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New modeling projects can easily be created using default TDBs.
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3rd-party:

HERACLES

www.empa.ch/cemdata www.psi.ch/heracles/heracles

Default ThermoDynamic Databases

SUPCRT (Slop98)

@Empa

PSI/Nagra
[Thoenen ea]

12/07 TDB

logK at 1 bar 25 C, enhanced with
Ecorrections from SUPCRT

Complementary:

www.asu.edu/geopig

« Aqueous phase

(Ca?*, Ca(OH)*, ...) AFm AFt
+ Gaseous phase SO 4-AFlsTo‘/id SO 'A'Zt
SOfl
(e.g. CO, (g), --.) o iso,unon
* Minerals OH-AFm CO;-AFt
(calcite, gypsum, CO.-AFm .
portlandite, ...) hemicarb, | haumasite
stratlingite Fe-AFt
ALLAE solid
-t g,'/,- 4 %ﬁj tion
soldtion
Fe-AFm

Data based on solubility measurements at different
| temperatures + solid bhasec haracterisation

Thermodynamic databases

wrlc data

generaI-TDB g Cemdata 18 #

hydrogarnet C-S-HQ

Cay 67SiH, 5
CoASoeiHaz2 Cy s
soliao ¢

s%m"'m
CsF 30.84H4.3§OIW8:_3SH2_17

c1.580.67H2.5

Cemdata18 additions:
Cly, NO;-, NO,-AFm,
relative humidity, M-S-H,
zeolites, C-N-A-S-H, ...




Database 1

@Empa

+ Geochemical database (generally integrated in software)

Complex formation: CaOH*, CaHCO,*, ...
Solubility products: gypsum, calcite, ....

+ Specific cement database

Babushkin et al. (1985) Thermodynamics of Silicates, Springer
Reardon, E.J. (1992) Waste Management 12, 221-239; Atkins et al. (1992)
CCR 22, 241-246.
CEMDATAO07: Matschei et al. (2007) CCR, Lothenbach et al. (2008) CCR
Blanc et al. (2010) CCR 40, 851-866; 1360-1374
CEMDATA18: Lothenbach et al. (2019) CCR 115, 472-506:

» Friedel’s salt: Balonis ea (2010) CCR 40,1009-1022

* NO,- and NO;-AFm: Balonis ea (2011) Adv Cem Res, 23 (2011) 129-143

» CO;-hydrotalcite: Rozov ea (2010, 2011)

* C-S-H models: Kulik (2011) CCR 41, 477-495

* Fe-hydrates: Dilnesa ea (2011, 2012, 2014a, 2014b), CCR

* C-A-S-H for alkali activated cements: Myers (2014) CCR 66, 27-47

* Relative humidity: Baquerizo ea (2015, 2016a, b) CCR

* M-S-H: Nied ea (2016) CCR 79, 323-332

* Na- /Ca-zeolites: Lothenbach ea (2017) J Phys. Chem. Earth 99, 77-94

Cemdata18 Cemdatal8 database: Standard thermodynamic properties at 25 °Ca and 1 atm. Update of Cemdata07

The data are fully compatible with the GEMS version of the PSI/Nagra thermodynamic database [6, 7].

log Kso AG AHC s 2 a % & v Ref
[kJ/mol] [ki/mol] [3/K/mol] [J/K/mol] [cmalmoll

(AR)ettringite®® 449 1520594  -17535 1900 1939  0.789 707 [3,4]
(5/—\53H30C -14728.1 -16950.2 1792.4 1452 2.156 708 [8]
CsAs3H g -10540.6 -11530.3 1960.4 970.7 1.483 411 [8]
CgAssHo -9540.4 -10643.7 646.6 7643 1.638 361 8]
tricarboaluminate®  -46.5 -14565.64 -16792 1858 2042 0559 -7.78:10° 650 [3,4]
Fe—eﬁringtteb -44.0 -14282.36 -16600 1937 1922 0855 2.02:10° 717 [3,9]
Thaumasite -24.75 -7564.52 -8700 897.1 1031 0263 -3.4010° 330 [10]
(;AHéd -20.50 -5008.2 -5537.3 422 290 0.644 -3.2510° 150 [11,12]
C3ASp.41Hs.18 ‘d -25.35 -5192.9 -5699 399 310 0566 -4.37-10° 146 [12]
ColSopatlszz © 2670  -5365.2 5847 375 331 0484 -55510° 142 [12]
CgFHEf -26.30 -4122.8 -4518 870 330 1.237 -4.74-10° 155 [12]
CF S ™ 3250  -4479.9 4823 840 371 0478 -7.0310° 149 [12]
CoAgsFosSosaHaz® -30.20  -4926.0 5335 619 367 0471 -81010° 146 [12]
C3FS134H332 -34.20 -4681.1 -4994 820 395 0.383 -8.39:10° 145 [12]
CaAH18 -25.45 -8749.9 -10017.9 1120 1163 1.047 -1600 369 [11,13]
C4AH13 -7325.7 -8262.4 831.5 208.3 3.13 274 [13]
C4AH -6841.4 -7656.6 7727 0.0119 356 134107 257 [13]
CAH; 5 -13.80 -4695.5 -5277.5 450 323 0.728 180 [11]
CAHqg -7.60 -4623.0 -5288.2 610 151 1113 3200 193 [11]
CaAsHis -8726.8 -9930.5 975.0 636  1.606 351 [13,14]
CaAsHp 8252.9 9321.8 960.9 10285 332 [13,14]
(aAsHuh -7778.4 -8758.6 791.6 175 2.594 310 [13,14]
C,AsHyos 7414.9 8311.9 721 172 2.402 282 [13,14]
C4AsHs -7047.6 -7845.5 703.6 169 2211 275 [13,14]
C4ACH; -31.47 -7337.46 -8250 657 618 0982 -2.59-10° 262 [3,4]
C4ACHg -6840.3 -7618.6 640.6 192.4 2.042 234 [13]
C4ACpsH12 -29.13 -7335.97 -8270 713 664 1.014 -1.3010° -800 285 [3,4]
CiACosH0s -6970.3 78133 6683 00095 2836 1.0710 261 [13]

]

CiACysHg 6597.4 7349.7 6225 00088 2635 9.9410° 249 [13




Database: Cemdata18

« PC:
Focus on Portland cements and Portland-blends
— CSHQ (Kulik): Ca/Si 0.67 — 2.2 (portlandite limits to Ca/Si = 1.6)
— (KOH),5SiO,H,0) and (NaOH), ;:SiO,H,0) to estimate alkali uptake
— Very stable hydrotalcite from Atkins: Mg,Al,O,, 10H,0
«  AAM18
Focus on alkali activated materials

— CSHT (Kulik) with Na uptake and Al-uptake (in bridging site) (Myers ea 2014)
Cal/Si0.67 -1.5

— Less stable hydrotalcite, variable Mg/Al (Myers ea 2015)
Mg,Al,O,, 10H,0, MgsAlL,O,, 12H,0, MggAl,O,, 14H,0

Cannot be used at the same time !

Further CSH models activated by introducing additional solid solutions in «Phase»:
— Tob-jennite (Kulik and Kersten 2001, Lothenbach and Winnefeld 2006)
— CSHT (Kulik 2011)
All details in Lothenbach et al. (2019) CCR 115, 472-506
New CSH model with alkali and earth alkali uptake in preparation:
Kulik ea (2022) CCR 151, 106585, Miron ea (2022) CCR 152, 106667; M&S 55(8) 212
Al and sulfate in preparation

@Empa
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Recommended selection for PC and blended cements

[ Basis configuration of a new Modelling Project PC ? X
L
Step 1 - Selection of datab data phase type filters
 Phase/DC Filters Built-in Database Version
[ 3rdparty
I~ Agueous electrolyte e 18.01
v Gas mixture i . .
Oaan 18.01 | «gam» deactivated
v Non-ideal fluids &- @ pe 18.01
: .
" Plasma | 4 Eesh
" . H [ csh2o 18.01
Iv Crystalline solids : 0 cshat B
I~ Dispersed solids H [l cshkn 18.01
; /M cshg 16,01 1 CSH model selected,
[~ Liquids, glasses H ht 18.01
L[] ss—fe3 15,01 CSHQ best model for PC
™ Silicate melts [ ss 18.01 I
T Sorption, Ton exchange i-[] claysor 18-12.v0.1
4 psi-nagra ] .
s W General psi-nagra database
[ support
I Liquid hydrocarbons
I™ skip solid solutions

Learn more < Back Next > Cancel




Cemdata 07 & Cemdata18 ? Cemdatatg

monosulfate
Cemdata07 emicarb

onocarbonate

lonocarbonate:

v{nlume [cm®/100 g unhydrated cement]

Volurme [em®/100 g unhydrated cement]

1.60 g 25 Ca/Si
~\\\ =] \

\\\\ %V//
1565 ~ é%///]

A

\

5§

4 6 \
~o Calcite [wt.%] \\
sul Dalgminate \

~ \

calcitel

10
0 2 4 6 g calciia 1o
Calcite [wt.%)]

Lothenbach et al. 2008 Sy, \

M and/or H\\Munm;nrbunmc
Ssa

Cemdata18: C3(A,F)SO_S4H4_32 Hemicarbor

=> Some Al in Si-hydrogarnet

* No calcite: Ettringite, less monosulfate as all
Fe and some Al in Si-hydrogarnet

» Calcite: less monocarbonate as some Al in Si-
hydrogarnet, less strong volume effect of

1.55

777 Zrvdrotacie
1.50

limestone -
8 9 10 11 12
Angles 28 (degrees) CuKi
Cemdata07 Cemdata18
main effect on Al and Fe distribution
100% 100%
0% 90% |
80% C4(AF)H, emi-/monocarbonate 80% Cy(AF)SpeiHa s
—70% —70%
¥ oon Teox  available
© g k]
ij Fe E% © at www.empa.ch/cemdata
._S_ ¥y monosulfate § 40%
30% * hydrotalcite = 30%
20% e O o ack
10% i‘ 20% hemi-/monocarbonate
o% . 10% - monosulfate ettringite  hydrotalcite
pettringitg a 6 8 10 0%
Calcite [wt.%] 0 2 4 6 8 10
45%
7,??“;"05u|fate hemi-/monocarbonate 40% ‘
60% '§35% ‘ C,(A,F)Sg g, 5
Fson 30% oo
P s ‘ hydrotalcite hemi-/monocarbonate
Baow Al E25% 4 oo
S 5 -
g 23% i E 15% ettringite
2 . ¥ TV s S RR—— Fio
10%
A4

monosulfate

0 2 4 6 8 10 0%
Calcite [wt.%] 0 2 4 6 8
Calcite [wt.%]
No calcite: More ettringite, less monosulfate Calcite: less monocarbonate as some Al

as all Fe and some Al in Si-hydrogarnet hydrogarnet

10
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Cemdata18 for AAM

For alkali activated materials
Same data as in Cemdata18 for PC with the following exceptions
CNASH model

10000 v
(Myers ea 2014): ? /
s _ - AAI ONa +S XK o !
Ca/Si=0.67 to 1.5; w0 | OCa OSi- XOH- P ‘

uptake of Al and Na

100 4

10 |

Model concentration (mM)

0.01 +

0.01 01 1 10 100 1000 10000
Myers ea (2014) CCR 66, 27-47 Experimental concentration (mM)
Gruskovnjak et al., 2006 (1 day) mGruskovnjak et al., 2006 (7 days)

mGruskovnjak et al., 2006 (28 days) mGruskovnjak et al,, 2006 (180 days)

MPuertas et al., 2004 (7 days, waterglass) WPuertas et al., 2004 (7 days, NaOH)

mLloyd et al, 2010 (90 days) mSong and Jennings, 1999 (28 days, 1 M NaOH)

mSong and Jennings, 1999 (28 days, 0.5 M NaOH)  mSong and Jennings, 1999 (28 days, 0.1 M NaOH)

OSong and Jennings, 1999 (41 days, water) mSong and Jennings, 1999 (44 days, 1 M NaOH)

®Song and Jennings, 1999 (44 dazs 0.5 M NaOH) BmSong and Jennings, 1999 (44 daxs 0.1 M NaOH

@Empa

Recommended selection for alkali activated materials

lﬂ Basis configuration of a new Modelling Project AAS ? X

Step 1 - Selection of databases, data subsets, phase type filters

rPhase/DC Filters Built-in Database |Ver5ion
E-[v] 3rdparty
I Aqueous electrolyte B cemdata 18.01
IV Gas mixture S
=8 aam 18.01
¥ Non-ideal fluids . «aam» database
------- csh+ht 18.01
I" Plasma ERE S I5.01 «pec» deactivated
g 5 ss-fe3 18.01
Iv Crystalline solids o 15 01
[+ Dispersed solids [ claysor 18-12.v0.1
M Ds1-nagra -
¥ Liquids, glasses s T ] General psi-nagra database

@[] support
I Silicate melts

™ Sorption, Ton exchange
™ Polyelectrolytes
I™ Liquid hydrocarbons

[~ skip solid solutions

Learn more < Back Next > Cancel
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GEMS versus PHREEQC

Cemdata18 also available in PHREEQC format (uses log K instead of G;°):
Details see Lothenbach et al. (2019) CCR 115, 472-506:

_ /| CEMDATA18.1-16-01-2019-phaseVol.dat - Editor
Datei Bearbeiten Format Ansicht ?

