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How to calculate

solubility products
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Solubility products

1. General considerations

2. Measured concentrations
 log Ks

3. Estimation of Cp and S
4. Calculation of log Ks at different 

temperatures
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Katoite (CaO)3Al2O3 6H2O: C3AH6

Matschei ea 2007 CCR 37

Relatively large scatter; -20.8±1

Log Ks0* C3AH6 = {Ca2+}3{Al3+}2{H2O}12 {H+}-12

= 80.3

Log Ks0 = {Ca2+}3{Al(OH)4
-}2{OH-}4

Blanc ea 2010 CCR 40

Log Ks0 C3AH6 = -21.4±1

C3AH6 predicted instead of monosulfate 

in hydrated cements

 contradicts cement experiments

(monosulfate is obseverved)

Why? 

50 log !

monosulfate predicted in hydrated

cements

4

Solubility of C3AH6

More data

Two groups
-20.8

-21.4

Lothenbach ea 2012 CCR 42
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Carbonation!

Wells ea reported calcite as CO2 had leaked 

through their rubber stoppers

monocarbonate

> 12 months

Solubility of C3AH6

Lothenbach ea 2012 CCR 42

6

Solubility of C3AH6

log Ks0 C3AH6 =

{Ca2+}3{Al(OH)4
-}2{OH-}4 = -20. 5

Carbonation!

Lothenbach ea 2012 CCR 42

-20.5

log Ks0 DfG DfH S Cp

kJ/mol kJ/mol J/mol/K J/mol/K
C3AH6 -20.50 -5008.2 -5537 422 446

Old KS0 too low, carbonation

Cemdata18
monosulfate predicted in 

hydrated cements

Cemdata07
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Solubility products

1. General considerations

2. Measured concentrations
 log Ks

3. Estimation of Cp and S
4. Calculation of log Ks at different 

temperatures
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Solubility of C3AH6

Bennet ea 1992 J. Nucl Mat 190

redispersion

log Ks0* C3AH6 = {Ca2+}3{Al3+}2{H2O}12 {H+}-12

= 80.3

log Ks0 = {Ca2+}3{Al(OH)4
-}2{OH-}4

= -20.8

Differenz = -(2*Al(OH)4
- + 4*OH-) = -(2*-22.9 +4*-14) = 101.8

Matschei ea 2007 CCR 37 undersaturation
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Solubility of C3AH6
Matschei ea 2007 CCR 37 undersaturation

Thesis Matschei 2008

Oversaturation

Bennet ea 1992 J. Nucl Mat 190

redispersion

10

Solubility of C3AH6

NaCl

activity

model
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dul of all solids = 0

supresses solid formation

1

2
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Experimental data: pH ±0.1 

Matschei ea 2007 CCR 37

16

1

2

Ks0 = {Ca2+}3*{Al(OH)4
-}2*{OH-}4

Convention from SUPCRT used in GEMS

Al(OH)4
- 2 = AlO2

- + 2H2O0

Ks0 = {Ca2+}3* {AlO2
-}2{H2O0}4*{OH-}4

log Ks0 = 3*lgaCa2+ + 2*lgaAlO2
- + 4*lgaH2O0+ 4*lga OH-

= 3*-2.44 + 2*-2.43 + 4*-0.0002+ 4*-2.10 = -20.58

Experimental data: pH 11.98 
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1

2

Ks0 = {Ca2+}3*{Al(OH)4
-}2*{OH-}4

Convention from SUPCRT used in GEMS

Al(OH)4
- 2 = AlO2

- + 2H2O0

Ks0 = {Ca2+}3* {AlO2
-}2{H2O0}4*{OH-}4

log Ks0 = 3*lgaCa2+ + 2*lgaAlO2
- + 4*lgaH2O0+ 4*lga OH-

= 3*-2.46 + 2*-2.43 + 4*-0.0002+ 4*-2.02 = -20.62: little difference, error ±1

Experimental data: pH 11.98 

pH corrected

+ 2 mmol/L NaOH

18

Create a new process file

4

1

2
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Select Al(OH)3 and CaO as input for measured total Al and Ca (in mM)

NaOH and HCl in case you need to correct the pH

Experimental data: pH ±0.1 

20

Collect lga[{AlO-2}], lga[{Ca+2}], lga[{OH-}], lga[{H2O@}] and pH

needed to formulate equation
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10 experimental data points from Matschei
4 columns for input: Al, Ca, NaOH and HCl
5 output columns
1 X-axis

