OH)2) Vernon

brochantite

(2-5)

31-34) Atrens

Atrens

2-11 32)

2-11 32)
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2-11

0.5 Corvo

33) Fonseca 34)

0.4 0.6

Vernon SO2

35) Rice 36,37)

Rice Mixed Flowing Gas Corrosion Test: MFG Test

36) 25 SO2 (NO2) (O3)

(Cl2) (H2S)

2-12 37)

SO2 810 g/m3+NO2 940 g/m3+O3 334 g/m3+Cl2 8.6 g/m3

+H2S 21 g/m3+air

37) 2-12
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SO2 Vernon35) Rice 37)

Vernon 0.01 10% SO2
35)

2-13 25 75% 30 SO2

35)

2-13 SO2 25 75% 30 35)

2-13 SO2

SO2 1% 0.5%

Vernon SO2 1%

1%

35)

Rice 25 70% SO2 50 152 299 g/m3

( g/cm2/hr) r SO2

( g/m3) C

r = 0.001C0.33 (2-17)

37) Rice SO2
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20 110 ppb SO2

SO2

NO2 O3

Eriksson 22 70 90% SO2 0.5 ppm

NO2 NO2 0.5 ppm 38)

90% SO2 4 0.043 mg/cm2

NO2 4 0.18 mg/cm2

4.2 NO2

SO2 + 2NO2 + 2H2O 2H+ + SO4
2- + 2HNO2 (2-18)

SO2

O3 Zakipour 39) Strandberg 40)

Zakipour 25 70% SO2 112 ppb

O3
39) 250 ppb O3 NO2

6 7

39) Strandberg 22 70 90% SO2 69

476 ppb O3
40) O3 90 500ppb

90% SO2 69 ppb 4

209 g/cm2 O3 500 ppb

742 g/cm2 O3

O3

SO2 + O3 + H2O 2H+ + SO4
2- + O2 (2-19)

SO2

SO2 H2S (COS)

Sharma 0% 80% 5 ppm
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H2S X (XPS)

(Cu2S) 41) Sharma

0% H2S

80% H2S (S)

Franey 8 3712 ppb H2S

42) 22 85% (nm) H2S

(ppb hour)

(2-20)

(2-20)

t 150 nm

H2S (Cu+)

Graedel COS

43) H2S COS SO2 (CS2)
44)

2-4 4
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2-4 H2S COS SO2 CS2
44)

2-4 COS H2S

COS H2S SO2 CS2

COS COS H2S

COS + H2O H2S + CO2 (2-21)

H2S (HS-)

45) Graedel COS

H2S

Strandberg 46) Chen 47) Strandberg

O3 SO2 SO2+O3

22 70

90% 4

2-14 46)
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2-14

46)

2-14

75% Strandberg

70%

46) Chen NaCl 0 2 4 g/cm2

O3 NO2 SO2 SO2+NO2 SO2+O3

47) 25 75% 10

NaCl 0 g/cm2 0 2 g/cm2

10 g/cm2 4 g/cm2 24 g/cm2

39 8

Dose-response function (g/m2)

ML SO2 ( g/m3) [SO2] ( g/m3) [O3] (%) Rh
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f(T) ( ) t (mm) Rain

(mg/l) [H+]

ML = 0.0027 [SO2]
0.32[O3]

0.79Rh exp(f(T))t0.78 + 0.050Rain[H+]t0.89 (2-22)

14) (2-22) f(T)

( ) T T 10

f(T) = 0.083(T-10) (2-23)

T 10

f(T) = -0.032(T-10) (2-24)

(2-22)

Nassau

48) Nassau AT&T

Bell X (XRD)

3 brochantite (Cu4SO4(OH)6)

antlerite (Cu3SO4(OH)4) posnjakite (Cu4SO4(OH)6 H2O)

atacamite (Cu2Cl(OH)3) 1

posnjakite X 1

brochantite

Laygraf 39 8

X 49)

2-15

50)
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2-15 50)

2-15

(CuCl)

(Cu2Cl(OH)3) CuCl Cu2O

1 (Cu+) CuCl

Cu2Cl(OH)3

2-15

Odnevall posnjakite

50) posnjakite
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brochantite 1

SO2 strandbergite

antlerite Posnjakite langite

m/y m/y
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100 1-5)

1

JIS H 3100 C1020

99.9% 42 25 0.2 mm
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1

3-1 3-1

SO2 H2S

3-1

SO2(ppb) mdd H2S(ppb)

A

7 0.029 <0.2 1996.6 1996.7

6 0.021 <0.2 1996.6 1996.7

9 0.027 <0.2 1996.7 1996.8

6 0.009 <0.2 1996.8 1996.9

6 0.011 <0.2 1996.7 1996.8

4 0.015 <0.2 1994.7 1994.8

B ( ) 4 0.004 13 1996.7 1996.8

1 0.027 1100 2007.3 2007.4

C 4 0.076 <0.2 1994.6 1994.7

D 275 0.156 37 2004.9 2004.10

mdd: mg/dm2/day

3-1

4

A SO2 H2S
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B H2S

C SO2 H2S

D SO2 H2S

3-2

25

3-2

A

27.6 65 1996.6 1996.7

24.4 65 1996.6 1996.7

28.7 62 1996.7 1996.8

27.2 58 1996.8 1996.9

28.6 57 1996.7 1996.8

26.2 84 1994.7 1994.8

B ( ) 16.9 88 1996.7 1996.8

2.3 74 2007.3 2007.4

C 22.8 85 1994.6 1994.7

D 23.2 81 2004.9 2004.10
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3-1 1

X XRD

XRD Appendix 1

XRD 3-3

3-3 XRD

A

A-1

A-2

A-3

A-4

A-5

A-6

B
B-1

B-2

C C-1

D D-1

3-3 A-1 A-6 B-1 C-1 RU 300

X Cu-Ka

X 1 X

50 kV 300 mA 10 90

XRD 6)
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3-3 B-2 D-1 RU 200

X Cu-Ka X

50 kV 200 mA 10 90 XRD

7,8)

3-3 B-1 XRD

Transmission Electron Microscopy: TEM

9)

Ni TEM

TEM Electron Diffraction: ED

H-9000 HF-2000

H-9000 300 kV HF-2000 200 kV HF-2000 H-9000

X Energy

Dispersive X-ray Spectrometer: EDX EDX

3-1 A-1 XRD A-1 XRD

3-1

posnjakite CuSO4(OH)6 H2O

1 posnjakite

A A-2 A-6

3-1 XRD A

posnjakite XRD
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3-1 A-1 XRD

3-2 B-1 XRD H2S

13 ppb XRD

A posnjakite

3-3 B-2 XRD

H2S B-1

1 ppm 8) XRD B-2 4

Cu2S posnjakite brochantite CuSO4(OH)6
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3-2 B-1 XRD

3-3 B-2 XRD



47

3-4 C-1 XRD A 1

C posnjakite

XRD

3-5 D-1 XRD D-1

2000 7 4 2004 9

10 22 D-1

posnjakite A C
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3-4 C-1 XRD

3-5 D-1 XRD
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XRD 3-4

3-4 XRD

A posnjakite

B

H2S

B

H2S posnjakite brochantite

C posnjakite

D posnjakite
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H2S
9)

H2S B B-1

XRD

X

15.46 g/cm2

1

TEM X EDS

3-6 H-9000 TEM

3-7

3-7

900 nm

9)

B-1

3-7

900 nm
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3-6 B-1

3-7 B-1
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HF-2000

2 1

A 1

B A

3-8 TEM EDS

3-9 3-10 EDS

3-10

CuSO4 >98% A

30:20:1

B 3-11 TEM 3-12

EDS 3-13

A EDS B EDS

3-13

A

EDS B
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3-8 B-1 A

3-9 B-1 A EDS

3-8
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3-10 B-1 A

3-8

3-11 B-1 B
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3-12 B-1 B EDS

3-11

3-13 B-1 B

3-16
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B

A

CuSO4 >98% B

5:4:1

3-5

3-5 B-1

A 30 20

B * 5 4 1

*

B-1 2 1

1
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A C D

posnjakite

10)