Cemdatal8: A chemical thermodynamic database for hydrated Portland cements and alkali-activated
Authors: Barbara Lothenbach, Dmitrii Kulik, Thomas Matschei, Magdalena Balonis, Luis Baquerizo,
Published in Cement and concrete Research, 2018, in press

Based on CEMDATAL8 version Ol (09.10.2017) and PSI/Nagra 12/07 GEM format
Exported to PHREEQC format using ThermoMatch (https://bitbucket.org/gems4/thermomatch) reactions

Temperature dependence described by three-term analytical model
valid range : 0 - 100°C

Phreeqc version date: 08.05.2018

update 03.12.2018 - added missing phases: zeoliteP_Ca, chabazite, MO75SH, M15SH, zeoliteX, natro
update 08.01.2019 - corrected INFCNA formula and reaction

update 16.01.2019 - fixed a3 parameter from the TogK analytical function (wrong converted from A
phreeqc A[3]*10g10(T); for phases aded in update update 03.12.2018)

HEHEEEEFEERERFERERTETTT®

for questions contact: Barbara Lothenbach (barbara.lothenbach@empa.ch); G. Danh Miron (dan.miron@

SOLUTION_MASTER_SPECIES

Solid solution to be

#
# elemen species alk gfw_formula element_gfw atomic number .
# defined by user!
Al Al02- 0.0 Al02 26.981541 #13
C03-2 0.0 co3 12.0108 #6

# ¢(0) SCN- 0.0 SCN #
# Cc(-1) HCN 0.0 HCN #
C(+4) C03-2 2.0 Cco3 #

c(-4) CH4 0.0 CH4 #
Alkalinity C03-2 1.0 Ca0.5(c03)0.5 50.05 #

@Empa
GEMS versus PHREEQC S

Cemdata18 also available in PHREEQC format (uses log K instead of G°):

C3AH6
Ca3A1206(H20)6 + 4H+ = 3Ca+2 + 2A702- + 8H20
-Vm 149.702
-analytical_expression 6.92717 0 11498.865007 -4.036936 0 0 0
-Tog_K 35.500282

1000w " hydroxide
E 100 __“:. . " s - m— N e S o o
= sulfate Na
= 10 1~ -
. .E Ca
Identical results B 1 I L Rl R O i PG gotes e
= Al carbonate
GEMS: dashed - - - s 0.1 P e e e —————
g & AL S A S ndlly - P Sanad? i - A
PHREEQC: dotted ... S oo A '
(ideal solid solution) I"
0.001 T T T T
0] 2 4 6 8 10

Lothenbach et al. (2019) CCR 115, 472-506 Calcite [wt.%]
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Database 3

» Geochemical database and specific cement database
have to be consistent!

» Use the specific cement database only with the correct
geochemical database!

* Data formats:
— Log K values (PHREEQC, GEMS, MINEQL, ...)
— AG¢° (Gibbs free energy of formation) (GEMS, MTDATA, ...)
_AG,®
— convertible: K=e RT

AG,°=Y V,AG,°

15
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Thermodynamic modelling: Limits

« Thermodynamic data

— Small differences in data -> other solids stable
small errors can lead to wrong results

— Gaps in database: Al-K-Na uptake in C-S-H, ...

* Kinetics: some phases are metastable
— C-S-H metastable (jennite, tobermorite, ...)
— Hydrated cement thermodynamically unstable
— Slow kinetics

* Kinetics: some phases do not form at ambient
conditions and in the timeframe considered

— Quartz, dolomite, goethite, hematite, gibbsite, talc,
thaumasite (only at low temp), ...

16




[ B GEM Selektor 3 (BEMS2) - Geochemical Equilibrium Modelling by Gibbs Encrgy Minimization - [EqStat:
rgy
- - 1) e -
GEMS structure [Jrmdules Record Data Calculate View Print_Window _Help
B B[ St XY A
calculations (v (A R oot Input: System Defiriton Resuits; squibrium state. |
SysEq |-I } E4‘I5‘I6‘I7 |!B| Phase/species ElE
1co2loo1 25 o
’* _\—_ a ag gen 27 a
~g gas_gen 5 g
’\.,) -8 Graphite 1 s
Process .3  Aragonite 1 s
et Calcite 1 =
et lime 1 =]
et Portlandite 1 =]
Siend Single calculation “s  Brhydrite 1=
Thermodynamic database mg i [me £ =
-8 hemihydrate 1 s
. - a  Sulphur 1 s
for experienced users TEELF
L&
- Project
m GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [DComp » Thermochemical/EOS data fo... @@g
s Mpdlfey Record Record List DatabaseFiles Window Help mEES
)
aﬁ@ib&um =l iy L H @ $ X H ¥ o ”ﬂ{ g|0 5:Ca0H: Portandite:dn_:
%/at h
T 2 = Page 1 Page 2 | ‘B,’UE,’ZOH, 12:38 | i
Womp 14 [gls2  |Hes en
5 1 @ G dnﬁ |Parc1andite
k 3 [ |caco |Arg dn_ [caicm 2
bcomp |45 [CaCO|Cal dn_
! 5 |z Ca0  |Lim e [mo 74.0027) 2z | o] [ab - |
| 6 = CsOH Portlendite | dn_ |
7 [s/Cas0 |Anh dn_ [voa | 3.308] o] |
ReadDC g 1: [Cas0 |Gp dn_ T
9 [alw. B+ e [goa | -897013] —] I
10 |a [ H20@ an_ |noa | -934675 ———| 17
@Empa
) N s it
Thermodynamic database
Independent components im SEM-Selektor 3 (GEMS3) - Geachemical Equilibrium Modeling by Gibb
(chemical elements: Ca) s Mﬂmesl\lae:om Record Lot Database iles Window Help
@ i *ind 4

5 e
2 3 4 Page 1 ]

Dependent components: %
‘ | e.g. Ca?*, Ca(OH),, ... \ et

1 5-2 H25 en_
L 2 [s @ ar dn_ Fortlandiy
2 input options: both equally valid h 3 |5 |caco |arg dn_ 2 1OH) 2
| beomp |4 CaC0 |Cal dn_
; 5 Ca0 |Lim ce_ M0
Reaction of dependent components 1 % P T =
log K| — 7 CaS0 | Anh dn_ vod
( g ) ResDaA g Cas0  |Gp dn_
e.g. Ca?* + 20H- < Ca(OH), 9 |alw. |He an_ e
10|a|w.  |Hz0@ an_ [moa |
C+4 oz en_

Calculation and plotting of T/P

Cc-4 CH4 en

5
HO  [H2 en_ cpod

=
il
3
=
B
S e e e e e @ (v e E e e nw e e ] e

dependency ﬁ 14 CasOH | hemihydrate ce_ DTz
; Phase 1514 00 0z en_
Solids phases e = e
single phases / solid solutions TlalCs  |CaiCO3  |en =
Compos |18 Ca Ca(504)@ cn_ n:
19 Ca Ca+2 an_ m —
. s . 20 Ca CaOH+ cn_ i
Predefined compositions: ol e (oo b |2 |ave20]
e.g. air, PC, slag, ... Ll | WCr¥- | £03-2 L
9 7 7 9 E s an




1) GEMS: independent components

ﬂ GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization =
Modules Record Record List Database Files Window Help

3@ BFEI*L T Rihird e e

& e “ZelComp i Data for Independent Components
2 3

IComp 1|A. EE AR 07/03/2022, 13:05

= ]C I= Cabon. ICname|Calcium NEA(CODATA)

|3 Ca |e Calcium_ TCtora|ca
DComp |4 |Fe | Iron_ -

— stdstls 1c_pc|-—

5 [H Hydrogen_ | ‘I_.— |

5 PSSV [ woi] s0.077908] [ soi 41.59] [ cpos] 2s.529001
ReacDC | 7 Magnesium_ —

8 Sodium._ | voi| 2s.860001 l IXi f I valen| 2
%{ : . T T
= lols e [sunr [ ina 20 l Ri - l zi ---
00 1|si |e Silicon_
=1 12lzz |z Electric_charge_

Contains basic properties of elements (e.g. molar weight, standard
state entropy, valence number)

19
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2) GEMS: dependent components (DComp

[ GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [DComp = Ihe!machemlcal/EoS data form... - [m] X
'@ Modules Record Record List Database Files Window Help

B & [ocome B E= LR /@H_,-_-;Hmm
- 4 CEe
% il 2 3 = Page 1 M 07/03/2022, 13:05

IComp | 131|s |CaMgCO | Dis-Dol F———— name
— ortlandite
CaMgCO Ord-Dol
M LB b = caten2 Chemical composition (defined format)
J133|s | ca0 Lim | Mass (glmol) | charge For Tctlwty coefficents
135|s |caso Anh ertalnty
% 136[s | CasO |Gp [ ved| 3.306] Volume (1 J/bar = 10 cm3/mol)
ReacDC |137|s | CaSOH Jennite ‘ ngj -897013 ~~~  Free energy (J/mol)
(18] |CaOM |Tatrd [ = ~s8¢675 --- Enthalpy (J/mol)
=== 139 CaSOH Tob-Il :
EEE| ﬁi -C:Slo -:ZS | soa 83.399986 Entropy (J/mol/K) AG = AH-TS
Rlparm | ™| - .
00 Tarfs casio I ‘ cpod 87.505341 o Heat capacity (J/mol/K)
-] 2|5 [CaSIOH | CSHBT-TC [ prme] 1 25
phase |23[S |CaSIOH  |CSH3T-TSC \ LamsST Pressure [Temperature -
M. |144|s |CaSIOH | CSH3T-TobH = ‘BetMp = =
naar
Sta da d State A5) 0|Robie_Hem:1995:pap: All
thermodynamic data 1|aUG20_GEMS:2001:dat: GO from logkK = -22.8
of solids and Reference (F2)

lagueous species 2




GEMS: dependent components (DComp)

[Modules Record Record List Database Files Window Help.