1 experimental column for pH values
10 experimental pH values for comparison

22

Input in mM
modC[J][0] = total Al measured
modC[J][1] = total Ca measured in mM
modC[J][2], and modC[J][3] = 10-9 mM (use small numbers not «0»)
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xp[J] =: J; $ J: calculation number

Calculation of solubility product of C3AH6

yp[J][0] =: 3*lga[{Ca+2}]+2*lga[{AlO2-}]+4*lga[{OH-}]+4*lga[{H2O@}];

yp[J][1] =: 0;

yp[J][2] =: 0;

yp[J][3] =: 0;

yp[J][4] =: pH; => used for comparison with measured pH

Label to first column as K C3AH6

24

K C3AH6 = solubility product of C3AH6

yp[J][0] =: 3*lga[{Ca+2}]+2*lga[{AlO2-}]+4*lga[{OH-}]+4*lga[{H2O@}];

Varies from -20.2 to -20.9

Calculated pH comparable to measured pH

Δ pH ± 0.1

 No pH correction needed
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Error on solubility products (assuming normal distribution)
see also  https://www.oecd-nea.org/jcms/pl_37493/tdb-3-guidelines-for-
the-assignment-of-uncertainties

Measurement error

Standarddeviation: in excel use STDEV.S

Uncertainity (includes also systematic errors, sj

95% confidence interval

T value for n-1 from table

-20.60

-20.42

-20.92

-20.46

-20.40

-20.44

-20.43

-20.18

-20.34

-20.89

Mean -20.51
Standard deviation 0.23

confidence interval (95%, 2 sided) 0.17

26

Do and do nots

• Do not use the mean of all 
measurements to calculate one
solubility product

Al Ca
Undersat 4.24 6.91

4.8 7.29
5.07 6.31
4.73 7.2
4.55 7.34
3.94 7.31

Oversat 0.21 17.64
0.2 20.11

0.17 19.91
0.09 19.96

mean
undersat 4.56 7.06

oversat 0.17 19.41
all 2.8 12.00

standard dev 2.3 6.4

-20.52 1.5
-20.40 3.5
-19.25 14.2

-20.60

-20.42

-20.92

-20.46

-20.40

-20.44

-20.43

-20.18

-20.34

-20.89

Mean -20.51
Standard deviation 0.23

confidence interval (95%, 2 sided) 0.17

• Use the log of the individual solubility
products to calculate the mean
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Create a new process file

4

1

2

Do not change anything,

28

6+1 experimental data points from Bennet
4 columns for input: Al, Ca, NaOH and HCl
5 output columns
1 X-axis

1 experimental column for pH values
6+1 experimental pH values for comparison

Bennet ea 1992 J. Nucl Mat 190

redispersion
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Input in mM
modC[J][0] = total Al measured
modC[J][1] = total Ca measured in mM
modC[J][2], and modC[J][3] = 10-9 mM (use small numbers not «0»)

30

K C3AH6 = solubility product of C3AH6

yp[J][0] =: 3*lga[{Ca+2}]+2*lga[{AlO2-}]+4*lga[{OH-}]+4*lga[{H2O@}];

Varies from -20.3 to -21.8

Decreases with time. Carbonation!
Calculated pH ≈ comparable to measured pH
Δ pH ± 0.3 => No pH correction done
(pH difficult to measure, least reliable, avoid if
difference not too large
With pH correction -20.6 to -23.0)
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Comparison with literature data

• Do not use the mean of all 
measurements to calculate one
solubility product

Mean conc -21.21

Mean -20.51
Standard deviation 0.23

confidence interval (95%, 2 sided) 0.17

• Use the log of the individual solubility
products to calculate the mean

After 28 days -20.37
56 -20.41
84 -21.75
112 -21.58
140 -20.81
168 days -21.49

Mean -21.07

Standard deviation 0.62

confidence interval 
(95%, 2 sided) 0.65

• Check for trends with time

• Carbonation during exposure?