4Cu + O2 2Cu2O (3-1)

(3-1) 5 nm

11) nm XRD

Cu Cu+ + e- (3-2)

Cu+

O2 + 2H2O + 4e- 4OH- (3-3)

OH-

2Cu+ + 2OH- Cu2O + H2O (3-4)

posnjakite Nassau 12) Nairn 13) Odnevall 14)

posnjakite Odnevall 14)

65 posnjakite



58

SO2

1

6) D

posnjakite 2000

SO2 2004 SO2

100 ppb 7)

Posnjakite Komlov

CuO-SO3-H2O E. W. Posnjak Posnjakite Langite

Cu4SO4(OH)6 2H2O C2/c

a=14.236 b=6.340 c=10.571 =102 55

2-3 3.35 g/cm3 12) Posnjakite

15)

4Cu2+ + SO4
2- + 6OH- + H2O Cu4SO4(OH)6 H2O (3-5)

3-1

XRD

1

Nassau 12) 19

atacamite

Liberty

H2S B

H2S 10 ppb

ppm H2S
16-18)
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Sharma

2Cu + H2S Cu2S + H2 (3-6)

H2S
16) Graedel

Sharma (3-6) H2S

HS-

17) Rickett

50 ppb H2S 70%

18) H2S

B-2 XRD

H2S

B-1 XRD

9)

19,20)

FeHS+ FeS (amorphous) FeS (mackinawite) FeS (pyrrhotite) (3-7)

1 2

Cu2S chalcocite Cu8S5 geerite

Cu2S

H2S B-2 XRD
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posnjakite

brochantite SO2

S2-

SO4
2-
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A C D

Cu2O posnjakite Cu4SO4(OH)6 H2O

B Cu2S

10 ppb
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1

X XPS

XRD

XPS XPS Appendix 3

XPS 3-6

3-6 XPS

A

A-1

A-2

A-3

B
B-1

B-2

C C-1

D D-1
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XPS Physical Electronics (PHI) XPS 5700

X 1486.6 eV Al-K

X 200 W 800

m 45 0 1400

eV

Cu 2p Cu LMM O 1s S 2p Cl 2p N 1s C 1s

0.1 eV

C 1s

284.6 eV

3-6

Cu 2p Cu LMM O 1s S 2p Cl 2p N 1s

3-14 Cu 2p XPS

2 Cu 2p1/2 Cu 2p3/2

Cu 2p3/2 932.6 eV

932.6 eV21 932.5 eV21

Cu 2p3/2

Cu 2p
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3-14 Cu 2p XPS

3-15 A-1 Cu 2p XPS
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3-15 A-1 Cu 2p XPS

Cu 2p3/2

Cu 2p1/2 Cu 2p3/2

3-15 Cu 2p3/2 3-16

posnjakite Cu 2p3/2

Posnjakite

3-16 A-1 Cu 2p XPS 2p3/2
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3-6 B-2 Cu 2p XPS

A-1

3-7 Cu 2p3/2

3-7 Cu 2p3/2

eV

A-1 934.8

A-2 934.3

A-3 934.2

B-1 934.0

B-2 932.3

C-1 934.3

D-1 934.5

932.7

3-17 B-2 Cu

2p3/2 XPS Cu 2p3/2
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3-17 B-2 Cu 2p XPS 2p3/2

3-18 Cu LMM XPS

918.4

916.8 eV 918.4 eV 916.8 eV

21)

3-19 A-1 Cu LMM XPS

B-2

B-2 Cu LMM XPS 3-20

3-19 A-1
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3-18 Cu LMM Auger

3-19 A-1 Cu LMM Auger
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3-20 B-2 Cu LMM Auger

3-21 O 1s XPS

531 eV 2.4 eV

O 1s

530.4 eV

531.4 eV

532.4 eV 3

22,23) 3-21

3-22 A-1 O 1s XPS

O 1s
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3-21 O 1s XPS

3-22 A-1 O 1s XPS
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3-8 O 1s

3-8 O 1s

eV eV

A-1 532.0 2.8

A-1 531.7 2.3

A-3 531.6 2.2

B-1 531.3 2.3

B-2 531.3 1.7

C-1 531.5 2.7

D-1 531.4 2.1

531.1 2.4
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S 2p XPS

XPS

3-23 A-1 S 2p XPS 168 eV

S 2p 2p3/2 2p1/2

2:1 2p3/2

sulfate 3-23

SO4
2- B-1 B-2

A-1 SO4
2-

3-23 A-1 S 2p XPS
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B B-1 B-2 S 2p

XPS 3-24 3-25 2

2

3-24 B-1 S 2p XPS
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3-25 B-2 S 2p XPS

Cl 2p XPS

XPS 3-26

A-1 Cl 2p XPS

Cl 2p 198.3 198.9 eV

B-2
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3-26 A-1 Cl 2p XPS

3-27 N 1s XPS 398.3 eV

NH3

3-28 A-1 N 1s XPS

407 eV

NO3
-

3-28
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3-27 N 1s XPS

3-28 A-1 N 1s XPS
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3-9 N 1s

3-9 N 1s

eV

A-1 399.1, 407.2

A-2 398.9, 403.2, 406.7

A-3 398.8, 406.6

B-1 398.7

B-2 399.1

C-1 398.9

D-1 398.7

398.3
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Cu 2p XPS 2p3/2 2p1/2

2

24) 3-14 2p3/2

932.6 eV 1.2

eV A-1 XRD

posnjakite 2p3/2 934.9 eV25) 3.1

eV33)

3-16

A-1 Cu 2p3/2 posnjakite

3-15 944 eV 963 eV

2 2

1 1s22s22p63s23p63d9 1s, 2s, 2p, 3s 3p

3d 9 1

1s22s22p63s23p63d10L 1s, 2s, 2p, 3s 3p 3d

10

X 2p 2p

2

1s22s22p53s23p63d9 944 eV

1s22s22p53s23p63d10L
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posnjakite A-2 A-3 C-1 D-1 Cu 2p

A-1 B-2

posnjakite Cu 2p3/2 B-1

Cu 2p A-1 posnjakite

2 XRD

2 Cu(OH)2 (934.6 eV21))

B-2 XRD Cu2S posnjakite

brochantite

932.6 eV21 932.5 eV21 932.6 eV21 Cu 2p3/2

3-17

3-17 posnjakite

XRD

brochantite 2p3/2 936.0 eV25)

posnjakite 1.1 eV

Cu 2p XPS 3-14

3-18 Cu

LMM Auger

Cu LMM Auger
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Cu 2p 2

916.8 eV 3-19 posnjakite

914.5 eV25 3-19

918.4 eV 3-19

posnjakite

posnjakite

A-2 A-3 C-1 D-1

B-2 Cu LMM Auger 3-20 Cu2S

22) Cu2S

O 1s 3-21

26)

O 1s

3-22 A-1 O 1s 3 O 1s

posnjakite 533 eV25

O 1s

3

posnjakite
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3-8

B-2 O1s posnjakite posnjakite

3-23 A-1 posnjakite XRD

A-2 A-2 C-1 D-1

posnjakite

B B-1 B-2 S 2p

160 164 eV 27

S2- SO4
2-

B-1

161.2 eV Cu2S

Cu2S S 2p

161.8 eV21)

B-1

S2- SO4
2- 3-29 Chawla

S 2p XPS 21)

3-29
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3-25 B-2 S 2p 161.6

eV XRD

Cu2S S 2p 161.8 eV21)

B-1

SO4
2- XRD posnjakite SO4

2-

3-29 S 2p XPS 21)
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Cl 2p 198 200 eV27

Cl-

Forslund N 1s 399.4 eV

NH4
+ 28) N 1s

399 eV

A

A-2 403.2 eV

NO2
- 27)

NO NO2

NO NO2 NOx

NO2

2NO2 + H2O HNO2 + HNO3 (3-8)