@Empa

s S ang Fechroiom

S EMES O

Y S ‘ L/:\‘* ﬂ‘ e [ Robie_Hem:1995:p2p.:

- 4 o - DComp = Themmochemical/EoS data format for Dependent Components BB
1 AlERE]

IComp | 15 |Kulik_ea 2001 |pap_ ‘ Page 1 ﬂl |07/03/2022, 13:05 |

16 | Lothenbach_ea 2006 |pap_

Tlandit
17 | Lothenbach_ea 2008 |pap. PoORFlAnAILS
Ca(OH)2

DComp | 18 Lothenbach_ea 2012 |pap_ il

19 | Lothenbach_ea 2017 |pap_ MO 74.092697 ] 22

20 | Lothenbach_ea 2018 |pap_

remarks

ReacDC | 21 |Lothenbach_ea b 2008 |pap_ | dei 3.306 Page2 | |07/03/2022,13:05

22 |Lothenbach_ea b 2012 |pap_ 04! ~897013

23 | Majgian_ea 2003 | pap. — — ‘Rcbaa RA, Hemingway BS

24 |Mascolo_ea 1980 |pap_ ——J = T
Rparm sodl ©3.399986 Thermodynamic properties of minerals and related su
.@ 25 |Matschei_ea 2007 |pap_ . (10%5 Pascals) pressure and at higher temperatures
' 26 |Matschei_ea 2015 |pap_ ¢pod| 87.505341| 1
phase |27 | Mosschner_es 2008 |pap_ [ ez 1

28 |Moeschner_ea 2009 |pap_ United States Geological Survey Bulletin

| Lams’l'l ---

29 |Myers_ea 2014 |pap_
& [mesate] i ‘1995 wol. 2131

30 | Myers_ea 2015 |pap_ 2903 _Nel. &l
Compos

31 |NOV_GEMS 2012 [dax 0| Robie_mem:1995:pap: [453 oo

32 | Nied_ea 2016 |pap. | 1]avezo_cews:2001:gat:

33 |PRONSPREP 1997 |prog_ < X =

34 Robie_Hem 1995 |pap_ Reference (pless f 2)

35 |Rozov 2010 |book_

36 |Rozov_ea 2011 |pap_

37 [SUPCRT 1992 |prog_

38 |Shock_ea 1997 |pap.

39 |Slop98_dat 1998 |dat_ il =

40 | Sverjensky_ea 1997 |pap_ .

Modelling by C

Wir

Energy Mini

b GEMS: dependent components (DComp)
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Moo cence ang Techroom

i * @™ %[ ¥ 7

‘ I/_\{ ) H 0 ‘ s:.CaOH:Portiandite:dn

: DComp == Thermochemical/EoS data format for Dependent Components
! : 2 = ure/Pressure effect on
IComp | 122|s  |CaFeOcH  Fe-hemicarbonate Page 1 ( Page 2 )Jsmgqsag
123|s  |CaFeOcH heat capacity
— ICES c| ‘ Hc|j\j b‘c‘+ —|f‘— |23 sep %6 [ 1| o‘ 2
124 |s CaFeOsH Fe-ettringite -

DComp |125|s CaFeOsH | Fe-ettringite05

_ =cin]  Temperature range where

Es CaFeOsH _Fe-monosulthS a (1] . a
x 127 [s CafFeOsH Fe-monosulphate 1 426.85001 equatlons are Valld
ReacDC Es CaFeSiOH ‘CBFSD.MH&SZ | aicpT cpo = aO + a,T + az-’-_z +
129|s CaFeSiO i crEen :’":" 2 1] 186.7 T05 + 2 + T+
%— 1m0]s |caksor Right click: further 7 ~0.021910001 a 4 as
T ; . 7 - agT* +a,T3 +a, T +
Ripam | 1315 |caMaC information/help 2 g 5
.@ 132(s |CaMgCO  |Ord-Dol 3 -1600 ag7°'
il |Se0 Lim | 1 °  Tabulated values
log Kso* ap a; a, as Ve Ref
[J/K/mol] [em®/mol]
(Al-)ettringite®”* -44.9 1939  0.789 707 [3, 4]
CH (portlandite) 5.2 187 -0.022 -1600 33 16, 71
SiOyam 1.476 47 0.034 -1.13-10° 29 [3,4] 2
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GEMS: dependent components (DComp)

Heat capacity of C;AH,
500 -
25°C
480 446 J/mol/K
460 -
440 -
£a20
g -
= -
=400 -
&
380 -
¢ Geigerea2012
300 Cp = a+b*T+c/TA24290+0.64*T-3248000/TA2
= = Ederova and Satavh 1979
340 - VT
320 . . . ; . ‘ ‘
200 220 240 260 280 300 320 340
T(K) 23
@Empa
3) GEMS: reactions (ReacDC)
Modules Record Record List Database Files Window Help
B i Feoc SR =L L D 1T =
& 1[1'5 E ReacDC': Reactiondefined data formt fo Dependent Companents (specis) =I5
1 2 3 4
Sl EU- w52 52 on_ | Page2 | loyjosjaotz, 2337 ‘
[s-2 name |
Ao [si-21-= Chemical composition (defined format)|
% o 84 REsDC
ReacDC o -1jd a w5-2 HS5- bnp
" T ild |la  w_ He anp
£ 2 iln |a  ws-2 5-2 cnp |
RTparm component _ Uncertainty
Volume (1 J/bar = 10 cm¥mol)[woz | o] 2.02085] —]
e :
3 Constant K (-) [1o0zx | 1e-018] i3]
"““_*’- Free energy of react (J/mol) [zo= | 102452.8 120422]
II?E Enthalpy of react (J/mol) [zoz | 10z432.2] 92236]
Fpi Entropy (J/mol/K) AG = AH-TS [soz | o] 68,1992 -—
Heat capacity (J/mol/K) [ceor | o] —93.927] —)
[Hizox | — -] =
___ Pressure Temperafure Mass (g/mol) charge
Standard state PrTr 1] 25!]1;0 | 32.067|| =2
thermodynamic data of . Activity coefficents
. . [Betan | -] e ] 4 ey
solids and aqueous species:
AUG20_GEMS:2001:dat: |10g[(
Reaction data are known 2

12



8 GEM-Selektor 2 (GEMS3) -

5.) Thermodynamic Phases

Modules | Record Record List Database Files Window Help

- | Empa

the dependent component entry of the database and possible additional
data e.g. mixing parameters for solid solutions

3@|Phas& L‘i h + H ¢ $ w \‘ * s @ | ‘ [& —] | '9 }ls:CaOH:PorHandme:c:cem_np_:
& 2 5 Phoses; Definiion ofthermodynamic hose =laix
| 2 3 4 5
I€omp |41 ¢ Graphite c nagra-psi, I Page 1 Page 2 | Page 3 Hmfug,lzmz, 23:37 ‘
2|5 | CaCO | Aragonite € | nagra-psi_
3|s [CaCo | Calcite | ¢ | nagra-psi_ |Purt1andite Ca (OH)2 cryst.
pcomp |4 i|_C1C_)__‘ﬂT_e___ ‘5 cem_ |nagra—p51
FJ s |CaOH  Portlandite [c [cemn
% Bl | Ca50 | Ankydlite €| hagrd [ o] 0 o] 0] o] o]
7|s [Cas0 | Gypsum | | nagra-psi_ - -
ReadC  [g]: [CasO [hemihydrate  |c |cem_
% 9ls |5 [Sulphur e |ragra:psi IEN | B Portlandite
RIga
°ﬁ® O: single solid d: DComp
Phase
&[- ‘-5 = To include a solid in the actual project database, a phase has to be defined
Compaos i : . . .
= The thermodynamic properties of this phase are based on the properties in

25
@Empa
6) GEMS: predefined composition
(B SEMI-3EIEKTOr 5 (UEMI33) - ISOENSMICRI EQUIIDTIUM IVIGQENING By IDDS ENETgy MINIMZATCn —
Modules Record Record List DatabaseFiles Window Help
= T i -
‘$|§ [Compos | +E @ ¥ ” ¥ o |H[_\j‘ 5!‘! @ [caorizmm:Caicum hydrovide_t_:
% & === P ReacDC: Reaction-de & Phases Definition of thermodynamic phase
1 2 3
Comp: |4 (Coz GA | Carbon-dioxide 1M_ b5 12 Predefined composition objects (PCO) =
12 |02 GA | Omygen_1M_
3 |Hzsos  |AQ |sulfuric-acid 1M_ | Page 1 | Page 2 |iuungim12,23:37
DComp |4 | H25 GA | Hydrogen-sulfide 1M,
S _|H2 GA |Hydrogen 1M_ Calcium hydroxide 1 mol
% 6 I CalgiRa’ |NINI Calouiny hyddiriads Th |GeMs BCo database
7 [Ca504  |MIN | Calcium-suffate 1M_
ReaDC g | Gypsum  |MIN | Ca-sulfate-2H20-1M_
él\:f |9 |Aqua AQ |Lmele H2O_ | 0.0740927| o 0 o o o
|10 | Ca0 MIN | Calcium-oxide 1M_ . +
RTparm |11]CaC03 MIN | Calcium-carbonate 11
~ |12[cra GA |Methane IM_ BCO symIC ct
‘ 13503 GA_|Sulfur-trioxide IM__ o ilca . |u £
1 2|H M 2
FPhase = >lo M >
Compas
Contains chemical compositions of input
(e.g. PC, slag, Ca(OH)2, HCI, ...)
Alternative way of input, no thermodynamic properties needed
26
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@Empa

Thermodynamic data

1. Databases

2. Portlandite solubility and speciation
a. effect of temperature
b. pH

3. Saturation indices
Hydrates in cement

5. Details on how to manage thermodynamic
data in GEMS

=> Self study

s

27

@Empa

Thermodynamic data portlandite

- Ca(OH),
{H*}*{Ca(0H),} {H*}*1 = 2
- K — 2} _ = 10228 A =11K,
SOF* ™ (ca?*)(H,0°)  {Ca?*}{H;0°)
A =1/(1014)2
K. o fcaOmz) _ 1 _ s
SO.OH- = (CaZ+)(0H-}2  {Ca?*}{OH} A =10%8
Portlandite
Ca (OH)2
MO 74.0927| 22 o] [ab
_AG,° vod 3.306 0
K —e RT God AGf” -897013
B HOd AHf" -984675 T
o __ o sod 83.4 m—
AGr _zvaGf cpod 87.5053 0
i PrTr 1 25
BetAlp
0 [Robie_Hem:1995:pap: a1l
AUGZOiGEMS:ZOOlzdat: G0 from logK = -22.8

14



Flowline test project gemZmt
GEOTHERM Soultz_1

Rao : Tes - ;]
[v RgiaHIQ lajn d«latl.eand save all equilibria

[ ] Change file configuration of the s

[¥ Without speciation
[™ Activate Project Remake wizard [ Smart (previous) 1A
[™ Create a new project using the sel

Make a new project:

by copying records from defaul' ¢~ by linking files from the default

Open Project Learn more

Cancel

1. Select New project

2. Name it

Lﬂ Project: Enter a new record key, please

| CH:portlandite:
|cH Name of the modeling|
f portlandite Comment to the proje:
Reset From List Help
3. Sufficient to select psi-nagra database only
ﬂ Basis configuration of a new Modelling Project CH
Step 1- of data sub phase type filters
' Phase/DC Filters Built-in Databass I\mxsion
B[] 3rdparty
[V Aqueous electrolyte [ psi-nagra
B-[J supcrt 20
|l st -
|8 Basis configuration of a new Modelling Project CH
=

Portlandlte ~ Step 2: Select B (ot Hshown In light gray color)
1 mooow v owowwvm q [ el
1| H He N
4.Selectelements 2 (u | e | 8| | wf o | ue [
Ca. Na. CI Na Mg Al si P s a | Ar .
a, Na, K ca || St Ti v cr [ mn | Fe | co | Ni ] |

4a Cu Zn Ga Ge As Se Br Kr
5. Aqueous electrolyte model: 5 Rb | st | v | Zr [ Nb [Mo | Tc [Ru | Rh | pd | L4
Helgeson for NaCl (general) Sa WA A ca | IR TL| LS. Swl | B sh | (i | BRI I SXe -
iﬂ Setup of agueous and gas phases in project: CH % |Re Os ir. I Pt |
At A
Select Aqueous Electrolyte Model | Select Gas/Fluid Mixture Model it = L
lon-association (1A) with Davies equation, D (default) Parameters for ]
- the aqueous phase model Jb | Dy, |l He l e | Tm —
@ 1A with extended Debye-Hueckel equation (Helgeson), common b_gamma and a0, H
" 1A with extended Debye-Hueckel equation (Shvarov), common b_gamma and a0, ¥ bt estweiic B < 18 W

