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aq
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P T

P T

Δ fG
!

1
2

H2(g,1atm) = H+ (aq)+ e−     Δ fG
!(H+ ,aq) = 0

∂
∂T

Δ fG
!

T
⎛

⎝⎜
⎞

⎠⎟
= −

Δ fH
!

T 2   ,  
∂Δ fG

!

∂T
= −Δ fS

!

Δ fH
!(H+ ,aq) = 0  ,  Δ fS

!(H+ ,aq) = 0

Δ fH
! Δ fS
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s l g aq
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[H+ ] +  2[Ca2+ ]= [A− ]+ [OH− ]

[H+ ] +  2[Ca2+ ]= 2[CO3
2− ] +  [OH− ]

CHA
! Ka

CHA
! = [HA] +  [A− ]

Ka =
[H+ ][A− ]
[HA]

pH = pKa − log
[HA]
[A− ]

CCa(OH)2 = CCa(OH)2
∗ = 1

2
CHL
!

CCa(OH)2
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CCa(OH)2 = 0

[A− ]= [H+ ]

[HA]! CHA
"

Ka =
[H+ ]2

CHA
!

pH = 1
2
pKa −CHA

!( )

CCa(OH)2 <CCa(OH)2
∗

[A− ]= 2CCa(OH)2 [HA]= CHA
! − 2CCa(OH)2

pH = pKa − log
CHA
! − 2CCa(OH)2
2CCa(OH)2

⎛

⎝
⎜

⎞

⎠
⎟

CCa(OH)2 = CCa(OH)2
∗

[A− ]! 2CCa(OH)2

[HA]! [OH− ]

[OH− ]= 2CCa(OH)2Kw Ka
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Kw

pKw = pH + pOH

pH = 1
2
pKw +

1
2
pKa + log 2CCa(OH)2( )

CCa(OH)2 >CCa(OH)2
∗

[H+ ]! Kw [OH
− ]

[OH− ]= 2CCa(OH)2 −CHA
!

pH = pKw + log 2CCa(OH)2 −CHA
!( )

[HA]! [OH− ]

2[Ca2+ ]! 2[CO3
2− ]

�



(s

P s

(s s

Ka=4.81

KaNH4=9.24

�

KaCH3COOH

s

KaNH4=9.24

pH ≈ pKa
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KaNH4=9.24

s

KaNH4=9.24
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[H+ ] +  2[Ca2+ ]= [L− ]+ [OH− ]

[HL]! [OH− ]
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[Ca2+ ]= CCa(OH)2

CHL
! CCa(OH)2 = CCa(OH)2

∗ = 1
2
CHL
!

CCa(OH)2

CCa(OH)2

�



�

(N
H

4)
2S

O
457

)
N

H
4C

l34
, 5

8)
C

H
3C

O
O

N
H

435
)  

N
H

4N
O

335
)

C
H

3C
O

O
H

58
-5

9)
H

N
O

360
)

H
C

l58
)

A
dd

iti
ve

 c
on

ce
nt

ra
tio

n 	
m

M
 

SS
: 1

30
0 

R
C

A
: 8

00
 

1.
2 

 
10

0-
 2

00
0 

←
 

10
00

, 2
00

0,
 4

40
0 

1.
2 

 
50

0 
1.

2 

M
at

er
ia

l 
St

ee
l s

la
g 

(S
S)

 
R

ec
yc

le
d 

co
nc

re
te

 
ag

gr
eg

at
e 

(R
C

A
) 

B
O

F 
sl

ag
 

B
O

F 
sl

ag
 

B
F 

sl
ag

 
←

 
W

as
te

 c
em

en
t p

ow
de

r 
B

O
F 

sl
ag

 
B

O
F 

sl
ag

 
EF

 sl
ag

 
B

O
F 

sl
ag

 

B
as

ic
ity

 o
f c

al
ci

um
 si

lic
at

e 
SS

: 3
.1

7 
R

C
A

: 1
.4

3 
4.

80
 

B
O

F:
 3

.9
0 

B
F:

 1
.3

8 
←

 
1.

84
 

4.
80

 
B

O
F:

 2
.1

9-
2.

95
 

EF
: 1

.7
9 

4.
80

 

C
al

ci
um

 c
on

te
nt

 o
f m

at
er

ia
l 

 in
 so

lu
tio

ns
 (m

M
) 

SS
: 1

70
 

R
C

A
: 1

80
 

0.
62

 
B

O
F:

 1
50

 
B

F:
 1

30
 

←
 

50
0,

 1
00

0,
 2

20
0 

0.
62

 
B

O
F:

 6
8-

89
 

EF
: 5

8 
0.