Bennet ea 1992 J. Nucl Mat 190

Redispersion (28 days

Matschei ea 2007 CCR 37

-20.5

-21.5

32

Solubility products

1. General considerations
2. Measured concentrations

 log Ks

3. Estimation of Cp and S

4. Calculation of log Ks at different 
temperatures
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Effect of temperature

TATAAKT lnlog 3
1

20  

-49

-47
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-41

-39
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3-term: Cp constant

2-term: Van't Hoff

Damidot and Glasser, 1992

Damidot and Glasser, 1993

Warren and Reardon, 1994

Perkins and Palmer, 1999

Macphee and Barnett, 2004
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Lothenbach ea CCR 38, 2008

1-term

34

Thermodynamic data: 
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We can estimate S and Cp (but better not ΔHf and ΔGf)

1) From similar solids (avoiding liquid water)
H.C. Helgeson, J.M. Delany, H.W. Nesbitt, D.K. Bird, Summary and critique of the thermodynamic 
properties of rock-forming minerals, Am J Sci, 278-A (1978) 1-229

G.M. Anderson, D.A. Crerar, Thermodynamics in Geochemistry: the Equilibrium Model, Oxford University 
Press, Oxford, 1993.

2) Volume based thermodynamics (VBT)
L. Glasser, The effective volumes of waters of crystallization & the thermodynamics of cementitious
materials, Cement, 3 (2021) 100004.

S. Ghazizadeh, T. Hanein, J.L. Provis, T. Matschei, Estimation of standard molar entropy of cement
hydrates and clinker minerals, Cem Concr Res, 136 (2020) 106188.

L. Glasser, H.D.B. Jenkins, Predictive thermodynamics for ionic solids and liquids, Physical Chemistry 

Chemical Physics, 18 (2016) 21226-21240.

36

We can estimate S and Cp (but better not ΔHf and ΔGf)

1) From similar solids (avoiding liquid water)

G.M. Anderson, D.A. Crerar, Thermodynamics in Geochemistry: the Equilibrium Model, Oxford University Press, Oxford, 1993

Cp(calcite) ≈ Cp(aragonite)

S(calcite) ≈ S(aragonite)
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We can estimate Cp

1) From similar solids (avoiding liquid water)

H.C. Helgeson, J.M. Delany, H.W. Nesbitt,

D.K. Bird, Am J Sci, 278-A (1978) 1-229

Cp,C3AH ≈ 3*Cp,CH+2*Cp,Al(OH)3 = 3*87.51+2*93.08 = 449 ±45 J/mol/K

Cp,C3AH6 ≈ Cp,C3A+6*Cp,structural H2O = 209.39+6*40.04 = 450 ±45 J/mol/K

Cp,C3AH6, measured ≈ 446 (Geiger 2012), or 459 (Ederova 1979) J/mol/K

J. Ederova, V. Satava, Heat capacities of C3AH6, C4ASH12 and C6AS3H32, Thermochim Acta, 31 (1979) 126-128.

C.A. Geiger, E. Dachs, A. Benisek, Thermodynamic behavior and properties of katoite (hydrogrossular): A calorimetric study, 
Am Min, 97 (2012) 1252-1255.

Good agreement (estimation, measured values preferred)

Estimated error ±10%

38

Where do we get
the data from ?  

H.C. Helgeson, J.M. Delany, H.W. Nesbitt, D.K. Bird, Am J Sci, 278-A (1978) 1-229

B. Lothenbach, D. Kulik, T. Matschei, M. Balonis, L.G.

Baquerizo, B.Z. Dilnesa, G.D. Miron, D. Myers,

Cemdata18: A chemical thermodynamic database for

hydrated Portland cements and alkali-activated

materials, Cem Concr Res, 115 (2019) 472-506

J/mol/K

cal/mol/K

*4.184 => J/mol/K



20

39

We can estimate S

1) From similar solids (avoiding liquid water)

H.C. Helgeson, J.M. Delany, H.W. Nesbitt,

D.K. Bird, Am J Sci, 278-A (1978) 1-229

SC3AH6 ≈ (3*SCH+2*SAH1.5 )*(3*VCH+2*VAH1.5+VC3AH6)/2/(3*VCH+2*VAH1.5)  = 

(3*83.4+2*70.08)*(3*33.1+2*32.0 +149.7)/2/(3*33.1+2*32.0) = 390.4*0.96 = 374 ±37 J/mol/K

SC3AH6 ≈ (SC3A+6*SstH2O)*(VC3A+6*VstH2O+VC3AH6/2/(VC3A+6*VH2O) = 

(205.4+6*40.2)* (89.2+6*13.8+149.7) /2/(89.2+6*13.8) = 446.4*0.94 = 418 ±42 J/mol/K

SC3AH6, measured ≈ 422 (Geiger 2012) J/mol/K

C.A. Geiger, E. Dachs, A. Benisek, Thermodynamic behavior and properties of katoite (hydrogrossular): A calorimetric study, 
Am Min, 97 (2012) 1252-1255.