" 1A with extended Debye-Hueckel equation (Karpov), common b_gamma, individual a0, 3
1A with Debye-Hueckel equation, no b_gamma, individual a0, 2

7 1A with Debye-Hueckel limiting law (very low ionic strength), 1

T Do not generate; select a user-defined Phase record from database (Q. 5, Z), U

" Do not include aquecus electrolyte phase into the system definition, N

Phase record key: (a AQELIA ag_gen aq EDH_H

0.064 -
b_gamma(P,T) mode

Nacl K|
Common a0 value:

372 |
Gamma (neutral species)

Calculate as b_gamma*IS j

Gamma (water solvent)

From osmotic coefficient _~|

Molality conversion

[Applied to all species j

30
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@Empa

Portlandite

I- SysEq: Please, enter a new record key: x

] CH:G:port:0:0:1:20:0:

CH Name of the modeling project
G T i ial to minimize (G GV}

porﬂ Name of the chemical system definition (CSD) 2. names
0 CSD (recipe) variant number <integer> g n5ut Recipe of Single Thermodynamic System: CH:Giport0:0:1:20:0: X
0 Volume of the system, dm3 (0 if na volume - -
Title: [Please, enter here a title explaining what this chemical system is
1 Pressure, bar, or 0 for Psat{H20]
H20lg Comment: |P\Ease. enter here a comment about the purpose of this system definition
perature, C(>=0) 1., 20°C
Property Selection | Recipe Input
0 Variant number for additional constraints —_—
= Compos (xa_) Property Name Quantity I Units
DComp (xd_)
Ok Reset ‘ From List | Help ‘ IComp (bi) Ca(OH)2 | 1]xa Aqua 1000 9
Phase (xp_) Cacl2 2|xa_ Ca0 10 g
Kindower (dll_) Ca0
3|xa_ Hal 1e-9 M
dropercaay | |2 |I2 ==
GO shift (gEx_) HCl 4|xa_ NaCH 1e-9 M
Other Inputs HCIo4 5] 02 'o 1 |
P! o i Xa_ . g
Ko 1L of water
Al ] Some CaO
NaOH/HCI for pH
InpartiuanficsIof Use identical units M or h
Compos(itions) contributing to 02
B_ vector 7] —————————| .E‘

Learn more Print I oK | Cancel ]

@Empa
- [P I
Portlandite solubility _ , -
[MS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [EqStat: Single Thermodynamic System in Project CH 1 -
Pata Calculate View Print Window Help
[z | N\ i |
w F@® ¥ | MS ¥ [V g, || @ [cHGporto01200:
Input: System Definition Results: Equilibrium State ]
Phase/species |I. [TlAmount (mol) |logSI/Activity Econcentration l}\ctivit
Elia ag gen 11 a 55.390645 5.185e-0%
Ca+2 S 0.017047733 0.00733756 0.017102677 0.42903
CaOH+ 8 0.0040168534 0.00328103 { 0.0040297995 0.8140¢
Na+ S 9.836534%e-10 €.03332e-10 9.8682373e-10 0.81404
NaOH@ S 1.6346515e-11 1.65311e-11 1.6399198e-11 1.00780f
Clo4d- S 2.4089971e-31 1.9673%e-31 2.4167611e-31 0.81404
Ccl- s le-09 €.16685e-10 1.003222%e-09 0.81404
H2@ s 0 3.16274e-46 0 1.00780)
o2@ S 0.0014194835 0.0014352 0.0014240584 1.007804
OH- s 0.03811232 0.0311259 0.038235154 0.81409¢
H+ T 2.6662785e-13 2.1782e-13 2.6748718e-13 0.8140¢
H20@ W 55.330048 0\999025 0.99890602 1.00011
B--g gas_gen 2 g 0.0017056337 -4.707e-06
B—s Portlandite 1 s 0.15726037 -1\16%e-06
A | 2
Title: |Fcztlandi\:e solubility pH 12.7, 21 mM Ca tot
Comment: |ccuzse T
System: T= 293.15K; P= 1.00bar; V= 1.045L; Aqueous: built-in EDH(H); pH = 12.662; pe = 8.484; IS= 0.055m
32
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@Empa

Portlandite: effect of temperature

1. Create new process
™1 .

3 Wi i =
Y =o' Q TR M
@ - Controls Sampling ‘ Results J Config ‘ 08/03/2022, 05:18
SyskEq g —
ﬁ) = = SysEq; Please, select a parent System for a new Process S
b 1 Please, select one record key. Filter: CH:™:
Process
GtDemo —
HE 54 Process file to calculate effect of
GEM2MT $
mo - ape
% = temperature on portlandite solubility
Xa
UnSpace ‘[J

33

Barbara Lo ok Set Filter Help cancel |

@Empa

Portlandite

P: sequential change of temperature

7)) Process: Please, set a new record key X

CH:Gport 1:20:0Temp:*: ) GEM-Selektor Process Setup: CH:G:port:0:0:1:20:0:Temp:P:

Name of the modeling Proj seap 1 . process simulator Configuration
G

Thermodynamic potential t
This is a tool for ‘batch’ calculation of multiple equilibrium states, sampling and plotting of results. In this wal

port Name of the parent chemic P (e.g. mixing, di hyds titration, corrosion, weathering) can be simulated.

The Process record can be configured in several modes ta perform specific simulation scenarios by executior

CSD (recipe) variant numbe i 2 2 it ¥ ‘ il
and simulation output script ‘pgExpr’. Simple scripts can be easily produced using this wizard.

Volume of the system, dm3

Any process simulator belongs to one of three types:
' only input GEM parameters are modified (modes P, S, L);

0
0
,—‘ 1. 'Sequenti
1 Pressure, bar, or 0 for Psat(t 2. 'Reciprocal’: next step depends on GEM outputs (e.g. composition of phases) from the previous step (m)
20
0

3. 'Inverse': GEM input adjusted to abtain prescribed values of GEM output (e.g. pH; modes G, T).
Temperature, C

Variant number for addition ~ Please, choose a process simulation mode:

@ P Sequential temperature and/or pressure change at fixed bulk composition

}Ternp Name of this process simul

Process simulation mode cc  { S Direct sequential change of bulk composition and/or constraints {default)

R " G Batch inverse titration sequence for incremented pH values etc.
Ok Reset From List

© T One arbitrary inverse titration calculation as defined in Process control script

" R - Single flow-through reactor (SFTR) simulation using equilibrium compositions of phases

© L Lippmann diagram (transposed) for a binary salid solution

17



Portlandite

P: sequential change of temperature
Here: no additional input script needed
b oo :

Step 2 - Process Simulation Controls (click "Next' to retain the old script) 1

v [ e [ i v [ meu [ i [ e [ e [ e |
of 1 ° 0 0 0 0 0| Start temp
[} 1 100 o o o 8 End temp
0 0 2 [} 0 1} 0 0 o ] Step

" user-defined seript " PT phase diagram
Please, checkyedtt the iP and iT iterator contents, and set Step to 0 in all other iterators.

For a PT phase diagram: select phases to plot, then skip the next wizard page.

Phases

: a_gen
gas_gen
Portlandite

Learn more < Back Nets || cancei | | 35

Portlandite @Empa

Step 3 - Selection of items to sample/plot (click “Next" without selecting anything to retain the old script)

Property Item Selection Sampling Script
scal =] e
uca e Mbx  _nnf0]  FRT Fi_3] e "P(i] O'IF[O]' _—
e 1] Xw T ey | YPUAIOL =: m_tl{Cal)
5 L{0] Masses[0] P TCE ypfﬂ;] = :V[{Ea;i}l’ }
i L1 Masses[1] RTH[0] e yp[}] 3]:: "[(0; aild
it 2] Masses[2] RTf[1] T yPUII3] =: my[{OH-J];
‘g;" & L3) Masses(3] ROW[0](0] iNv[(
icM U4 Masses[4] EpsW(OJ[0] iNv[
Xa _jus] Masses[5] VisW[0] iNv[:
Fi[0] Volums[0] iTm[0] NV .
X
p:\jo‘ Fil1] Volums{1] iTm[1] Tau Select TC as x-axis
ohM Fil2) N 2] iTaul (by right click)
i FI[0) L.[0] cTm iTaul Select
bXaaq_gen) A1) L) V(o] cTau
bXa(gas.gen) FIf2) LR v ipXil total Ca m_t[{Ca}]
bXs denw(o][0] L[3] V(2] ipXi[ Ca2+ my[{Ca+2}]
denW(1][0] L_[4] v ipXi[
1 + +
Yof epsW(0)[0] L_[5] iP[0] cpXi CaOH+ my[{CaOH+}]
Aalp lpm  epsW[1][0] Fi_[0]  iP[1] Xi
Sigw Psi_DK[0] InP F) P2 iNu[ all in mol/kg H,O
5 Psi_DK([1] RT Fi2 <P iNu[
W < | L | i
1] S|
List of static data objects (see teoltip on each object name)

Learn more < Back ‘ Next> I Cancel I 36
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@Empa

Portlandite
Step 4 - Important data object dimensions

Spin boxes below define the dynamic memory confiquration of the process simulator.

Step 5 - Additional options
Dimensions of sampled and experimental data

151 j nPS - Number of steps (110 9999 ) to |
— On this page, same options of the Process simulator operation can be changed (for specific cases).
| -1 Number of 'modC’ array columns (1 to

T =7 Number of columns in the 'yp’ table (0
la = P (

nPs. Optional mades of operation

| ii Number of columns in the ‘xp* table (0 I™ use "P_expr simulation control script (can be turned off in P simulation made)

nPs.
— [ Save generated Syskq records to the project data base {always saved in G and T modes)
|0 =1 Number of rows in the xEp, yEp arrays ==

Use time dependent calculations and plotting mode (for kinetics simulations, reserved)

11 =) Fhumberaf columnstnthe xER. YERAIE | =i, oo il eouimation of GEM MY algarithon for fcter calculations (an your Siscratian)
™ Use a stepwise mode of Process simulation (for troubleshooting purposes)
Opticnal data vectors (of length nPS) can be used {

using s below. The assit The 'P_expr’ si ion control script must be used in most cases except the P mode (e.g., if temperature is changed using iTC iter:
vector from the respective process iterator. system recipe remains constant).
Allacation of optional data vectors Saving process-generated SysEq records may be necessary for subsequent sampling of results by GtDemo madule or for troublesH]
may dramatically increase the size of project database. This flag has no effect on reciprocal and inverse titrations, where optimized|
™ ¢SD variant # (vIm’) [~ records are always saved.
™ Temperature T (vT) r
I™ Process extent pXi ('vpXi) [

Learn more

Learn more < Back H Next> ‘

‘Empa 7

Portlandite

P: sequential change of temperature

portlandite solubility [Lemlas bty
0.0450+ e .0 ‘Ca tot
decrease with temperature [0 |caw2
. 0 CaOH+
0.0400 CaOH+ becomes more important = o lon
0.03504
0.03004
=
g 0.02504
©
£ 0.0200-
£
Ca+2
0.01504
0.01004
+
0.00504 | 4 .
Click legend symbols to customise
0.0000 A 5 4 3 ' urves; n issa under x
200 400 600  80.0  100.0||C simcy abes crag-irop them
TC[O] [to plot area; rjght»click on plot area to|

19



Portlandite @Empa

— Calculaled lodal Ca {data o this sudy )

——— Cakajad iodal Ca (Shook and othes, 1997)

8 B dala Seewabd and Seylded, 1991 0.5 kbar
B Exp daa (Walhed, 1988) 1 kb
O Exp data (Walhee, 1988) 2 khar

~-[_ Exp data (Wallhes, 1985}% 3 kbar

2.0
-2.5 4 Portlandite solubility

304 decreases with temperature

o

Agrees well with experimental
trends

-3.5

Ca (log molality)

-4.04
High pressures (kbar!)
' incr solubility
500 goo => see group work

-4.5

300 400
Temperature (°C)

T T
100 200

Fig. 16. Comparison between calculated and experimentally determined portlandite solubility in water
(Walther, 1986; Seewald and Seyfried, 1991), expressed as total dissolved Ca as function of iemperature at
pressures of (1.5, 1.0, 2.0 and 3.0 kbar. Solid symbols represent experimental data points which were used 1o
refine the properties of the CaOH™ complex, while open symbols represent expenmental data points which
were not \lﬁt.‘d.