62
 

pH
 b

ef
or

e 
ex

tra
ct

io
n 

SS
: 4

.4
 (c

al
c)

 
 R

C
A

: 4
.5

 (c
al

c)
 

4.
6 

5.
6-

5.
0 

(c
al

c.
) 

7.
0 

(c
al

c.
) 

5.
6-

5.
0 

(c
al

c.
) 

6.
1,

 4
.8

, 4
.1

 
2.

4 
0.

3 
(c

al
c.

) 
0.

1 

[C
a2+

] a
fte

r e
xt

ra
ct

io
n 

(m
M

) 
SS

: <
 8

.5
 

R
C

A
: <

 6
.3

 
0.

37
 

B
O

F:
 <

 1
00

 
B

F:
 <

 9
1 

B
O

F:
 <

 9
2 

B
F:

 <
 6

3 
B

O
F:

 <
 1

20
 

B
F:

 <
 7

5 
12

0,
 3

80
, 9

90
 

0.
51

 
B

O
F:

 4
8-

63
 

EF
: 5

2 
0.

57
 

pH
 a

fte
r e

xt
ra

ct
io

n 
SS

: <
 7

.4
 (c

al
c.

) 
R

C
A

: <
 7

.2
 (c

al
c.

) 
9.

4 
B

O
F:

 <
 8

.3
 (c

al
c.

) 
B

F:
 <

 8
.2

 (c
al

c.
) 

B
O

F:
 <

 8
.2

 (c
al

c.
) 

B
F:

 <
 8

.1
 (c

al
c.

) 
B

O
F:

 <
 8

.4
 (c

al
c.

) 
B

F:
 <

 8
.1

 (c
al

c.
)  

8.
0,

 5
.2

, 4
.9

 
5.

3 
B

O
F:

 0
.3

-0
.4

 (c
al

c.
) 

EF
: 0

.4
 (c

al
c.

) 
3.

7 

Ex
tra

ct
io

n 
re

te
 o

f c
al

ci
um

-io
n 

SS
: <

 5
.0

%
 

R
C

A
: <

 3
.5

%
 

60
%

 
B

O
F:

 <
 6

7%
 

B
F:

 <
 6

9%
 

B
O

F:
 <

 6
1%

 
B

F:
 <

 4
8%

 
B

O
F 

< 
80

%
 

B
F:

 <
 7

5%
 

23
.0

%
, 3

8.
0%

, 4
5.

0%
 

82
%

 
71

-8
9%

 
91

%
 

�



�

�



�

pKa pKa

!

0 

20 

40 

60 

80 

100 

120 

0 2 4 6 8 10 12 14 

	
/ %

pH

H2L+ L-

HL0

H2L HL0 L−

pKa1=2.3� pKa2=9.8�

(pKa1+pKa2) / 2 = 6.1�

�



�

�



�



g

�



�

����230�����

,-+

��	�,-+

230

���
230

�
�
�

�
�
�

2
4
2
3
1

230�� ��	
�

��.��

�����

230 / ,-+ ��	�,-+
��

���
��)�(*...

���"$ !���#�&%'

�� ��"$ 

����230�����

,-+

��	�,-+

230

���
230

�
�
�

�
�
�

2
4
2
3
1

230�� ��	
�

��.��

�����

230 / ,-+ ��	�,-+
��

���
��)�(*...

���"$ !���#�&%'

�� ��"$ 

Waste Cement 
Iron slag 

Calcium carbonate

pH-swing process 
with amino acid 
buffer solution 

Weakly acidic → Strongly	Weakly  basic

Weakly acidic ← Strongly	Weakly  basic

Residue 
SiO2

����230�����

,-+

��	�,-+

230

���
230

�
�
�

�
�
�

2
42
3
1

230�� ��	
�

��.��

�����

230 / ,-+ ��	�,-+
��

���
��)�(*...

���"$ !���#�&%'

�� ��"$ 

CO2 emission

CaCO3 precipitation 

Calcium ion extraction 

�



Kogyoro Handbook

IPCC Special Report on Carbon Dioxide Capture and Storage

CO2 Choryu Technology

 JOGMEC News

Chishitsu news

Sekiyu・Tennen gas review

Chishitsu news

61

498

41

�

http://www-gio.nies.go.jp/aboutghg/nir/2012/NIR-JPN-2012-v3.0-J_web.pdf
http://www.env.go.jp/doc/toukei/contents/
http://www.japanccs.com/business/research/
http://www.data.go.jp/data/dataset/meti_20150706_0080


70

43
25

86

83

85

86
1

43

24

28

39
32

80

33

6
B128

161
174

�



41

1

20

24

40
38

45
26

46

43
80

Annual Report of Iron and Steel Slag Statistics(FY 
2015)

Chemical Characteristics of Iron and Steel Slag

Stability Constants of Metal-ion Complexes  

113

33

54
23

�

http://www.slg.jp/slag/character.html


	

aq s

�

�

aq

Ca(OH)2(s)+ 2HL(aq) = CaL2(aq)+H2O(l)