Adequate agreement (estimation, measured values preferred)

Estimated

error ±10%

40

We can estimate S and Cp (but better not ΔHf and ΔGf)

2) Volume based thermodynamics (VBT)

L. Glasser, The effective volumes of waters of crystallization & the thermodynamics of cementitious materials, Cement, 3 (2021) 100004.

AFm

S (J/mol/K) = 2.69±0.05*V (cm3/mol)

Silicate

S (J/mol/K) = 2.08±0.08*V (cm3/mol)

Cp (J/mol/K) = 1.1*S (J/mol/K)
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We can estimate S

2) Volume based thermodynamics (VBT); VC3AH6 = 149 cm3/mol J/mol/K

L. Glasser, The effective volumes of waters of crystallization & the thermodynamics of cementitious materials, Cement, 3 (2021) 100004.

S. Ghazizadeh, T. Hanein, J.L. Provis, T. Matschei, Estimation of standard molar entropy of cement hydrates and clinker minerals, Cem

Concr Res, 136 (2020) 106188.

L. Glasser, H.D.B. Jenkins, Predictive thermodynamics for ionic solids and liquids, Physical Chemistry Chemical Physics, 18 (2016)

21226-21240 L.

S (J/mol/K) = 2.69±0.05*V (cm3/mol) for AFm, Glasser 2021) 403±7

S (J/mol/K) = 2.08±0.08*V (cm3/mol) for crystalline CSH, Glasser 2021) 311±12

S (J/mol/K) = 2.26±0.09*V (cm3/mol) + 15±6 anhydrous solid, Glasser 2016) 353±42

S (J/mol/K) = 2.62±0.05*V (cm3/mol) + 6±6 hydrous solid, 399±29

(Glasser ea 2016, Gahzizadeh ea 2020)

SC3AH6, measured ≈ 422 (Geiger 2012) J/mol/K

Adequate agreement (estimation! )

measured values preferred > similar solids > VBT

S (J/mol/K) = from similar solids 374 ±37

418 ±42

42

We can estimate Cp

2) Volume based thermodynamics (VBT); VC3AH6 = 149 cm3/mol J/mol/K

L. Glasser, The effective volumes of waters of crystallization & the thermodynamics of cementitious materials, Cement, 3 (2021) 100004.

L. Glasser, H.D.B. Jenkins, Predictive thermodynamics for ionic solids and liquids, Physical Chemistry Chemical Physics, 18 (2016)

21226-21240 L.

Cp (J/mol/K) = 1.1*S for AFm, Glasser 2021) 443±8

Cp (J/mol/K) = 1.1*S for crystalline CSH, Glasser 2021) 343±13

Cp (J/mol/K) = 2.2*V (cm3/mol) -0.8  solids, Glasser 2016) 328±80

Adequate agreement (estimation! )

measured values preferred > similar solids > VBT

Cp (J/mol/K) = from similar solids 449 ±45

450 ±45

Cp,C3AH6, measured ≈ 446 (Geiger 2012), or 459 (Ederova 1979) J/mol/K
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Solubility products

1. General considerations
2. Measured concentrations

 log Ks

3. Estimation of Cp and S

4. Calculation of log Ks at different 
temperatures

44

Solubility of C3AH6

-20.5

Van‘t Hoff equation

2-term extrapolation

(for isoelectric reactions only)
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Temperature extraplotion

All information needed can

be entered in ReacDC in 

GEMS

Use RTParm for

calculations
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Step 1 make a new ReacDC for C3AH6

1)

2)

Tick here to see full list

3)
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Step 1: make a new ReacDC for C3AH6

DComp

reacDC

Final values as

aide memoire

Log K

Adapt r

ΔHr,C3AH6 ≈ -6.6 kJ/mol

ΔHf,C3AH6 ≈ 5537 kJ/mol

48

Step 2: Temperature dependence_RTParm

1)

2)

Tick here to see full list

3) Any number



25

49

Start

End

step

2)

50

14 datapoints

Select tlogK
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Experimental data can be entered

Temp
Matschei: 
under

5 -20.39
25 -20.45
55 -20.78
70 -21.24
85 -21.60

105 -22.18
Matschei: 
over

5 -20.65
25 -20.40
40 -20.64
50 -20.47
70 -21.20
85 -21.49
90 -21.47

110 -22.15

As calculated in

Lothenbach ea 2012 CCR 42

52

Calculated value

Good agreement!