Miron ea (2017) American Journal of Science, 317(7), 755-806

39

@Empa
Portlandite: effect of pH i

1. Create new process

c : [P e
O Proces Pepeeeatbed e by \ & £2) GEM-Selektor Process Setup: CH:G:port:0:0:1:20:0:pH:T:

[cr:Geport:0:0:1:20:0:pr:G: Step 1 - Process Simulator Configuration
cH Name of the modeling project
This is a tool for 'batch’ calculation of multiple equilibrium states, sampling and p}

G Thermodynamic potential to minimize {G. = e i 5 B Sl -
i L {6 geochemical processes (e.g. mixing, dissolution, hydration, titration, corrosion,

port Name of the parent chemical system definition (CSD)
o CSD (recipe) variant number <integer>

o Volume of the system, dm3

The Process record can be configured in several modes to perform specific simulg
control script 'P_expr' and simulation output script 'pgExpr'. Simple scripts can be]

]—- Any process simulator belongs to one of three types:
1 Bresstie bar; or Dfor Reat170) 1. 'Sequential': only input GEM parameters are modified (modes P, S, L);
20 Temperature, C 2. 'Reciprocal': next step depends on GEM output parameters (e.g. pH) from pi
i - X 3. 'Inverse': GEM input adjusted to obtain prescribed values of GEM output (e.
o Variant number for additional constraints
pH| Name of this process simulation task Ploase choose 8 process Simulaton mode:
G Process simulation mode code { P, S, L, G, T,R }

© P Sequential temperature and/or pressure change at fixed bulk compositio]

Ok Reset ] From List Help Cancel rg

Direct sequential change of bulk composition and/or constraints (default

“ G Batch inverse titration sequence for incremented pH values etc.
© T One arbitrary inverse titration calculation as defined in Process control s
© R Sequential reactor scheme, uses equilibrium bulk compositions of phases|

© L Lippmann diagram (transposed) for a binary solid solution

Learn more

au
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Portlandite

G: Batch inverse titration (Variation of pH)

Select 15t HCI and 24 NaOH

Step 2 - Process Simulation Controls (click "Next' to retain the old script)

iTm v [ P J iTC | ive | irau [ ipXi | i | ipH I ipe J
1000 1 20 0 0 [ 0 ] 0
1200 0 1 20 0 0 0 0 ] 0
1 0 0 0 o 0 0 0 0 0
@ Property-vs-pH diagram " Constant-pH isotherm

Ta plot a property-vs-pH diagram: select acid and base from the 'AcidBase’ list: set the ipH iterator to a desired pH range and step;
set the ipXi[0] iterator to maximum allowed addition of acid (negative value) and ipXi[1] to that of base (positive value) for use by the
inverse titration algorithm; and go to the next wizard page.

To plot a constant-pH isotherm: select acid and base from the ‘AcidBase’ list: set the 'ipH' iterator to a desired pH value and zero step;
set the ipXi[0] iterator to maximum addition of acid (negative value) and ipXi[1] to that of base (positive value); select the trace element
in the 'AcidBase" list, and in the 'ipe’ iterator set its addition amount interval and step in log10 scale; select aqueous species in the
‘Molality' list for abscissa; finally, select one or more sorbed species from the ‘Sorbed" list for ordinate(s), then skip the next wizard

page.

AcidBase

Aqua KOH $ pH sequence of inverse titrations
Ca(OH)2 Nacl if ( Next=1) begin

CacCl2 Naclo4 ¢Nu =: cpH-pH; end

Ca0 NaOH if (Next=2) begin

H2 02 xa_[{NaOH}] =: ((cEh < 0)7 1e-9: cEh);
Hcl xa_[{HCH =: ((0-cEh < 0)7 1e-9: O-cEh);
HCloa modC[J] =: cEh;

Kl end

$ modC[J]: acid or base addition

< Back Next> Cancel

@Empa

M

Portlandite

Output
pH as x-axis (right hand click)
log(Ca tot), Ca2+ and CaOH+

1) GEM-Selektor Process Setup: CH:Gport:0:0:1:20:0;pHG: [

Step 3 - Selection of items to sample/plot (click "Next" without selecting anything to retain the old script)

Property Item Selection Sampling Script

my[{Ca+2}] = Ca?* concentration (in mol/kg H,0)
m_t[{Ca}] = total concentration (in mol/kg H,0) = Ca?* + CaOH* + ...

Ig(my[{Ca+2}]) = log(10) of Ca?* concentration (in mol/kg H,0)
(Ig(...) has to be adapted afterwards)

@Empa

Igm_t[{Ca}] = log(10) of total concentration (in mol/kg H,0) = Ca?* + CaOH* + ...)

42
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Collection of data
pH, total concentrations
concentrations of species
(use Ig() = log,, for better readability)

[Process Definition of a Pro

Adapt input: Temperature, pH interval, max. amount of acid and base ‘Empa
[P I
. + H @ $ 7( ¥ { @ | V_\/_ [—] H 0 ‘lCH:G:pon:O:O:l:20:0:pH:G:
Controls Sampling | Results | Config ‘ 08/03/2022, 08:10
pH effect on portlandite Max amount
- of acid/base pH interval
temperature
iTm iv] ip| irc[]  ine| iTau| ipXi iNu ink| oo ipe|
(1] 1000 0 1 20 0 0 -0.4 0 12.35 End 0
1| 1033 0 1 20 0| 0 2 l o.u].l 14 BN
2 1 0 0 0 0‘ 0 le-11 0 0.05 Step 1]
ctm| 1032 0 1 20 0‘ 0 -0.4| -0.008125.. 13.95 0
) ) accuracy
§ pH sequence of inverse titrations - modc| ~
if ( Next=1) begin A ; P
cNu =: cpH-pH; end B
if (Next=2) begin 1 1]
xa_[(NaOH}] =: ((cEh < 0)2 le-9: cEh); —
xa_[{HC1}] =: ((O-cEh < 0)7 le-9: 0-cEh); 2 o
modC[J] =: cEh; 3 0
end
$ modQ[J] s seid or base addition 4 0
A $ If Next=1 begin, it will check whether cNu is less than or equal 5 0
to cpH-pH. If not, end and start Next=2.$ 3 ]
B$ If Next=2 begin, it will check to add NaOH or HCI. For NaOH, if
cEh<0, then add 1e-9 unit NaOH and 0-cEh unit HCI; if cEh>0, then
add 1e-9 unit HCl and cEh unit NaOH.$
€ (unit for the added acid or base listed in modC[J] is M (defined in
single calculation (SysEq)) 3
@Empa

38— o tew X

|L\/’ & H@ i|CH:G:pDrl:O:O:I:ZO:D:PDrl:S:

N . 4 B ‘
g: R Controls Sampling Results | Config |\21/03/2017, 11:03
P('_e)g ot 000E [neze [ osss sifwexe | oz | o3 ] sofw ] 39

pSTkey|CH:G:port:0:0:1:20:0: cTm 1030|f eNV 0
X
G‘;E“ [oran | Jeos | oo | E 51
Sl [cor ] 0fcpe | ofcen | 0.82481019)[cT | 293.15|
UnSpace xp[3] =: pH;

yp[J]1[0] =: lgm t[{Ca}]:
%}} yp[dl[1] =: lg(my[{Ca+2}]);
Project yp[dl[2] =: lg(my[{CaOH+}]);

a4
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* Lower Ca concentrations at high pH
— Kgo = {Ca?"}-{OH}?: pH1 = OH"1 => Ca?"|
— pH increase: more CaOH*

0.004

-0.50

-1.004

-1.504

-2.004

log M

@Empa

pH effect on portlandite

Solubility and speciation of
gibbsite and SiO,
=> see group work

12.40 12.60 12.80 13.00 13.20 13.40 13.60 13.80 14.00

pH 45

Cement hydration: calorimetry <& enthalpy

Isothermal calorimetry

Thermal power / mWig_

N
&)

o

w

[N

3
T T
p———

N

Mo’
O A B | C | | | | D | |
0 5 \ 10 15 20 25 30 35 40
Time/h
acceleration period
induction period deceleration period
initial period

@Empa

,,Sulfate depletion peak‘:

second alumininate reaction
(Jansen et al. 2012)

7 ‘
E

46
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Heat of hydration (l)

@Empa

Main early reaction: C;S(alite) + 3.9 water — C, ;SH, ¢ + 1.3 portlandite

Heat of hydration (lll)

ad " Alite content from XRD (+/- 2 wt.%) ki
"-\_ﬂ‘ AH, Mol weight
_ s kJ/Mol]  [g/Mol]
% 35+ C Alite 2929 2282
2 i H,0 286 18
& 30 5 3 C-S-H -2890 201.9
5 & Portlandite -986 73.97
(5]
3 25 r2 g
£ T Enthalpy of alite reaction
20 F1 =-(-2929-3.9*286)+(-2890-1.3*986)
= Heat flow of cement as measured
—— Heat fl lculated fi lite d Iuti =
x eat flow caclua e ror\nameI issolution i 0 =-127 kd/mol
0 5 10 15 20
Time (h) =>-558 J/g Alite
Table 3
Enthalpies of reaction for the assumed reactions.
Reaction Enthalpy
Eq. (1) (Silicate reaction) —561 }/Zatiee
23°C, w/c =0.50 Eq. (3) (Dissolution CzA) — 868 [/gean
Eq. (4) (Dissolution anhydrite) —50 J/Zanhydrite
Jansen et al. 2012, CCR Eq. (5) (Dissolution gypsum) 59 J/Bypsum
Eq. (6) (Precipitation ettringite) — 214 |/ Berringite
Q@ Empa

Main early reaction: C;A(aluminate) + CaSO, +H20 — ettringite

= Ettringite content from XRD {+/- 1wt.%)
©  CyA content from XRD (+/- 1 wt.%)
18 1 *  Heal flow calculated from ettringite precipitation
16 * Heal flow calculated from CgA dissolution

Heal flow of cement as measured 6

C4A content at Oh (calculaled from wic-ratio)

Phase content (wt.%)
Heat Flow (mW/g)

C;A+3Cs +32H — CgzAs;H,,
two C;A dissolution events
+ 1t minutes

* Depletion of CaSO,

e ——— B g Ettringite forms continously
04~ T o T T 0
0 5 10 15 20
Ettringite content at O Tife (h) Table 3
Caso4 depletion Enthalpies of reaction for the assumed reactions.
Reaction Enthalpy
Eq. (1) (Silicate reaction) —561 J/Ealice
23°C, w/c =0.50 Eq. (3) (Dissolution CzA) — 868 [/gean
Eq. (4) (Dissolution anhydrite) —50 J/Zanhydrite
Jansen et al. 2012, CCR Eq. (5) (Dissolution gypsum) 59 J/8cypsum
Eq. (6) (Precipitation ettringite) — 214 |/ Berringite
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Heat of hydration (ll)

Main early reaction: C;A(aluminate) + CaSO, +H20 — ettringite

8 9| = Heatflowsilicate reaction

® Heat flow C3A dissolution

Heat flow ettringite precipitation
Heat flow gypsum dissolution
Heat flow anhydrite dissolution
HF total

61 silicate reaction peak

solid line = measured heat flow

* a8 >

o

sulfate depletion peak

Heat Flow (mW/g)

Table 3

C;A+3Cs +32H — CyzAs;H,,
two C,A dissolution events

+ 1t minutes

* Depletion of CaSO,

Ettringite forms continously

Little effect of CaSO, dissolutior

@Empa

Caso4 depletionTlme (h Enthalpies of reaction for the assumed reactions.
Reaction Enthalpy
Eq. (1) (Silicate reaction) —561 J/Zatice
23°C, w/c =0.50 Eq. (3) (Dissolution CzA) — 868 [/gean
Eq. (4) (Dissolution anhydrite) —50 J/Zanhydrite
Jansen et al. 2012, CCR Eq. (5) (Dissolution gypsum) 59 J/Bcypsum
Eq. (6) (Precipitation ettringite) — 214 |/ Berringite
How to calculate heat .
logKso  AG® AH® S® EN a ap as Ve  Ref
[kJ/mol] kJ/mol] [J/K/mol] [J/K/mol] [cm®/mol]