NO2 NO2
- NO3

- NO2
-

NO3
-

NO3
-

NO NO2 NO2

NO3
-

NOx B C D
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Dante NO2

2

29)

2

posnjakite

XPS

Cu 2p Cu LMM Auger

2 Cu2+

A C D

SO4
2- posnjakite

B

A N 1s
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1

SEM

SEM 3-10

3-10 SEM

A

A-1

A-2

A-3

B
B-1

B-2

C C-1

D D-1

3-10 B-2 JSM-890

3 kV

Pt 4 nm B-2

JSM-6380-LA 15 kV
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3-30 A-2 500 SEM

30,000 SEM 3-31

0.1 m

3-31

A A-1 A-3 A-2

SEM
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3-30 A-2 SEM 500

3-31 A-2 SEM 30,000
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C C-1 500 SEM 3-32

3 A

B C A

3-32 A B C 30,000 3-33

3-34 3-35 3-33 A

3-33

B A

C SEM A B

10 nm

3-32 C-1 SEM 500
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3-33 C-1 A SEM 30,000

3-34 C-1 B SEM 30,000

3-35 C-1 C SEM 30,000
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B B-1 500 SEM 3-36

2 D E

E D

3-36 D E

30,000 SEM 3-37 3-38 D

SEM 0.1 m

E SEM 0.1 0.2 m

B-2 100 SEM

3-39 B-1

10,000 SEM 3-40

1 2 m
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3-36 B-1 SEM 500

3-37 B-1 D SEM 30,000

3-38 B-1 E SEM 30,000



92

3-39 B-2 SEM 100

3-40 B-2 SEM 10,000
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D D-1 500 SEM 3-41

A A-2 SEM 3-30

D-1 30,000

SEM 3-42

C-1 B 3-42

3-41 D-1 SEM 500

3-42 D-1 SEM 10,000
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A SEM

XRD posnjakite

14,15,30-32) Jouen SEM

posnjakite 30) Comizzoli

brochantite 31) Lobnig

brochantite

SEM 15) Odnevall

14,32) posnjakite

Posnjakite brochantite

posnjakite

Aastrup AFM

33)

XRD posnjakite

A

posnjakite

C 3-33

A

posnjakite 3-34

B A
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posnjakite

3-35 C 2

B B-1 B-2

B-1

B-2

Pilling-Bedworth 34) PB

PB

PB = Voxide/Vmetal = Moxide metal/(n Mmetal oxide) (3-9)

(3-9) Voxide Vmetal Moxide

Mmetal oxide metal n

1 PB 2

PB 1 2

PB

2

Cu2S PB 1.6 1.9

PB 2

Graedel 3.5 ppm
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35) B-1 E SEM

3-38 Graedel

Graedel

SEM

B-1 D

0.1 m

E

B-2 B-1

5 10 m

B

D C

SEM

posnjakite

36)
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3

3-43 a 4.27

3-43

posnjakite

Posnjakite 3-44 a=14.2

b=6.3 c=10.6 a c 102.9

b a c
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3-44 posnjakite

posnjakite

B

3-45

a=11.9 b=27.3 c=13.5 a c 116.4
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3-45

A

posnjakite

A C D posnjakite

A C D
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B

Pilling-Bedworth PB
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A B C 44)

A B C

1 1 1

3-11

3-11

3-11

A1 1995.10 1996.10

A2 1995.10 1996.10

A3 1995.10 1996.10

A4 1995.11 1996.11

A5 1995.11 1996.11

A6 1995.1 1996.1

B1 1996.1 1997.1

C1 1995.1 1996.1
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X

X Appendix 2 3063P

50 kV 30 mA 20 mm

20

CuS KCl

g/cm2

0.02 g/cm2

0.96 Rice

38)

3-46 A

C A

B 9 g/cm2

B C A

1

3
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3-46

3-47 A

2 3 g/cm2 C A

4 g/cm2 B

100 km 1

C A B

1

2
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3-47

B A

C SO2 Suspended

Particulate Matter, SPM

3-48 A2 A
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3-48 A A2

19.353 g/kg39 2.708 g/kg39)

60% 37) A

SO2

SO2 SO2

SO2
40)

SO2
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41) 3-12 5 A1 A5

SO2

3-12 SO2
40)

1995.10 1996.11

Site SO2 (ppb)

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

A1 7 8 8 7 9 7 8 7 7 6 5 6 7 6

A2 7 7 7 6 8 6 7 6 5 6 4 5 7 7

A3 10 10 10 8 11 8 9 9 8 8 6 7 9 9

A4 6 7 6 5 7 5 7 8 6 7 6 6 7 6

A5 6 6 6 6 8 6 6 6 5 6 4 4 4 6

3-12 SO2 4 11 ppb

6 9 ppb

A1 A2 A3

SO2 SO2

SPM

SPM 42,43) 3-13 2

3 2 m 2~11 m

3-13
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3-13 SPM 42,43)

SPM

g/m3

1995 12 1996 8

2.03 0.32 2.35 2.63 0.62 3.25

1.76 0.28 2.04 3.23 0.57 3.80

2.22 0.37 2.59 3.29 0.71 4.00

1.96 0.36 2.32 3.16 0.60 3.76

1.72 0.26 1.96 2.80 0.50 3.30

4.2 6.6

44)

SO2 SO4
2- 45)

3-12 SO2

SPM

(NH4)2SO4 NH4HSO4

46)

A

A 5 A1
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A5 5 30 km

1 km

2-5 47)

C C1 1 km

B B1

100 km

HCl Cl2 Rice

HCl 1 ppb 48) Cl2 HCl 2

10 ppt 48)

HCl Cl2 20 6.2

10-2 M/atm 49) Cl2

3-11

HCl 1

HCl <0.2 ppb

50)

3-49 A2
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A 5 A1 A5

SPM Cl- Na+

42,43) 3-14

2 3 3-14

3.2 4.4

3-49 A A2
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3-14 SPM 42,43)

SPM

g/m3

1995 12 1996 8

Cl- Na+ Cl- Na+

0.49 0.24 0.73 1.35 1.39 2.74

0.48 0.18 0.66 1.11 0.99 2.10

0.50 0.16 0.66 1.42 1.14 2.56

0.47 0.14 0.61 1.26 1.38 2.64

0.29 0.11 0.40 0.86 0.90 1.76

A 5

3-14 SPM

A B C
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B C A

C A B

A

A
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A C D posnjakite

Cu4SO4(OH)6 H2O

brochantite Cu4SO4(OH)6 antlerite Cu3SO4(OH)4

5,12)

51) 298K

Gibbs 52)

3-2 25

298K

brochantite antlerite Gibbs

f
0 53-55) Brochantite

antlerite f
0 53 -1815.4 kJ/mol -1444.6 kJ/mol

54 -1816.2 kJ/mol -1445.4 kJ/mol 55 brochantite

-1817.9 kJ/mol posnjakite

f
0 Mirani 56) posnjakite

langite Cu4SO4(OH)6 2H2O

Alwan 57) langite f
0

Cu4SO4(OH)6 H2O posnjakite 60

Cu4SO4(OH)6 H2O langite f
0

f
0 posnjakite f

0 53

57 f
0 -2041.5 kJ/mol -2096.7 kJ/mol

brochantite antlerite f
0
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53

298K f
0 3-15

3-15 Gibbs Gf
0 53)

Ions or compounds Gf
0(kJ/mol)

Cu+ 50.6

Cu2+ 65.6

H2O -237.0

H+ 0

SO4
2- -743.9

Posnjakite

(Cu4SO4(OH)6 H2O)

-2041.5

Brochantite

(Cu4SO4(OH)6)

-1815.4

Antlerite

(Cu3SO4(OH)4)

-1444.6

Bustorff 58) Cu-H2SO4-H2O E-pH

4Cu2+ + SO4
2- + 7H2O = Cu4SO4(OH)6 H2O (posnjakite) + 6H+ (3-10)

4Cu2+ + SO4
2- + 6H2O = Cu4SO4(OH)6 (brochantite) + 6H+ (3-11)