CaL2(aq)+H2CO3(aq) = CaCO3(s)+ 2HL(aq)

aq

�



aq x, y

K aq

�

�

aq x, y

�

�

�

Ca2+ (aq) + xH+ (aq) +  2− y( )L− (aq) = CaH xL2− y
x+ y−2+ (aq)  (0 ≤ x ≤ 2,  0 ≤ y ≤ 2)

KCHL =
[CaH xL2− y

x+ y−2+ ]
[Ca2+ ][H+ ]x[L− ]2− y     (0 ≤ x ≤ 2,  0 ≤ y ≤ 2)
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	 C3S C2S CS 
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1 9.49 -0.580 9.11 -0.684 7.22 -2.52 
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Introduction of PRE Planting
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https://www.zennoh.or.jp/eigi/pdf_hiryo/hiryo_ikunae-baido.pdf
http://www.kantoh-ap.co.jp/products/products_1.html


g

s

�



	

�



ΔµCaCO3

�



�



�



�



�

�

CS C3S2 C2S C3S

	

CS CaOSiO2 
組成(wt%) 

CaO SiO2 

1450 
48.3 51.7 
26.6 28.5 

55.0 42.9 42.4 

C2S 2CaOSiO2 
組成(wt%) 

CaO SiO2 

1630 
65.1 34.9 
35.8 19.2 

55.0 52.4 51.7 

C3S 3CaOSiO2 
組成(wt%) 

CaO SiO2 

1630 
73.7 26.3 
40.5 14.5 

55.0 40.0 36.4 

�



�

�

80604020

C3S(Calcium Silicate) 
C3S(Hatrurite)�

C3S(Hatrurite)�

β-C2S(Larnite) 
α-C2S type 
(Calcium Phosphate(V) Silicate)�

CS(Calcium Silicate) 
CS 
(Tricalcium cyclo-trisilicate)�

In
te

ns
ity

(a
.u

.)�

2θ�

���� ��	�
�� ICDD ��� No. 

CaOSiO2  
(CS) 

��� Ca(SiO3) 89-6463 
�� α-Ca3Si3O9 89-6485 
— ������������������������ �������� 
— ������������������������ �������� 

2CaOSiO2  
(C2S) 

��� 
β-Ca2SiO4 

Larnite 
33-0302 

�� 
�-Ca2SiO4 type Ca14.92(PO4)2.35(SiO4)5.65 

Calcium Phosphate(V) Silicate  
33-0302 

�� ������������������������ �������� 
�� ������������������������ �������� 

3CaOSiO2  
(C3S) 

��� 

Ca3SiO5 

Calcium Silicate 
31-0301 

Ca3SiO5 
Hatrurite 

86-0402 

�� ������������������������ �������� 

 

�



15
12

65

89
31

�



�



�

�

B=1.3

B=2.9

CS C3S2 C2S C3S

B 
B=CaO(moL)/SiO2(moL) CaOmoL% SiO2moL% CaOwt% SiO2wt% C3S C2S C3S2 CS 
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4.5 81.8 18.2  80.8 19.2  

2.0 66.7 33.3  65.1 34.9  
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CP T1

T2 T = T1

HT1 ST1

Cp (J ⋅mol
-1 ⋅K-1)= A+B ⋅10-3T +C ⋅105T -2 + D ⋅10-6T 2

SiO2(am)

µSiO2
am + µH2O

!liq = µH2SiO3
s

SiO2(s,quartz) = SiO2(s,amorphous)

KSiO2 (am) = aSiO2 (am) aSiO2 (quartz ) (= 1)( ) = aSiO2 (am) = 10−2.71

H2SiO3(s) +  H2O(l) = H3SiO4
− (aq) + H+ (aq)

Ksp
!H2SiO3 =

H3SiO4
− (aq)⎡⎣ ⎤⎦sat H

+⎡⎣ ⎤⎦sat
aH2SiO3
!s = 1( )aH2O!liq = 1( )  = H3SiO4

− (aq)⎡⎣ ⎤⎦sat
H+⎡⎣ ⎤⎦sat

= 10−9.9

�



Formula
Common 
Name

T1


(K)
T2


(K) A B C D references

H2O(g) Water 298.1 1100 -241.8 188.8 28.41 12.48 1.284 0.360
JANAF 856), 
Glushko 947), 
Landolt 018)

H2O(l) Water 273.2 495.0 -285.8 69.95 186.9 -464.2 -19.56 548.6
JANAF 856), 
Glushko 947), 
Landolt 018)

H+(aq) Hydrogen ion 273.1 333.1 0 0 0 0 0 0
Shock 889), 

NBS 8210), 
Helgeson 6911)