(AI—)enringite‘"‘:b"‘ 449  -1520594 | -17535 1900 1939 0.789 707 [1.2]

CaAs;H," -14728.1 -16950.2 | 17924 1452 2.156 708 [24]

CsAszHi3 -10540.6 -11530.3 | 1960.4 970.7 1.483 411 [24]

C4As;H, -9540.4 -10643.7 | 646.6 764.3 1.638 361 [24]

tricarboaluminate®46.5 -14565.64 | -16792 1858 2042 0559 -7.78e6 650 [2,1]

Fe-ettringite” 440 -1428236| -16600 1937 1922 0.855 2.02e6 77 [31]

Thaumasite -24.75  -7564.52 -8700 897.1 1031 0.263 -3.40e6 330 [9]

CaAHg © -20.50 -5008.2 -6537.3 422 290 0.644 -3.25e6 150 [10]

CASyutisw® -25.35 -51929 -5699 399 310 0.566 -4.37e6 146 [11]

CsASosiHez, ¢ -26.70  -5365.2 -5847 375 331 0484 -555e6 142 [11]

CsFHs ™ -26.30 -4122.8 -4518 870 330 1.237 -4.74e6 165 [11]

CaFSpaHamn®® -32.50 -4479.9 -4823 840 371 0478 -7.03e6 149  [11]

C3(AF)SossHaz-30.10  -49254 -5335 617 367 0.471 -8.10e6 146 [11]

C3FSia4Ha 2 -3420  -4681.1 -4984 820 395 0.383 -8.39%6 145 [11]

CsAH1o" 2545  -8749.9 -10017.9 | 1120 1163  1.047 -1600 369 [10,23]

C4AHq3 -7325.7 -8262.4 831.5 208.3 3.13 274 [23]

C4AH4 -6841.4 -7656.6 | 772.6 0.0119 3.56 1.34e-7 257 [23]

* Measured heat is due to enthalpy changes

+ | Water very important, involved in most reactions !
AH° (H,0) = -285.88 kd/mol

50
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How to calculate heat

logKso  AG® AH® i ao as ap as V°  Ref

[kd/mol] kd/mol]  [J/K/mol] [J/K/mol] [cm?®/mol]

Cs (anhydrite) ~ -4357 -1322.12 | -1434.60 | 106.7  70.2 -0.099 46 [67]
CsH, (gypsum) -4581 -1797.76 | -2023.36 | 1938 914 -0.318 75 [67]
B-CsHg s(hemihyd)-3.59" -1436.34" | -1575.3" | 1343 1241 62 [19]

Example: hydration of anhydrite to gypsum

1) 1M CaSO, (= 136.14 g) + 2 M H,O (36.03 g) => 1M CaSO, 2H,0
-2'023'361 -(-1'434'601 +2*(-285’881)) = -16'998 J/mol = -17.0 kd/mol
=>-125 J/g anhydrite or -98.7 J/g gypsum

= o g0 o
AH® = Angypsllﬂl == a|‘(_"';1nhy1:1r'm: -2 Awa:lwr

= —2022.63 — (—1434.11) — 2(—285.830)

= —16.86kI mol™!
from which we see that the reaction between anhydrite and water to form gypsum is
exothermic; that is, 16.86 kJ of heat would be released for every mole of anhydrite
reacted.

Anderson (2017): Thermodynamics of Natural Systems

51

Example: hydration of anhydrite to gypsum
1) 1M CaSO, (= 136.14 g) + 2 M H,0O (36.03 g) => 1M CaSO, 2H,0
-2'023'361 -(-1'434'601 +2*(-285’881)) = -16’998 J/mol = -17.0 kJ/mol
=> -125 J/g anhydrite or -98.7 J/g gypsum

2) Dissolution of CaSO4 in water: 1 g anhydrite (in 1 L H20)

Input M g/mol H (J/mol) g/L J/g CaSO4
CaS0O4 0.0073 136 -1434601 1 -10537
output

Ca2+ 0.0055 40 -543069  0.22105834 -2995
S04-2 0.0055 96 -909697 0.5298638 -5018

CaS04 aq 0.0018 136 -1448430  0.2490777 -2650
Dissolution -126

Q@ Empa
How to calculate heat '
logKso  AG® AH® i ao as ap as V°  Ref
[kd/mol] kd/mol]  [J/K/mol] [J/K/mol] [cm?®/mol]
Cs (anhydrite) ~ -4357 -1322.12 | -1434.60 | 106.7  70.2 -0.099 46 [67]
CsH, (gypsum) -4581 -1797.76 | -2023.36 | 1938 914 -0.318 75 [67]
B-CsHg s(hemihyd)-3.59" -1436.34" | -1575.3" | 1343 1241 62 [19]
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Thermodynamic data

1. Databases
2. Portlandite solubility and speciation
3. Saturation indices

a) Pore solution
b) Calculation of Si

4. Hydrates in cement

5. Details on how to manage thermodynamic
data in GEMS

=> Self study

53

@Empa

Poresolution PC

1000
K
Z z A.L; ; ;?OH' Composition changes
1004 @ A Na during cement reaction
g ASAARA 4 s A A In particular for calcium

o 19 A \AAAD and sulfate:

= A

£ N cal b A A AN

Si Calculation of saturation
01{H O A indices
A AM AM Al A => indicate changes in
0.01 i i . . i solid phases
0.01 0.1 1 10 100 1000 10000

time [hours]
Fig. 1 Evolution of the pore solution during the hydration of
OPC. Symbols refer to measured concentrations, [ines to

modeled concentrations. Adapted from [17]

Lothenbach (2010) Materials and Structures 43, 1413-1433
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0.5

portlandite w5 °C y gypsum T5°C
x
[} A20°C (3] A20°C
e ©
£ 051 ¢50°C € o0 A‘ﬂ 50°C
PC c o & hd
9 kel
g n28 ™ g
5 0 a ® 5 -05-
: - *5
= 0.5 £ 1 ¢
g g RN
@ @
-1 T T -1.5 T T
0.01 1 100 10000 0.01 1 100 100
CH, AFt, AFm at all times time (days) time (days)
Gypsum only first hours
1 1
ettringite ) monosulfate
$ By e 8
el e o
2 05| DA 50°C 2 o5 m5°C
c c A20 °C
o ® A S “
T oo n A} = YLy #50°C
2 0 * 2 0 SN &
2] ]
2 2
E -0.5 ‘g -0.5 4
@ @
-1 T T -1 . .
0.01 1 100 10000 0.01 1 100 100(
time (days) time (days)

Lothenbach (2010) Materials and Structures 43, 1413-1433

Calculation of saturation indices

s 08 . _

3 0.6 Phase in equilibrium
= 0.4 with pore solution

o 0.2 iqht §

= 0.0 Might form

= 0.2

=] - T
§ gg 1 PI-1ase not in ec!umbrlum
© n'a | undersaturation with pore solution

> 08 c £

€ 1.0 - annot form

g 1.2 7 Dissolves

11| 1.4 T T T T T T T

0 2 4 6 8 10 12 14 16

Time (hours) perived from measured data e.g. pH, Ca,;

14P ca* foH |
SI =log[KJ = log[{](}{}J’ theoretical

S0 S0 portlandite e
solubility
IAP =ion activity product = measured concentrations

GEMS used to calculalate
{Ca?*} from Ca,,

56
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Saturation indices: measured conc.

time

mmol/l mmol/Immol/l mmol/l mmol/l mmol/l m
0.04 0.0094 21 168 395 76 0.1
0.08 0.0043 21 175 404 77 013
0.17 0.0074 21 176 401 78 0.13
0.25 0.032 18 180 408 83 0.17

1 0216 2.5 2.6 447 106 0.31
7 0621 1.5 3.4 556 173 0.31
28 0.384 14 10 595 189 0.33
197 0.372 1.3 21 645 333 0.20
400 0.326 1.2 22 665 396 043

days Al Ca S K Na Si OH- pH

@Empa

mol/l

170 13.2
164 13.2
164 13.2
164 13.2
472 13.6
587 13.7
650 13.8
675 13.8
725 13.8

57

ake a new project:

" by copying records from default d© by linking files from the default d.

hnen Prnisd] I New prnier}i‘l Learn more ‘ Cancel ‘

Al, Ca, Na,
Step 1 - Selection of databases, data subsets, phase type filters

Create new project,

Select Helgeson, KOH

@Empa

K, Si, S

=[] cshkn
. [ cshg
2 L | Be B | c | N | ) F| ne e

[ ss-fe3
3 Na Mg Al Si P S cl Ar. M ss

Phase/DC Filters Built—in Database ——|Built-in Database IVe:siun
EHpg 3rdparcy .
M 3rdparty E- [ cemdata 18.01
v Aqueous electrolyte psi-nagra IR -
. O supcrt ray B :én Il,I
[V Gas mixture [] support .
1 1] m v v Vi Vil Vi G B+ osh
e [ esh2o
1 H He 1 [ csh3c

{8 Setup of aqueous and gas phases in project: ST
4 K Ca

Select Aqueous Electrolyte Model ] Select Gas/Fluid Mixture Model |

" Ion-association (IA) with Davies equation, D (default)

® IA with extended Debye-Hueckel equation (Helgeson), common b_gamma and a0, H

" 1A with extended Debye-Hueckel equation (Shvarov), common b_gamma and a0, Y

" IA with extended Debye-Hueckel equation (Karpov), common b_gamma, individual a0, 3
" 1A with Debye-Hueckel equation, no b_gamma, individual a0, 2

" 1A with Debye-Hueckel limiting law (very low ionic strength), 1

" Do not generate; select a user-defined Phase record from database (Q, S, Z), U

" Do not include aqueous electrolyte phase into the system definition, N

Parameters for
the agueous phase model

b_gamma(1,298) value:

0.123 =
b_gamma(P,T) mode
KOH ~]|
Common a0 value:

3.67 |

Gamma (neutral species)
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Calculation of saturation inidices

a Input Recipe of Single Therm System: S|_Gi m:0:0:1:20:0: X

Title: ]:aclaul(ion of saturation indices

Comment: Imurse

Property Selection Recipe Input
Compos (xa_) P S ‘operty Name Quantity | Units |
DComp (xd_) K20 | h
IComp (bi) K2504 1 Al(OH)3 0.0094 |
Phase (xp_) KOH &1 | Aqua 1000 g
Kin.lower (dll_) Na20 E — 3
i Na2s04 3 Ca0 21 .
Kin.upper (dul_) h mmOI
GO shift (gEx) NaOH 4 KOH 395 |h
Other Inputs gga 5 NaOH 76 h => mmol/l
Si02 6 (e
7 503
E : 8 Si02
Input quantities of Compos(itions) contributing to B_
vector Ii _— T'

Learn more Print | OK ‘ Canc}T\AO

oxidising cond.

p =>

AI(OH)3, CaO, KOH, NaOH, SO3, SiO2 used as proxy for
measured total Ca, Al, ...concentrations [mmol/l]
=> Input of uncharged species