3Cu2+ + SO4
2- + 4H2O = Cu3SO4(OH)4 (antlerite) + 4H+ (3-12)

51) posnjakite

4Cu2+ + SO4
2- + 6OH- + H2O = Cu4SO4(OH)6 H2O (posnjakite) (3-13)
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(3-13) (3-10)

posnjakite

Posnjakite (3-10)

Gibbs G

G Gibbs G0 25 1 atm

1 mol

Gibbs K

G = G0 + RTlnK (3-14)

posnjakite G<0

G =0

(3-10)

G =0 (3-14)

G0 = RTlnK (3-15)

(3-15) R 8.31 JK-1mol-1 T

298K (3-10) G0 Gibbs

Gibbs

G0 = G0 (posnjakite) + 6 G0 (H+) [4 G0 (Cu2+) + G0 (SO4
2-) + 7 G0 (H2O)]

(3-16)

3-15 G0 (3-10)

G0 84,195 J

(3-15) K [ ]

K = [Cu4SO4(OH)6 H2O][H+]6/[Cu2+]4/[SO4
2-]/[H2O]7 (3-17)

1

[ ] G0 (3-17) K (3-15)
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(3-10)

log [Cu2+] = 3.7 1.5pH 0.25log[SO4
2-] (3-18)

(3-18) posnjakite 2 [Cu2+] pH

[SO4
2-]

(3-11) (3-12)

log [Cu2+] = 3.9 1.5pH 0.25log[SO4
2-] (3-19)

log [Cu2+] = 2.9 1.33pH 0.33log[SO4
2-] (3-20)

3-50 (3-18) [Cu2+] 10-2 10-4 10-6 M

pH [SO4
2-]

posnjakite pH [Cu2+]

3-50 [Cu2+] pH [SO4
2-]
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posnjakite [SO4
2-] [Cu2+]

posnjakite [SO4
2-] pH

Cu+ Cu+ Cu2+

0 [Cu2+]

Posnjakite

[Cu2+] 10-6 M

pH A 1

pH 59) 3-51

3-51 (a) 6 7 3-51(b) 1 2

pH 60) pH

7.0 6.5 A 2

pH pH=6.7

pH 7

(3-18) [Cu2+] = 10-6 M pH=7 posnjakite

[SO4
2-] 6.3×10-4 M [SO4

2-]

6.3×10-4 M posnjakite

3-52 [Cu2+] = 10-6 M posnjakite brochantite

antlerite

3 pH=7 [SO4
2-]

posnjakite posnjakite

posnjakite

Brochantite [Cu2+] = 10-6 M pH=7 4.0×10-3 M

[SO4
2-] posnjakite [SO4

2-]



117

3-51 A 1 pH

(a) 6 7 (b) 1 2
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3-52 [Cu2+]=10-6 M

antlerite 3-52

pH

antlerite [Cu2+] = 10-6 M

posnjakite antlerite pH 6.1 Antlerite pH

[SO4
2-] Graedel 10)

Antlerite SO2

5) 3-52

D SO2 1 ppm

7 antlerite

7,61)
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XRD

atacamite Cu2Cl(OH)3 nantokite CuCl

5,12)

51)

atacamite nantokite 298K

Gibbs f
0 52)

298K f
0 3-16

1

3-16 298K Gibbs Gf
0 53)

Ions or compounds Gf
0(kJ/mol)

Cu+ 50.6

Cu2+ 65.6

H2O -237.0

H+ 0

Cl- -131.1

Atacamite

(Cu2Cl(OH)3)

-668.4

Nantokite

(CuCl)

-119.5
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Atacamite nantokite

2Cu2+ + Cl- + 3H2O = Cu2Cl(OH)3 (atacamite) + 3H+ (3-21)

Cu+ + Cl- = CuCl (nantokite) (3-22)

(3-15) (3-21) (3-22)

log[Cu2+] = 3.7 1.5pH 0.5log[Cl-] (3-23)

log[Cu+] = -6.8 log[Cl-] (3-24)

(3-23) (3-24) [Cu2+] [Cu+] 10-6 M

pH [Cl-] 3-53 3-54

Atacamite 3-53

pH 7 atacamite [Cl-]

2.5×10-2 M posnjakite [SO4
2-]

6.3×10-4 M atacamite 40

3-54 nantokite pH

(3-22)

Nantokite [Cl-] 1.6×10-1 M Atacamite 2

nantokite 1

[Cl-] nantokite

Cu+ Cu2+ 62)

Cu2+

2 posnjakite

1

nantokite 1
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3-53 [Cu2+]=10-6 M atacamite

3-54 [Cu+]=10-6 M nantokite
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48,49)

Graedel 49)

V L/cm2 X

V = 1.37 10-11exp(2.73X) (3-25)

(3-25)

3-11 A 5 A1~A5 1

A XPS

SO4
2- 1

1

3-17 3-17

10M posnjakite

6.3×10-4 M [Cu2+] = 10-6 M pH = 7 posnjakite

3-17

1

3-17

20 100g 75.0g63)
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5.7 M

4 posnjakite 3-17

posnjakite

3-17 A

(3-25)

3-18 102 M atacamite

nantokite 2.5×10-2 M 1.6×10-1

M 3

M

A1 1.4 102 1.0 103

A2 2.0 102 1.4 103

A3 1.5 102 1.5 103

A4 9.4 101 5.4 102

A5 2.2 102 1.4 103
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3-18 A

25 100g 35.9g64)

6.1 M

10-2 M

XRD

1

3-18

A C D posnjakite

atacamite nantokite

A

M

A1 5.8 102 4.2 103

A2 5.7 102 4.1 103

A3 5.2 102 5.3 103

A4 5.9 102 3.4 103

A5 9.9 102 6.3 103
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298K 3

posnjakite pH

A

posnjakite

298K

atacamite nantokite

10-2 M A

1

A C D Cu2O

posnjakite Cu4SO4(OH)6 H2O B

Cu2S
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SO4
2- posnjakite

Pilling-Bedworth PB

298K posnjakite pH

posnjakite
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1-4) 1 2)

1 1

5,6)

7,8)

Appendix 5 6
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A B C 1

Auger Electron Spectroscopy, AES

4-1

4-1 AES

A

A-1

A-2

A-3

B B-1

C C-1

AES Physical Electronics(PHI) PHI model 660

system 5 kV Ar

Ar 1 kV 10 m

10 m SiO2

Ar 8 nm/min.