Cp,C3AH6, measured ≈ 446 (Geiger 2012)

S,C3AH6, measured ≈ 422 (Geiger 2012),
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Step 3: make an additional  ReacDC for C3AH6

«C3AH6.cem2»

Final values as aide memoire

Log K

Adapt Sr, Cpr

Cp,C3AH6 ≈ 328 (Glasser 2016)

S,C3AH6 ≈ 399 (Glasser 2016)

Clone the entry in RTParm

And link it to the new ReacDC

ΔHr,C3AH6 ≈ 0.3 kJ/mol

54

Cp,C3AH6, measured ≈ 446 (Geiger 2012)

S,C3AH6, measured ≈ 422 (Geiger 2012),

Cp,C3AH6 ≈ 328 (Glasser 2016)

S,C3AH6 ≈ 399 (Glasser 2016)

Less good agreement

Cp determines curvature, not sensitive

Hr determines steepness

ΔHr,C3AH6 ≈ -6.6 kJ/mol

ΔHr,C3AH6 ≈ 0.3 kJ/mol



28

55

Cp,C3AH6, measured ≈ 446 (Geiger 2012)

S,C3AH6, measured ≈ 399 (Glasser 2016)

Cp,C3AH6 ≈ 328 (Glasser 2016)

S,C3AH6 ≈ 399 (Glasser 2016)

Less good agreement

Cp determines curvature, not sensitive, cannot be fitted

Hr determines steepness

ΔHr,C3AH6 ≈ 0.3 kJ/molΔHr,C3AH6 ≈ 0.3 kJ/mol

56

Cp determines curvature, not sensitive

Hr determines steepness (G = H –TS) => fit of S (or H ) possible)

Cp,C3AH6, measured ≈ 446 (Geiger 2012)

S,C3AH6, measured ≈ 422 (Geiger 2012),

3-term extrapolation
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Measured enthalpy values for C3AH6
Measured ΔH
• -5562±5   kJ/mol, Berman 1961
• -5548       kJ/mol, Abramov 1981
• -5552±16 kJ/mol, Schoenitz 1999

Calculated ΔG log K
• -5552      kJ/mol, Geiger 2012 => -5021 kJ/mol     => -22 
Calculated ΔH Calculated ΔG log K
• -5537      kJ/mol, Lothenbach 2012     <= -5008 kJ/mol     <= -20.5 
Corrected G° for Al3+ Calculated ΔG log K
• -5546      kJ/mol, in progress <= -5017 kJ/mol     <= -20.5 

Measured enthalpy values associated with considerable error

±16 kJ/mol (of ΔG) => correspond to 3 log units in Kso !

log K prefereable (as G depends on other data)

Berman, H. A., Newman, E. S., Heat of formation of calcium aluminate monocarbonate at 25 °C, J Res Nat Bur St-A. Phys Chem 65A, (1961),

197-207

Abramov, V. Y., Alekseev, A. I., Values of thermodynamic properties of calcium hydrogarnets of the composition 3CaO.Al2O3
.xSiO2

.(6-2x)H2O, J

Appl Chem USSR 54, (1981), 812-815

Schoenitz, M., Navrotsky, A., Enthalpy of formation of katoite Ca3Al2 [(OH)4]3: Energetics of the hydrogarnet substitution, Am Min 84, (1999),

389-391

Geiger, A. C., Dachs, E., Benisek, A., Thermodynamic behavior and properties of katoite (hydroglossular): a calorimetric study, Am Min 97,

(2012), 1252-1255.

Lothenbach, B., Pelletier-Chaignat, L., Winnefeld, F., Stability in the system CaO-Al2O3-H2O CCR 42, (2012), 1621-1634.

58

Conclusions solubility products

Do under- and oversaturation experiments
Measure at different temperatures
Use GEMS to calculate log K and ΔG
Compare to existing literature !
(if possible recalculate based on measured 
concentrations)

If available, use measured S and Cp for
temperature extropolation

Else estimate from similar solids (if possible)
 if not, use VBT