59
g EE
] +B@$ XH L) ‘/W“ﬂa H@‘ SI:G:S1:0:0:1:20:0:
Cnmprg) || DComp I Phase | IComp | Surfaces | Config l |25/D4/2019, 16:44
[ | 2l
mDC| DCvo d11 dul -]
46 |G (g 5-2 H25 . |B 0 1000000 M
47 |T |s CaSiOH CSHQ-JenD . B op
I |s CaSiOH CSHQ-JenH - B op
:1158) I |s CaSiOH CSHZ—TobD - B o 3) Scroll down to 2™ table
50 |[I |s CaSiOH CSHQ-TobH .|B o
51 [T |s KSiOH KSiOH -|B op 4) Select all dul of
52 [I |s NaSiOH NaSiCH B op solids
53 |T s CaAlOSH straetlingite .. B oM
54 |T |s CaAlOSiHstraetlingitel..|B o 5) Press F8,
55 |I |s CaAlOsH ettringite B op 0, Ok-do it
56 |T s CaAlOsH ettringite30 B oM
57 |3 |s caAloH C4AH13 . B o
58 M |s CaAlOsH monosulphatel?.. B oM
59 [M |s CaRlOH C4AH13 . B op
60 |J |5 CaAlOsH monosulphatell.. B oM
61 [0 |s AlOH  AlCHam . B op dul = upper limit
62 [0 |s AlOH AlCHmic . |B oM dul = 0
63 [0 |s AloH Gbs . B op .
64 [0 |s AlSiOH Kln - B op Solid Cann'Ot f'orm
&[0 |s calo ciar s ofs But saturation is
66 [0 |s CcaSsio C25 . |B oM Ca/cu/ated
67 |o |s caalo C3A . |B op
68 |0 |s casio  C35 - B op _ P
69 [0 |s carlo cA ) 8] & dll = lower limit 60
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mtHaw ¥ ¥ T BV | @ [ssesoorn ‘Empa

Input: System Defintion  Results: Equilibrium State |

Phase/specics | I‘[lAmuum: (mol) [1ugSI/Acnvuy [:

% a aqagen 37 a 56.39872 1.339e-09

# g gas_gen 4 g 0.001762261 -2.994e-08

& s CSHQ 6 s 0 0.6815

® s straetlingite 2 so -2.513 :

b b il Yoiai — PC pore solution after 1 hour
% s S504_OH AFm 2 =0 -1 .

s s OH S04 M = ‘won " Oversaturated: logSIl > 0

# s Al (OH)3am 1 so0 .

% s Al(OH)3mic 1 so0 with respect to

® s Gibbsite 1 so

R 1 Kaolinite 1 50 ’C-S-H

B3 Mayenite 1 s 0

+ s Belite 1 s oEttringite

- 8 Aluminate 1 s 0

-5 Alite 1 =20 *Monosulfate

4 s Ch 1 s 0

3-—-s CA2 i =0 . H

v s Commrs i e Portlandite

%8s C3AHE 1 so

= C4AHLl 1 s 0 .Gypsum

% s C4AH13 1 so

#--s C4AH19 1 so

- = CAH10 1 s 0

% s C4AsHLOS 1 s0

% s C4AsHL2 1 so

*-- = C4AsH14 1 s 0

® s C4AsH1E 1 so0

#--s C4AsHY 1 so

&8 Chabazite i 30

H—-s ZeoliteP 1 s 0 2
% s C2ASHSS 1 so 4P {Ca“}{OH’}
% 3 CeAsHL3 1 s o0 logSlzlog — :10g T —
# s Ceashs 150 Ko S0 portlandite
$-s lime 1 so

®.s Portlandite 1 so

-3 Anhydrite 1 s 0

% s Gypsum 1 so

¥ s hemihydrate 1 50 —0.7646 61

QEmpa

Thermodynamic data

1. Databases
2. Solubility and speciation
3. Saturation indices

4. Hydrates in cements

5. Details on how to manage thermodynamic
data in GEMS

=> Self study
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Main hydrates ‘ETP"". -

1) AFm phases
_~without limestone

Ettringite MonocarbonaTg,:"j

Hemicarbonate Main difference:

C4AF AFm phases

[Ca,(Al, Fe)(OH), 1%

Monocarbonate

[CO3, BH,07?-

Angles 26 (degrees) CuKa

63
Q@ Empa
A
. . monosulfoaluminate (Ms)
AFm solid solutions
Ms-type ss
limiting Ms-type ss monosulfoaluminate +
(~ C4As0.5Hx) monocarboaluminate
miscibility gap (limiting Ms-
type ss + C4AHX)
lirhiting Ms-type ss
+ C4AH + He
C Hc + C4AH, D He +Mc E
C4AH, hemicarboaluminate (He) monocarboaluminate (Mc)
Matschei ea 2007 64
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1) AFm phases

9.00

@Empa

——«&—— this work
Characteristics 8.95 0 Poclimann
solid solutions: °<: 8.90
S SO4-AFm-type ss /E
. 8.85
- XRD peak shift © XU
£ 880 pe
- change of 2 Hf o
) = 875 5 o
concentrations = ~ ~
é‘ 2.00 T OH-AFm-type ss
L
E L 2 I
7.95 rio o o Llo
C4A|'|13 - 7.90
monosulfate: 0 02 04 06 08 1
solid solution C.AH, cale. SO,/(SO,+20H) ratio  CaAsHy
Matschei et al (2007) CCR 37, 118-130 65
@Empa

1) AFm phases

Characteristics of solid solution:
- peak shift in XRD
- continuous change of concentrations

Matschei et al (2007)

20 - 12.6
 supersaturation
4 A mixed endmembers 4
= X undersaturation 124
gl ‘ 2ph 1ph
E 2 phases 1 phase phases phase
‘E' i 122 = _)_‘ % n
- e . (g - N ¢
) o y o
= 10 ' = X °
s 2
= 12.0 *s
g .
g s Al 1138 .
© X 2 " | & supersaturation X
bd ] x % ° - ’l A mixed endmembers %
0 . : : : | 1.6 X undersaturation
0 02 0.4 0.6 08 1 0 02 0.4 0.6 0.8 1
C4AH, calc. SO4/ (SO4+20H)-ratio  C4AsHi, CsAH, calc. SO4/ (SO4+20H)-ratio CsAsHi

Effects of solid solution:
- stabilizes solids
- lowers aqueous concentrations

- miscibility gap 0.03-0.5

66
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‘Empa 7

Solid solutions probable
« Similar charge

¢ Similar structure
« Similar size

AFm: 4Ca0-Al,0,-CaX-nH,0

Monocarbonate: 4Ca0-Al,0;-CaCO;-11H,0

CO,* /

Monosulfate: 4Ca0-Al,0,-CaS0O, 12H,Q

SO

[Ca,Al,(OH),,]** Renaudin 1999 J 67

‘Empa 7

Solid solution CO;-AFm - SO,-AFm?

Monosulfate Main difference:

Ettringite Monocarbonate AFm phases
[Cay(Al, Fe)(OH), 1,2
\ CJAF

Y Wf"/\&4 Monosulfate
I : 50, 6H,01

M N [SO4, 6H:0]
M, Monocarbonate

8 9 10 1 12 [COs, 5H,0%

Angles 20 (degrees) CuKa

Solid solution not probable:
= Similar charge v
= Similar structure -
= Similar size -

34



Further AFm phase at low CaO [Caz(Al, Fe)(OH)L*

availability: Stratlingite strétlingite
incompatible with portlandite [AlSiO, 4H,0],%

601 Al(OH),

" [0 77

R — calcite

20 4 jennite-like

tobermorite-like
B
¢ wi% fly ash 50% FA, 50% reacted &

Lothenbach ea (2011) CCR 41 1244-1256

Ettringite:
C6A53H32

high water content
-> voluminous
-> low density 1.8 kg/dm3

-> good space filling

Takes up other ions solid solution with thaumasite

(solid solutions)
CeAsgHg, <> CgS,8,C,Hs

> Al & Fe
-> SO42- > CO32-, Cr042-, .

70
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thaumasite

thaumasite-type
N solid solutions
/
\

Ettringite: /£ N
CGAS3H32 7
o/ N

ettringite-type carbonate-ettringite
solid solutions type solid solutions
-7

high water content
-> voluminous
-> low density 1.8 kg/dm

-> good space filling

S0, ettringite CO,7 ettringite

Takes up other ions
(solid solutions)

solid solution with thaumasite

CeAsgHg, <> CgS,8,C,Hs
> Al & Fe

- 8042- — C032-, CI‘O42',

7

ettringite
crystal system: hexagonal
a=1.12nm
c=2.14 nm
* F. Goetz- Neunuhoeffer et al. Powder diffraction 21 (2006) 4-11
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Hydrogarnets:

C3ASxH6-2x
Solid solutions
-> Al « Fe

-> Si0% 2H,0

low water content
-> higher density

‘Empa 7

> 2.5 kg/dm?3
AI Hq 15. OkV X2558
@Empa 7
C,FHq Katoite
-3 é é_C3AH6
C,AS.H
3 X" 6-2x Katoite
3>y>1.5)
C;AS; H,
Hydroandradite Hydrogrossular
(x=0) (x=1)
C,FS; H,, C;AS; H,,
Hibschite
1.5>y>0)
C;AS; H,,
¥ @
Andradite  *° Grandites =1 Grossular
C,FS, =0 C,AS,
C3AXF1-XS3 74
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Hydrogarnets:
C3ASxH6-2x
Caz Al, Sij g2 O1p H7 632
Katoite (y=1.9):
crystal system: cubic
* Ferro et al. European J. Min. 15 (2003) 419- 426 a=1.22 nm 75

‘Empa 7
C-S-H in cements bt

Foil like morphology at low Ca/Si

Fibrils (OP)

CalSi = 1,41 "";2!,','. »
AlS = 005" RN

i

) Plain cement (PC), 90 days, 20°C (b) PC 10SF, 90 days, 20°C

Rossen ea (2015) CCR 75 76
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C-S-H in cements and synthetic C-SH

R CalSi=1.22 Ca/Si=1.00
Al/Si = 0.07 Al/Si=0.03

|| 200 NmM [e— T

(c) PC(Q) 20SF, 90 days, 20°C (d) Synthetic C-S-H, 20°C

Rossen ea (2015) CCR 75 7

iin

a

(6]

Mean

2.0 —(‘)-‘)\
2 1.8 /AJ

®Empa
C-S-H in Pastes

PC: C/s =1.7-2.0
22 L L L L

PC , 10%SF

20°C

A
14 representative -
A error
1.2 Casi
PC +25% SF o P210sF ?
101 cis =1.5-1.7 —o- PC2-255F
—&— PC2-45SF
0.8+—— : : : ; ; ;
0 2 4 6 8 10 12
%CH:fraction of cement
PC + SCM’s: o T o N
C-S-H composition changes Rossen ea (2015) CCR

with time as CH is consumed

78
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C-S-H: range of compositions

Ta (mnI)

CalSi=
07to1.5
for synthetic C-S-H

1.7-2 PC pastes

‘Empa 7

CalSi ratio of solid phase 10-% k 4
Si0, portlanditq
104 - =
0.0 05 1.0 15 20
Lothenbach, Nonat (2015) CCR CalSi ratio of solid phase %

C-S-H

Richardson 2008
Dreierketten chain

®*Si ®0

Richardson (2014):
Structure: clino tobermorite
Not ortho tobermorite

HOO

=> structurally imperfect tobermorite

14. OA Q} {[} Q} Q} @ {% mterlayer

o H;OO

2!

Rlchardson, 2004

o HIOO

Myers ea 2014 )
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@Empa

C-S-H structure:
Variation of Ca/Si ratio

Richardson 2008

CalSi=0.67 CalSi=1.0 Ca/Si=1.50
 Infinite chain * Dimer, pentamer, * Mainly dimer
* Cainthe
interlayer

* Intergrowth with
CH possible

81

Different types of thermodynamic (geochemcial) ®Empa
models for C-S-H
[Ca] [Si]
20 Sio, portlandite

Ca (mM)
Si (mM)

A
a
8 Y @
09
Si0, BA Jo =
i €—> portlandi

0.0 0.5 1.0 15 20 0.0 05 1.0 15 20

CalSi ratio of solid phase CalSi ratio of solid phase
3 different CSH Solid solution Surface reaction model
Co.sSHy 5 infinite CoeSHyg Pentamer  CoSHy 6
C1,SH,, pentamer  CSH,, dimer CSH,
C16SH,6 dimer C,5SH, 5 dimer C15SHy5

Haas, Nonat (2015) CCR 68, 124-138

Blanc et al. (2010) CCR 40, 851-866 Kulik (2011) CCR 41, 477-495 82




Different types of thermodynamic (geochemcial) ®Empa

models for C-S-H
pH Mean Chain Length

13 50 - - -
g A A 45 portlandite
40
12
35
£ 30
g
T s 25
&
E 20
o
S 15
) A e 10
o
H
portlandite 5
9 & 0
00 05 0 4i 50 00 0.5 10 15 20
CalSi ratio of solid phase Sa/Stratio ol solid phase
Solid solution Surface reaction model
infinite Co7SHq g Pentamer Cy4SH, ¢
pentamer  CSH,, dimer CSH,
dimer C,5SH,5 dimer C15SHy5

Haas, Nonat (2015) CCR 68, 124-138
Blanc et al. (2010) CCR 40, 851-866 Kulik (2011) CCR 41, 477-495

83,

@Empa

Thermodynamic data

Databases

Portlandite solubility and speciation
Saturation indices

Hydrates

How to create new entries for
thermodynamic data in GEMS:
a) Dcomp
b) ReacDC
c) Temperature and pressure plots
d) Thermodynamic phases

a0~

=> Self study

84
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Make a new project:

by copying records from default d © by linking files from the default d.