PHI
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AES

AES

B C B-1

C-1

A-1

4-1 4-2 4-1

2:1

0.3 m

4-2

A

A-2 A-3

A-1



136

4-1 A-1

4-2 A-1
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B B-1

SEM 4-3 4-3

2 1 2

B-1 1

4-4 4-5

0.5 m 25 at%

1.5 m

Ar+

4-5

0.2 m

6 at% 0.7 m

4-3 B-1 SEM 500
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4-4 B-1

4-5 B-1
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B-1 2

4-6 4-7

0.4 m 0.8 m

Ar+

1 m 20 25 at%

2.5 m

7 at%

4-7

0.1 m 12 at%

1 m 6 at%
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4-6 B-1 2

4-7 B-1 2
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C C-1 SEM 4-8

4-8 3

3 4 5

C-S 3

4-9 4-10 4-9

2.5 m

4-10

A

1.2 m 1.5 at%

1.6 m

4-8 C-1 SEM 500
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4-9 C-1 3

4-10 C-1 3
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C-1 4

4-11 4-12

3 2.3 m

4-12

0.5 m

1.5 m

C-1 5

4-13 4-14 4-13

5 0.5 m

25 at% 2.0 m

4-14 3 4
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4-11 C-1 4

4-12 C-1 4
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4-13 C-1 5

4-14 C-1 5
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A A-1 4-1

4-2 0.6 0.3

m

posnjakite

A

Opila 2) Cl- SO4
2-

Cl- SO4
2- 1.8

2.3 9 A-1 XRD

posnjakite Cu4SO4(OH)6 H2O SEM posnjakite

posnjakite

4-2
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B B-1 1 2

2

1 2

AES

C C-1 3 4

2:1

3 4

A C

C-1 5 3 4

5
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A B C D

Glow Discharge Optical Emission Spectroscopy, GDOES

4-2

4-2 GDOES

A

A-1

A-2

A-3

B
B-1

B-2

C C-1

D D-1

GDOES Jobin Yvon N-5000RF

GDOES

40 W Ar 75 Pa 4 mm 4 mm

GDOES
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GDOES

A A-2

4-15 4-16

0.06 m

0.1 m

0.4 m

0.4 m

4-16

AES

0.3 m

0.16 m

A A-1 A-3

A-2
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4-15 A-2

4-16 A-2
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B B-1

4-17 4-18

5 m

A

B-1

AES 1

4-5 2 4-7

GDOES

GDOES

4-5 4-7

0.5 m

B B-2

4-19 4-20

0.3 m 1~4

m

9 m 4-2

XRD

B-2

GDOES
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4-17 B-1

4-18 B-1
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4-19 B-2

4-20 B-2
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C C-1

4-21 4-22

4-21 0.3 0.4 m

0.1 m

0.3 m

C-1

4-22 0.1 0.2 m

A-2

C A
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4-21 C-1

4-22 C-
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D D-1

4-23 4-24

4-23 0.1 m

C

4-24 2

0.7 m
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4-23 D-1

4-24 D-1
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GDOES

A GDOES AES

B B-1 B-2

Cu2S

B-2

B-1

PB

C C-1 3

GDOES

A

D D-1

A C

D-1 300 m
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A C D

B

PB
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25 3-2 298K

5-1

5-1

XPS
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5-1 SO2

1)

Sharma Quartz Crystal

Microbalance, QCM

2) 25 50% 9 80%

14

2

3)

(SO2)gas = (SO2)sol (5-1)

(5-1) (SO2)gas (SO2)sol

KH
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[(SO2)sol] = KH PSO2 (5-2)

(5-2) [(SO2)sol] PSO2 atm

(SO2)sol +H2O = H+ + HSO3
- (5-3)

HSO3
- = H+ + SO3

2- (5-4)

(5-3) (5-4) K1(SO2) K2(SO2)

K1(SO2) = [H+] [HSO3
-]/[(SO2)sol] (5-5)

K2(SO2) = [H+] [SO3
2-]/[HSO3

-] (5-6)

(5-2) (5-5) (5-6) KH K1(SO2) K2(SO2) 5-1

4)

5-1 298K 4)

Constant Value

Henry s law constant(KH) 1.3 M/atm

1st dissociation constant(K1(SO2)) 1.2 x 10-2

2nd dissociation constant(K2(SO2)) 5.6 x 10-8

(5-5) (5-6) pH 5-2

5-2 pH SO3
2-

HSO3
-

pH

(SO2)sol
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5-2 pH

26 44%

18 ppb 148 ppb 1 X

XPS 5-3 5) XPS 2p1/2

2p3/2

2p3/2

166.5 eV NaSO3 NaHSO3 S 2p

XPS 2p3/2 166.5 eV6)

166.7 eV7) SO3
2- HSO3

- 5-3

XPS
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5-3 S 2p XPS 5)

(a)18 ppb SO2 in air (b)148 ppb SO2 in air

5-1

pH

1/2Cu2O + 1/2H2O = Cu+ + OH- (5-7)

K0 = [Cu+] [OH-] = 1.4×10-15 (298K) (5-8)

(5-8) 298K Cu2O 4)

[H+] + [Cu+] = [HSO3
-] + 2[SO3

2-] + [OH-] (5-9)

(5-2) (5-9) [H+] PSO2
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[H+](1+K0/Kw) = KH PSO2 (K1(SO2)/[H
+]+2K1(SO2) K2(SO2)/[H

+]2)+Kw/[H+]

(5-10)

(5-10) Kw [H+] [OH-] 1×10-14

pH 5-4

5-4 pH

10-9 atm 1 ppb 5-4 1 ppb

pH 5.4 1000 ppm 10-3 atm

pH 2.4 pH 2.4~5.4 5-2

HSO3
-

pH

400 ppm

10-9 atm pH 5.2

10-6 atm 5-4
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(5-9)

5-5 5-5

H+ HSO3
-

Cu2O

1 Cu+

5-5

1

E0 25 0.34 V(vs SHE)

8)

(5-7)
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9-11)

Stumm12)

proton-induced dissolution ligand-induced dissolution

proton-induced dissolution ligand-induced dissolution 5-6

5-6(a)

5-6 25)

5-6(b)

H+ HSO3
-

H2O
+

SO3
-

5-6(c)

Cu+ Cu+ Cu-H2O
+

CuSO3
-
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5-6(c)

Persson

Infrared Reflection Absorption Spectroscopy, IRAS

0.21 ppm 80%

in situ 9

13) Chevreul Cu2SO3CuSO3 H2O

Itoh 10 ppm 80%

14) Strandberg 4~69 ppb

X

6)

15,16)

XPS

HSO3
- or SO3

2- SO4
2- (5-11)

(5-11)

NO2
10) O3

10,17) H2O2
18)

18)

6,19)
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5-4

10-9 10-3 atm 1 ppb 1000 ppm pH

5.4 2.4 3-52 pH

pH antlerite Cu3SO4(OH)4

pH 2 6 antlerite

5-7 [Cu2+] = 10-6 M 5-7 antlerite

105 M pH=5.4

pH

antlerite 5-8 5-8

1011 M

antlerite

3-11 10 ppb 10 ppb

10-8 atm

1.3×10-5 M antlerite

2 (3-20)

8.9×10-3 M 5-5 1

1.6×10-6 M 3

antlerite
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5-7 pH [Cu2+] = 10-6 M

5-8 antlerite
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pH 3-51

pH

pH

NH3

(NH3)gas = (NH3)sol (5-12)

(NH3)sol + H2O = NH4
+ + OH- (5-13)

(5-12) 10 M/atm20)

(5-13) 2.2×10-5 21) NTT

2 ppb

6.1×10-7 M

10 ppb

pH pH 7.8

pH 3-52

posnjakite 3-51(a)

pH 7 [Cu2+] = 10-6 M posnjakite [SO4
2-] 6.3×10-4

M 10 ppb

1.3×10-5 M

posnjakite
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(NH4)2SO4

NH4HSO4

300 K 81%22)

39.5%23) Lobnig

22,23) 300 K

(NH4)2Cu(SO4)2 6H2O
23)

3-12

(NH4)2SO4

(NH4)2SO4 = 2NH4
+ + SO4

2- (5-14)

K2SO4

K2SO4 = 2K+ + SO4
2- (5-15)

posnjakite 6.3×10-4 M
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[Cu2+] = 10-6 M pH = 7

3-12 5

SPM 24,25)

0.017 0.1 cm/sec26)

3-16

5-9 Posnjakite

14% 78 99% 810

7% 112 99% 1,400

24 1

posnjakite

A posnjakite

posnjakite
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5-9

(a) 6 7 (b) 1 2



176

K+

22)

NH4
+ NH3 + H+ (5-16)

Cu + 2NH3 Cu(NH3)2
+ + e- (5-17)

(5-14)

2 posnjakite

1.2 10-3 M

(5-17) 5-6 ligand-induced

dissolution

ammonium ion-induced dissolution

5-10 5-10 2

OH NH4
+

Cu-NH3
+ 5-10 (a) CuNH3

+

5-10 (b) 5-10 (b)

CuNH3
+ OH Tidblad 10)

OH S CuOH OH

5-10 (a) S CuNH3
+

ammonium ion-induced dissolution

S CuOH + NH4
+ S CuNH3

+ + H2O (5-18)

S CuNH3
+ CuNH3

+ + S CuOH (5-19)

(5-17) Cu(NH3)2
+ (5-19) CuNH3

+
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5-10 Ammonium ion-induced dissolution

CuNH3
+ + NH3 Cu(NH3)2

+ (5-20)

Cu(NH3)2
+

22)