OH-(aq) Hydroxyl ion 273.1 333.1 -230.0 -10.71 40929 -169401 -7180 197090
Shock 889), 

NBS 8210), 
Helgeson 6911)

CO2(g) Carbon dioxide 50.00 298.1 -393.5 213.77 22.23 56.20 0.105 -22.52
Barin 9312), 
Frenkel 9413)

H2CO3(aq) Carbonic acid 298.1 398.0 -699.7 187.44 0 0 0 0 NBS 8210)

HCO3-(aq) Bicarbonate 
ion 273.1 333.1 -689.9 98.45 20292 -83795 -3548 97286

Shock 889), 

NBS 8210)

CO32-(aq) Carbonic 
trioxide ion 273.1 333.1 -675.2 -50.00 69525 -287938 -12200 334778

Shock 889), 

NBS 8210)

Ca2+(aq) Calcium ion 273.1 333.1 -543.1 -56.48 12430 -51307 -2168 59346
Shock 889), 

NBS 8210)

CaO(s) Calcium oxide 100.0 298.1 -634.9 38.10 17.35 122.76 -1.375 -117.1
JANAF 9814), 
Barin 8915), 
Landolt 9916)

Ca(OH)2(s) Calcium 
hydroxide 298.1 1023.0 -985.9 83.40 89.25 33.15 -10.35 -0.023

Barin 9312), 
Glushko 947), 
Landolt 9916)

CaCO3(s, Calcite)
Calcium 
carbonate, 
Calcite

298.1 1603.0 -1207 91.71 99.54 27.14 -21.48 0.002
Barin 9312), 
Glushko 947), 
Landolt 9916)

CaCO3(s, Aragonite)
Calcium 
carbonate, 
Aragonite

298.1 1200.0 -1207 88.62 98.50 36.40 -23.68 -8.916
Knacke 9117), 
Bard 8518)

CaCO3(s, Vaterite)
Calcium 
carbonate, 
Vaterite

298.1 300.0 -1202 95.27 0 0 0 0 Yungman 9919)

CaCO3(s, ACC)
Anhydrous 
Calcium 
carbonate

- Clarkson2)

CH3COONO2(aq) Alanine 273.1 298.1 -552.8 167.4 58383 -258055 -8895 322915
Shock 9020), 
Plyasunov 0121), 
Slop 9822)

CH2COONO2-(aq) Alanate ion 273.1 333.1 -505.9 126.6 18005 -74331 -3147 86280 Slop 9822)

CH3COOH(aq) Acetic acid 273.1 298.1 -485.8 178.7 22744 -99807 -3466 124653
Sussex 7723), 
NBS 8210), 
Plyasunov 0121)

CH3COO-(aq) Acetate ion 298.1 300.0 -485.8 86.6 -6.276 0 0 0 Wagman 6824)

NH3(aq) Ammonia 273.1 298.1 -81.17 109.0 15257 -66938 -2344 83413
NEA 0325), 

Shock 8926), 
Plyasunov 0121)

NH4+(aq) Ammonium ion 273.1 333.1 -133.3 111.2 590.9 -2143.5 -89.67 2431
Shock 889), 

NBS 8210)

SiO2(s) quartz 298.1 500.0 -910.7 41.46 -61.08 378.2 17.08 -296.9
Knacke 9117), 
SGTE 9427), 
Landolt 018)

SiO2(am) Amorphous 
silica - Berner3)

H2SiO3(s) Metasilicic acid - -

�H
T1
(kJ ⋅mol-1) � ST1

(J ⋅mol-1 ⋅K-1)
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High-temperature heat-content, heat-capacity, and entropy data for 
the elements and inorganic compounds

Stability Constants of Metal-ion Complexes
Supl．1  

JANAF thermochemical tables third edition 
part II, Cr-Z

Thermodynamic Properties of Inorganic Material

The NBS Tables of Chemical 
Thermodynamic Properties, Selected Values for Inorganic and C1 and C2 Organic 
Substances in SI Units, Suppl．No．2

Thermochemical Data of Pure Substances, Part I and II

Thermodynamics of organic compounds in the gas state，Vols．I and II

NIST-JANAF Thermochemical Tables Fourth Edition

Thermochemical Data of Pure Substances, Part I and II

Thermodynamic Properties of Inorganic Material

Thermochemical properties of 
inorganic substances, 2nd ed.

Standard potentials in aqueous solution

�



Thermal 
Constants of Substances，Vol 1 - 8

Computer Analyzed Thermochemical Data: Organic 
and Organometallic Compounds

Selected Values of of Chemical Thermodynamic Properties[Part 3]. 
Tables for the first 34 elements in the standard order of arrangement，NBS 
Technical Note 270-3

Update on the Chemical Thermodynamics of U, Np, Pu, Am and 
Tc Chemical Thermodynamics，Vol．5
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