5-6 proton-induced dissolution

ligand-induced dissolution

27)

proton-induced dissolution

S CuOH + H+ S Cu+ + H2O (5-21)

S Cu+ Cu+ + S CuOH (5-22)
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5-11

5-11

1 2

2

posnjakite

HSO3
-

posnjakite

SO4
2-

10,17) 10)

18) 6,19)

18)

(5-1) (5-3)
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5-11

9.0×10-3 Matm-1cms-1 2.0×108

M-1 s-1 9)

10 ppb 5 nm 1.8×10-4 Ms-1

Tidblad

2×106 M-2s-1

3.7×105 M-1s-1

(5-14)

5-9 24 posnjakite
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20 100g

75g

5-9

10 ppb 0.5 cm/s28)

1.35×10-2 ngcm-2s-1 5-9

1.11×10-4 ngcm-2s-1 6.43×10-5

ngcm-2s-1 2 3

5-12 5-9

5-12 10

posnjakite

5-12

2010 2 ppb

2.7×10-3 ngcm-2s-1
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5-12

a 99% (b) 14%
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5-11

O2 + 2H2O + 4e- 4OH- (5-23)

21% 0.36 mM

(5-23) 1 4

1.44 mM

posnjakite 6.3 10-4 M

posnjakite

4Cu2+ + SO4
2- + 6OH- + H2O Cu4SO4(OH)6 H2O (5-24)

6 3.78 mM 38%

(5-24) posnjakite

proton-induced dissolution

ammonium

ion-induced dissolution 5-6 5-10

ligand-induced dissolution 5-6

ammnonium ion-induced dissolution proton-induced

dissolution 10 ppb
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1.2×10-5 M

posnjakite

1.2×10-3 M (5-18) (5-19) (5-21) (5-22)

Tidblad 9,10) 5-2

kf

r1 + r2 p1 + p2 (5-25)

R

R = kf [r1] [r2] (5-26)

5-2 kf
9,10)

Reaction Eq. No. kf Unit

S CuOH + NH4
+ S CuNH3

+ + H2O (5-18) 4.0×101 cm s-1

S CuNH3
+ CuNH3

+ + S CuOH (5-19) 1.5×10-7 M cm s-1

S CuOH + H+ S Cu+ + H2O (5-21) 1.0×104 cm s-1

S Cu+ Cu+ + S CuOH (5-22) 1.0×10-8 M cm s-1

5-2 (5-18) R1

R1 = kf [S CuOH] [NH4
+] = 4.8 10-2 [S CuOH] (5-27)

(5-21) R2

R2 = kf [S CuOH] [H+] = 1.2 10-1 [S CuOH] (5-28)

OH [S CuOH]

2.5

5-2
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15 2

pH=7 1×10-7 M

1/10,000

2 1

Cu+ Cu2+ + e- (5-29)

CuNH3
+ + NH3 Cu(NH3)2

+ (5-30)

4Cu(NH3)2
+ + O2 + 4H+ 4Cu(NH3)2

2+ + 2H2O (5-31)

Cu(NH3)2
2+ Cu2+ + 2NH3 (5-32)

(5-31) 22) (5-32)

2 Cu(NH3)2
2+

22)

2

posnjakite
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5-13

5-13 H2S

1)

(H2S)gas = (H2S)sol (5-33)

(5-33) (H2S)gas (H2S)sol

KH
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[(H2S)sol] = KH PH2S (5-34)

(5-34) [(H2S)sol] PH2S atm

(H2S)sol = H+ + HS- (5-35)

HS- = H+ + S2- (5-36)

(5-35) (5-36) K1(H2S) K2(H2S)

K1(H2S) = [H+] [HS-]/[(H2S)sol] (5-37)

K2(H2S) = [H+] [S2-]/[HS-] (5-38)

(5-34) (5-37) (5-38) KH K1(H2S) K2(H2S) 5-3

20,29)

5-3 298K 30,31)

Constant Value

Henry s law constant(KH )
34) 1.5 10-1 M/atm

1st dissociation constant(K1(H2S))
46) 1.0 x 10-7

2nd dissociation constant(K2(H2S))
46) 6.4 x 10-16

(5-37) (5-38) pH 5-14
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5-14 pH

5-14 S2- pH

HS-

pH 7

(H2S)sol

pH (5-7)

[H+] + [Cu+] = [HS-] + 2[S2-] + [OH-] (5-39)

[H+] PH2S

[H+](1+K0/Kw) = KH PH2S (K1(H2S)/[H+]+2K1(H2S) K2(H2S)/[H+]2)+Kw/[H+]

(5-40)

(5-40) pH 5-15
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5-15 pH

5-15 10-7 atm 100 ppb pH

7 pH

5-14 5-15 10-7 atm

HS- (H2S)sol

pH=7 1:1

Cu2S

(5-39)

5-16 5-16

10-7 atm

1 10-6 atm 1 ppm

1

HS- 10-6 atm
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5-16

(5-39)

(5-39) [S2-]

7×10-16 M 10-3 atm

B

B

5-17 B-1

13 ppb 5-17(a)

S/O 0.24

B-2 1.1 ppm

5-17(b)

S/O 1.29
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5-17

5-16 10 ppb 10-8 atm

2 1 ppm 10-6 atm

X

Cu2S 298K

pH 3 pH

pH

(5-35) (5-36)

HSO4
- SO4

2-

pH 298K Gibbs

30) 5-4 V

Standard Hydrogen Electrode, SHE

HSO4
- = SO4

2- + H+

log ([SO4
2-]/[HSO4

-]) = 1.95 + pH (5-41)
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(H2S)sol = HS- + H+

log ([HS-]/[(H2S)sol]) = 7 + pH (5-42)

(H2S)sol + 4H2O = HSO4
- + 9H+ + 8e-

E (V) = 2.85×10-1 + 7.39×10-3log[HSO4
-] 7.39×10-3log[(H2S)sol] 6.6×10-2pH (5-43)

(H2S)sol + 4H2O = SO4
2- + 10H+ + 8e-

E (V) = 3.00×10-1 + 7.39×10-3log[SO4
2-] 7.39×10-3log[(H2S)sol] 7.4×10-2pH (5-44)

HS- + 4H2O = SO4
2- + 9H+ + 8e-

E (V) = 2.49×10-1 + 7.39×10-3log[SO4
2-] 7.39×10-3log[HS-] 6.6×10-2pH (5-45)

pH 5-18

5-4 298K Gibbs Gf
0 30)

Ions or compounds Gf
0(kJ/mol)

HS- 12.0

(H2S)sol -27.8

SO4
2- -743.9

HSO4
- -755.3

H2O -237.0

H+ 0
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5-18 -pH 298K

5-3

5-19 B 13 ppb

1100 ppb 10 ppb 1 ppm

1.5×10-9 M 1.5×10-7 M
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5-19

3 pH

298K Gibbs

30) 5-5

2Cu + (H2S)sol = Cu2S + 2H+ + 2e-

E (V) = 3.1×10-1 3.0×10-2log[(H2S)sol] 5.9×10-2pH (5-46)

2Cu + HS- = Cu2S + H+ + 2e-

E (V) = -5.2×10-1 3.0×10-2log[HS-] 3.0×10-2pH (5-47)

2Cu + S2- = Cu2S + 2e-

E (V) = -8.9×10-1 3.0×10-2log[S2-] (5-48)

Cu2S + (H2S)sol = 2CuS + 2H+ + 2e-

E (V) = 4.7×10-2 3.0×10-2log[(H2S)sol] 5.9×10-2pH (5-49)

Cu2S + HS- = 2CuS + H+ + 2e-

E (V) = -1.6×10-1 3.0×10-2log[HS-] 3.0×10-2pH (5-50)
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Cu2S + 4H2O = 2Cu + SO4
2- + 8H+ + 6e-

E (V) = 5.0×10-1 + 9.9×10-3log[SO4
2-] 7.9×10-2pH (5-51)

2CuS + 4H2O = 2Cu2S + SO4
2- + 8H+ + 6e-

E (V) = 3.9×10-1 + 9.9×10-3log[SO4
2-] 7.9×10-2pH (5-52)

2CuS + 4H2O = Cu2S + HSO4
- + 7H+ + 6e-

E (V) = 3.7×10-1 + 9.9×10-3log[HSO4
-] 6.9×10-2pH (5-53)

Cu2S + 4H2O = 2Cu2+ + HSO4
- + 7H+ + 10e-

E (V) = 4.3×10-1 + 1.2×10-2log[Cu2+] + 5.9×10-3log[HSO4
-] 4.1×10-2pH (5-54)

CuS + 4H2O = Cu2+ + HSO4
- + 7H+ + 8e-

E (V) = 4.0×10-1 + 7.4×10-3log[Cu2+] + 7.4×10-3log[HSO4
-] 5.2×10-2pH (5-55)

Cu2S + 4H2O = 2Cu2+ + SO4
2- + 8H+ + 10e-

E (V) = 4.4×10-1 + 1.2×10-2log[Cu2+] + 5.9×10-3log[SO4
2-] 4.7×10-2pH (5-56)

Cu = Cu2+ + e-

E (V) = 3.4×10-1 + 3.0×10-2log[Cu2+] (5-57)

Cu2O + 2H+ = 2Cu2+ + H2O + 2e-

E (V) = 2.2×10-1 + 5.9×10-2log[Cu2+] + 5.9×10-2pH (5-58)

2Cu + H2O = Cu2O + 2H+ + 2e-

E (V) = 4.6×10-1 5.9×10-2pH (5-59)

Cu2O + H2O = 2CuO + 2H+ + 2e-

E (V) = 6.7×10-1 5.9×10-2pH (5-60)
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5-5 298K Gibbs Gf
0 30)

Ions or compounds Gf
0(kJ/mol)

Cu 0

Cu2+ 65.6

Cu2O -147.8

CuO -127.8

Cu2S -87.4

CuS -53.1

2 [Cu2+] 1 10-6 M 1.5×10-9 M

10 ppb 1.5×10-7 M 1 ppm

pH 5-20 5-21 5-20

Cu2S pH

1 ppm 5-21

pH

5-21 2 CuS

pH 4

5-15 10 ppb 1 ppm

pH 7 B-1

31) -0.19 V(vs. SHE) pH=7

E=-0.19V 5-20

B-2

B-1
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5-20 -pH [Cu2+] = 1×10-6 M, [S] = 1.5×10-9 M, 298K

5-21 -pH [Cu2+] = 1×10-6 M, [S] = 1.5×10-7 M, 298K
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pH 1 2

[Cu2+] 1 10-4 M 1 10-2 M

pH 5-22 5-23 5-20

Franey 22 85%

8 234 3,725 ppb

32)

150 nm

total exposure, ppb×hr

nm

= 0.00232 (5-61)

Graedel

4 1×10-3 nm/(ppb×hr) 33) Graedel

Franey 2 150 nm

64,655 ppb×hr 37,500 ppb×hr B-1

13 ppb 30 720

9,360 ppb×hr B-2

1.1 ppm 1,100 ppb 720 792,000 ppb×hr

B-2 150

nm 7.9

m B-1 150 nm

1/4 6.1
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5-22 -pH [Cu2+] = 1×10-4 M, [S] = 1.5×10-9 M, 298K

5-23 -pH [Cu2+] = 1×10-2 M, [S] = 1.5×10-9 M, 298K
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m

B

Pilling-Bedworth
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5-24

5-24

5-24

HS- (H2S)sol
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5-15

pH 1

ppm 1 ppm pH 6.8

proton-induced dissolution

Payer

34)

X

2CuOH Cu2O + H2O (5-62)

Schwabe

35) 35)

CuHS

Cu2S CuHS

CuHS
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2Cu+ + HS- + OH- Cu2S + H2O (5-63)

19)

5-25

5-25 (a) 5-16

SEM

5-25 (b)

Pilling-Bedworth PB 36)

5-25
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PB

PB = Voxide/Vmetal = Moxide metal/(n Mmetal oxide) (5-64)

(5-64) Voxide Vmetal Moxide

Mmetal oxide metal n 1

PB 1 2

2

36)

PB 1.64 1.93

2

PB 1.64 1.93

5-25 (c)

5-25 (d)
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37) 75%

23

81% 38) 1

NaCl = Na+ + Cl- (5-65)

atacamite 2.5×10-2

M [Cu2+] = 10-6 M pH = 7

14% 17

99% 2 47 7% 22

4 38 Posnjakite

24 1

atacamite

1 Cu+

nantokite

2Cu+ + H2O = Cu2O + 2H+

log [Cu+] = pH 1.05 (5-66)
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Cu+ + Cl- = CuCl

log [Cu+] = 6.8 log [Cl-] (5-67)

Cu2O + 2H+ + 2Cl- = 2CuCl + H2O

log [Cl-] pH = 5.8 (5-68)

(5-67) 1 nantokite

(5-68) nantokite

298 K Gibbs

f
0 5-5 3-15 1

[Cu+] = 10-6 M pH-pCl 5-26 1

nantokite pH 7

3-17 nantokite

5-26 [Cu+]=10-6 M pH-pCl
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6.1 M 5-26

(5-68)

nantokite

atacamite nantokite

nantokite

1 CuCl2
-

39,40)

Cu+ + 2Cl- = CuCl2
- (5-69)

Braun 23 (5-69) 6.7×104 40)

log [CuCl2
-] log [Cu+] - 2log[Cl-] = 4.8 (5-70)

(5-70) 1 10-6 10-3 1 M

pCl-pCuCl2
- 5-27 CuCl2

-

1

CuCl2
-

6.1 M 1

CuCl2
-
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5-27 [Cu+]=10-6, 10-3 1 M CuCl2
-

CuCl2
-

1 CuCl2
-

2CuCl2
- + 2OH- = Cu2O + H2O + 4Cl-

2log [Cl-] log [CuCl2
-] = -4 + pH (5-71)

(5-71) CuCl2
- 10-6 10-3 1 M pH-pCl 5-28

5-28 CuCl2
- CuCl2

- Cu2O

CuCl2
-
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5-28 pH-pCl Cu+

(a) [CuCl2
-] = 10-6 M, (b) [CuCl2

-] = 10-3 M, (c) [CuCl2
-] = 1 M

1

CuCl2
-

(5-71)

(5-69) CuCl2
-
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atacamite

posnjakite

Cu4SO4(OH)6 H2O + Cl- = 2Cu2Cl(OH)3 + SO4
2- + H2O

log [SO4
2-] 2log[Cl-] = -0.09 (5-72)

(5-72)

5-29 [Cu2+] = 10-6 M pH = 7 pCl-pSO4
2-

posnjakite 6.3×10-4 M atacamite

2.5×10-2 M

posnjakite

posnjakite atacamite
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5-29 [Cu2+] = 10-6 M pH = 7 pCl-pSO4
2-
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Cu+ CuCl2
-

5-30 5-30

CuCl2
-

25

100g 35.9g41
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5-30

1

CuCl2
- 5-27

CuCl2
- 5-27

(5-71)

CuCl2
- 5-28

(5-71)
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posnjakite

proton-induced dissolution ammonium ion-induced

disslution

298 K pH

PB

1

CuCl2
-
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A

B

C

D

A

A 6-1

Stumm proton-induced dissolution ammonium ion-induced

dissolution

1
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6-1 A

2 2

posnjakite

CuCl2
-
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B

B 6-2

CuSH

6-2 B
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C

D

C D 6-1 A

C

6-1

D

D 275 ppb

pH 4.2 pH

posnjakite

CuCl2
-
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posnjakite
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1-6)

A

1 7)

4,5) 8)

NTT

1.5 m 15

1, 2, 3, 6, 12 2001.9.26 2002.9.25 3

SO2 NO2
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HCl

1

7-1 7-2

7-1
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7-2

X

X RU 200 Cu

50 kV 200 mA

JSM-890 3 kV

Pt

Jobin Yvon N-5000RF 13.56

MHz 40 W Ar 775 Pa 4 mm
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X 7-3

Cu2O posnjakite

CuSO4(OH)6 H2O 12

brochantite Cu4SO4(OH)6 nantokite CuCl

7-3
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7-1 10,000 SEM 7-1 (a) (b)

m 7-1 (a)

1

3 7-1 (c)

3

6 7-1 (d) 7-1 (d)

7-1 (e) 12
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7-1 SEM 10,000 (a) 1 , (b) 2 ,

(c) 3 ,(d) 6 ,(e) 12
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7-1 SEM (a) 1 , (b) 2 ,

(c) 3 ,(d) 6 ,(e) 12
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7-2

7-3

6

7-4 7-5

7-4

7-5

7-2
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7-3

7-4
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7-5
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7-3 posnjakite 1

A C D

1 brochantite 1

1,3,10)

posnjakite brochantite

1,3,10) Nassau posnjakite pH

11)

Leygraf Graedel

12)

1

6

Fonseca 2

1 paratacamite Cu2Cl(OH)3

4) Veleva 3 2

1 paratacanite 13)

20 km

3-13

3 g/m3

12 nantokite CuCl
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nantokite Leygraf 14)

nantokite 1

atacamite Cu2Cl(OH)3
14)

nantokite

7-1(a) posnjakite

posnjakite

2, 15-21)

X 7-1(d)

posnjakite 7-1(c) 7-1(d)

7-1(d)

Odnevall 2,20) FitzGerald 21) Odnevall

posnjakite

2) FitzGerald brochantite 21)

7-3 12 2

posnjakite brochantite 7-1(e)

posnjakite brochantite

7-2 posnjakite
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2

3

0

80% 1

1 2 0.40 2 3 0.22

7-3 6

12 1500 nm 6

3

4,8,22,23) 7-3

1 brochantite

Franey 24)

1

A

25) 1

7-4 7-5
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7-3 posnjakite

brochantite Brochantite

12

posnjakite

7-2

6 12

X 6 12

1.34 3.44 g/cm2

1 3

6 2 1

0.3 m 1 0.3 m

0.3 m 0.3 m

7-5 12

0.7 m 12

6

Nantokite

Cu+ + Cl- CuCl (7-1)

7-3 12 nantokite

nantokite
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pH=7 Cu+ 1×10-6 M

1.6×10-1 M 26) 12 4.79 g/cm2

76% 1.5×10-1 M nantokite
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A C D

posnjakite A

1 1 posnjakite

brochantite nantokite

3) 7-6

Nantokite

7-6

posnjakite

XPS Cu LMM Auger

7-6 3)
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9) 1

X

1,3,8,10,27)

Atrens 8) 154

15 Kratschmer

8 1,2,4 8

3)

SO2 NO2 1 SO2 NO2

4

7-7 3)

Kratschmer

7-7 3)
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4 1

1 4 8

Atrens

Cu+

posnjakite brochantite

1,3,10) A 1

7-3 12 1 brochantite

12 posnjakite 7-8

7-8 X posnjakite (001) (111)

posnjakite 7-8

posnjakite 6 12

7-8 posnjakite
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Kratschmer 3) 7-7

posnjakite brochantite 7-9 Wells

posnjakite brochantite 7-9

posnjakite 2

brochantite Nairn 1) Nassau

10) Kratschmer

posnjakite brochantite

7-9 posnjakite brochantite

Wells Cathedral, UK 3)
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7-6

nantokite CuCl atacamite

Cu2Cl(OH)3
3) A 1 12

nantokite

1 paratacamite

Cu2Cl(OH)3
4,13) nantokite

39 11

nantokite 3) atacamite

Nantokite atacamite Strandberg

28)

nantokite atacamite

nantokite atacamite 7-5

nantokite
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Fonseca 4) Morcillo 5) Atrens 8)

7-10 Fonseca

Morcillo

Atrens

7-10

Fonseca

Morcillo

GDOES

7-11 A-1 0

y=0 7-11

0.36 m A-1

7-12

0
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7-4 7-4

4-2 A-4 1

1

7-10 4,5,8)
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7-11 A-1

7-12 A-1
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7-4

m m/year

A-1 0.4 4.3

A-2 0.3 3.7

A-3 0.4 4.6

A-4 0.3 3.0

B-1 6.1 73.2

B-2 7.9 94.8

C-1 1.1 13.2

D-1 2.9* 48.1

* 22

7-10 7-13

7-10

-0.4

7-13 A

A

7-13

1

7-13 Fonseca

4) C
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7-13

7-13 B

C

D 10 m/year A

1

10 ppb
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A 1

A 1

Nantokite

A

B

B D

10 m/year A

1

10 ppb
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ISO92231)

ISA S71.042)

ISO92231)

C1 C5 C5 5

1 0

80%

3

ISA ISA S71.042)

30

/30 G1 G2 G3

GX 4 GX ISA S71.04

H2S SO2 Cl2 NOX HF NH3 O3

ISA S71.04 ISA

S71.04
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1

X

3)

4-7)

8-1 5) 200 mm 2 4

99.9% 25 mm 25 mm 0.2 mm

12.5 mm 37.5

mm 62.5 mm 87.5 mm 2

0.6 mm 1.0 mm 2.0 mm 3.0 mm

3 NTT
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8-1

X 3063P

50 kV 30 mA 20 mm

20

CuS KCl

0.02 g/cm2

8-2 8-3

0.6 mm 37.5 mm

X 0.02 g/cm2
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8-2

8-3
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5)

7)

8-4

8-4

225 mm 225 mm 40 mm

6 28 1/6



257

0.6 mm

37.5 mm

NTT 2

5 28

1 28

28

8-5

8-5

8-5 1:1 0.98

1:1
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8-10)

1

EPMA

11) 1

EPMA 10)

8-6

8-6

15 cm 7 cm 0.8 cm



259

8-6

4

4

4

8-7

1 5 mm 1 mm

4 EPMA

2 mm X

9) 2 mm



260

8-7

12

4 5 mm

3

EPMA EPMA 15 kV

1 A EPMA 8-8

8-8 X K

8-8

X

X X

8-6

EPMA
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8-8

NTT

24 4

1 4

8-9



262

8-9

8-9 1:1

0.98
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12) ADSL

2

8-10

8-10

8-10

3
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8-11

8-12

8-11

8-12

atacamite 298K

atacamite [Cu2+] 10-6 M pH

7 2.5 10-2 M 13)



265

30

2

A B

8-13 2

8-14 X

8-1

8-13
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8-14

8-1 A B

g/cm2/30

A

1 0.15

2 0.10

3 0.34

B

1 0.12

2 0.13

3 1.93

8-1 A B 0.10

0.15 g/cm2/30

B 6%

A 44%
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0.10 g/cm2/30

8-15

8-15

0.10 g/cm2/30 40%

A B

8-15

8-15
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8-15

2

8-2

8-2

3

1

2

3

90 %

8-13

8-16 8-16



269

8-16

30

8-3

8-17

8-3 A B

<0.02 g/cm2/30

8-17 0.01

g/cm2/30

B

A 20%

A 2

A B
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8-3 A B

g/cm2/30

A

1 <0.02

2 <0.02

3 1.19

B

1 <0.02

2 <0.02

3 4.67

8-17
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272

14)

8-18

H2S 0.05 0.45 ppm

ISA S71.042) 0.05 ppm

GX

8-18



273

8-4 3

50V

10 ppm

40 70% 260

8-4

A 20 35 m

B 60 150 m

C 40 90 m

A

8-19

2 B

C

8-5

8
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8-19 A

(a) (b)

8-5

A 2.5 1011 2.6 1011

B 4.5 1012 2.6 1012

C 3.3 1012 1.6 1012

8
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3

UL

C



276
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Appendix 2 X
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Appendix 3 X

X X-ray Photoelectron Spectroscopy, XPS
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Appendix 4

Scanning Electron Microscope, SEM
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Appendix 5
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Auger Electron Spectroscopy, AES
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Appendix 6
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Glow Discharge Optical Emission Spectroscopy, GDOES
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