Dpen Projectl I New Project! Learn moreJ

caneel Create new project,

@Empa

Step 1 - Selection of databases, data subsets, phase type {

Name it CaO2H2,

Psi nagra database
Select Ca, O, H

Phase/DC Filters Built-in DatabaslVersion
[ &-0 support
" Aqueous electrolyte e
F~ Gas mixture psi-nagra
O 3rdparty

- Step 2: Select Independ Comp ts (not ilab
I II III IV V VI VII VI iy
1[H | Hel ﬁ
2 Li [Be B| ¢ N[ o F| ne
3Na Mg | All si| p| s| al ar
4 K |ca |sc |1 |v_|er |Mn |Fe |co |Ni |

Jetup of aqueous and gas phases in project: CaO2H: |0 e

elect Aqueous Electrolyte Model | Select Gas/Fiuid Mixture Model |

Ton-association (TA) with Davies equation, D (default) Parameters for

[* 1A with extended Debye-Hueckel equation (Helgeson), common b_gamma and a0, H
b_gamma(1,298) value:
[0.064

1A with extended Debye-Hueckel equation (Shvarov), common b_gamma and a0, Y
1A with extended Debye-Hueckel equation (Karpov), common b_gamma, individual a0, 3
IA with Debye-Hueckel equation, no b_gamma, individual a0, 2

1A with Debye-Hueckel limiting law (very low ionic strength), 1 e
Common a0 value:
Do not generate; select a user-defined Phase record from database (Q, S, Z), U [3.72

Do not include aqueous electrolyte phase into the system definition, N

\ase record key: [a AQELIA aq_gen aq EDH_H
Gamma (water solvent)

From osmotic coefficier -]

Molality conversion

[Applied to all species -

the aqueous phase model

b_gamma(P,T) mode

Gamma (neutral species)

Calculate as b_gamma |

Select Helgeson, NaCl
Open
Go back to database

m GEM-Selektor 3 (GEMS3) - Geochemical Equilibriu
oY

Record Data Calculate View Print Wi
ingleSys ~ E + H @ W 1

Input: System Definition ]

SysEq .
f() Phase/species
-\_) BE--ag_gen
Process gas_gen
Portlandite
in's

85

DComp- creation of new entries

1) Make a new entry: Record: Create(New)

& DComp: Please, set a new record key M‘

|s:ca0H:Portandite:exam:

@ Py s e o Beperdentt Gorponet (rstes farg sibocey

( Group to which Dependent Component belongs

Name of Dependent Component
Name of thermadymamic dats subset (e.q. database)

Ok Reset J FrcmL\stJ Help ] Cancel J

Leave default values if including a single phase or an ideal solid solution
Optional: Choice of mixing model if a non ideal solid solution is included

O: solid phase

£ GEM-Selektor DComp Setup: s:CaOH:Partiandite:exan: A |

@Empa

Phase state (s ... solid; a ... aqueous; g ... gaseou

Group id (e.g. elements of chem composition
name

Comment (e.g. cem ... cement; Exam: Example)

S: Aqueous species
M: Major end-member
J: Junior end-member

(solute)
should be corrected for T and P.

Step 1 - Defining the dependent component (DC) type and the calculation method codes
Select here to which class this DC belongs

This class code will be copied into Phase definition (can be changed there too):

(solvent) z

By setting the codes below, configure the DComp record data and tell the program how the molar properties of this DC

43



DComp- creation of new entries

I’_; GEM-Selektor DComp Setup: s:CaOH:Portlandite:exam: | S
Step 1 - Defining the dependent component (DC) type and the calculation method codes
Select here to which class this DC belongs
Optional
This class code will be copied into Phase definition (can be changed there toa): £ f
0 Dependent Component of a le-component condensed phase x parameters for
experlenced users,

By setting the codes below, configure the DComp record data and tell the program how the molar properties of this DC
should be corrected for T and P,

—Select here the methods for temperature T and pressure P corrections

General method code for T corrections of molar thermodynamic properties:

WC Calculation on the basis of standard S0 and CpO integration lJ

Method variant code for EoS T corrections of molar thermedynamic properties:

JS Calculation of g0T, hOT, SOT from standard entropy integration l.l

Method code for P corrections of malar thermodynamic properties:

]C Pressure correction assuming constant molar volume VO =

Codes for species-dependent EoS subroutines

-1

[N Ho fluid model routine

>

else leave default
values

Default: “CS”

T
Gp=A,Gy — [ SpdT
TU

and “C”

Alternatively, the “HKF” is used for aqueous species. This optional vector contains empirical
parameters of revised Helgeson- Kirkham- Flowers equation of state for calculation of standard
partial molal properties of aqueous species up to 1000 oC and 5000 bar [1981HEL/KIR;
1997SHO/SAS]. The coefficients were imported from SPRONS92.DAT file [1992JOH/OEL] and its

| lafest extension, S OP98 DAT [1997SHQ/SAS:

DComp- creation of new entries

Step 2 - Specific dimensions and settings
Dimensions to change only in special cases —

]? Mumber of Cp(T) equations can be changed here if Cp(T) coefficients are available for more than one
= temperature interval. Default is 1, maximum 5 intervals.

o =
=

[~ Check here to allocate the Vm=f(F, T) vector of coefficients (reserved)

Mumber of phase transitions can be changed here, if necessary (usually one less than the number of
Cp=Ff(T)} equations). Default is 0, maximal 4.

Number of EoS coefficients can be set here if certain EoS models for fluids will be used (default: 0). The
coefficients will be collected automatically into Phase record.

Units of measurement (cannot be changed in this version of GEMS)

i Jmol(fK) Units of energy (default: J)

Units of volume (default: 7)

Units of pressure (default: b)

e |t | L

@Empa

Optional
parameters for
experienced users,
else leave default
values
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i DComp :: Thermochemical/EoS data format for Dependent Components 8B eI e et G o A e
Page 1 Page 2 03/05/2017, 1€
Page 1 Page 2 | \03/05/2017, 10:09 =1
T turs Sasga | Bl bl
Portlandite emperatll
1 426.85
[mo | —[[ze | B
0 186.7
vod | 3.306] - ) 1 ~0.02191
Enter G (inJ/mol)and S |, 5
god | -897013] — i
H will be calculated : ~1600
wa | = = : ;
sod | 83.4] - Cp on page 2 5 0
6 0
ez = = 7 0
prrr | 1| 25| 5 0
LamST | ,7,| 777‘ = ¢
10 0
BetA1p| --_| ___‘ - ;
0= 2
Robie Hem:1995:pap: Cp =a,+ a1T+ aZT +
a;T%+ a, T2+ a;T3+a,T* +
a,T3 + a;T"! + a 105
=186.7 -0.022*298.15 -
Press calculate 1600/\/(298.15) =87.5
Modules Record Record List Database Files Window Help —
QT @‘ DComp E ih} +H@ %\ 7( H\ ¥ \ [/_\/' ‘a H@ i 5:CaOH:Portlandite:exam:
B 89
@ Empa
i DComp :: Calculation finished OK (elapsed time: 8.533 s). .
I Page 1 Page 2 iD3/DS/2017, 10:12
name
Portlandite
Ca (CH) 2 Chemical composition (defined tormét)
osition charge Activity coefficents
MO 74.0927 |22 0 [ab —
Uncertainty
|voa | 3_306‘ 0| Volume (1 J/bar = 10 cm3mol)
| God | —897013‘ ———| Free energy (J/mol)
| HOd | -984671. 48‘ ——f| Enthalpy (J/mol) calcualted from S and G
|50d | 83. 4‘ ”*| Entropy (J/mol/K) AG = AH-TS
| Colld | i 5053‘ 0| Heat capacity (J/mol/K): calculated from page 2
|prr | 1] 25 Ppressure Temperature
=3 = =
= ] —]
log Kso' MG AHe s a a a  a v
[kJ/mol] [kJ/mol] [1/K/mol] [J/K/mol] [em®/
CH (portlandite) -5.2 -897 -985 83 187  -0.022 -1600 33
105 - 1.476 -848.90 -903 41 47 0.034 -1.13-10° 29




3) GEMS: reactions (ReacDC): new

it X[ ¥ s
5¥ReacDC = Reaction-defined data format for Dependent Com s (species)
Page 1 Page 2 I iUlJU’S‘[ZU]Z, 23:37

x ReacDC: Please, set a new record key

|s:CaOH:parﬂand:ax?\ 1

s: solid is_ Phas state of new (reaction-defined) Dependent Component
Elements:orderi ng M to which Dependent Component belongs
Component name || [pofand ~ fame ofnew Dependent Companent

exa Mame of thermodynamic data subset (e.0. database)

Ok I Reset l From List Help Cancel

Data base: «example»

91

4% GEM-Selektor ReacDC Setups sCaOH:portiandiexa: | B x| - | Empa

Step 1 - Selection of reaction-defined DC type and codes of methods of T,P correction

- Select here the class code for the reaction-defined Dependent Component (DC)
This DC class code will be copied to Phase definition (can be changed there too):
nt conden:

Nt

nt of

The codes set below will configure the ReacDC record and define how to compute T,P corrections for the
reaction and the new DC it defines.

| Select here method codes of T,P correction for molar properties of the reaction-defined DC

General method code for temperature corrections:

|K Calculation through the logk of reaction TP dependency _'j log KT =
Method variant code for temperature EoS corrections: 1
li Three-term extrapolation of logK (T) at dCpr (T) = const j AO + AZT + A3 11’1 T

Method code for pressure corrections:

]c Molar volume of new DC calculated from constant dvr of reaction

L+

Codes for species-dependent EoS subroutines
IN No fluid model routine _V}

< Back l Next>> | Cancel l II

)3

Three-term extrapolation of logk (T, at aGor{T} = const (preferable). Enter non-[empty] values into the Cpox [0, 0] cell, and into
either Hox [0, 0] or S0z [0, 0] cells (another must contain [empty]); enter a non-empty value in either LogEr [0, 07,
logEr[0,1] or 20x[0, 0] cells (the other two cells and 20 [0, 11 must contain [empty]). Then re-calculate and save the
record. Use this code combination also for the PRONSPREP calculation.

Molar volume of species I® (in DComp) or gl of reaction (in ReacDC) is assumed to be constant, independent of # and T (may
be used for minerals up to a 1-2 kbar pressures at low-to-moderate temperatures).
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3) GEMS: reactions (ReacDC): new

% GEM-Selektor ReacDC Setup: s:CaOH:portland:exa:

Step 2 - Specific dimensions and settings

~Dimension to change only in special cases (e.g. to find properties of reaction between existing DCs)

mber of DCs in the reaction (usually set automatically after selecting the DCs)

- Dimensions to set only for the logK array for T,P carrections by interpolation (KZZ method codes)

0 5: Number of interpolation points along T (> 2, < 20)

o 5: Number of interpolation points along P (> 1, < 10)

- Units of measurement {cannot be changed in this version of GEMS) -

Units of energy (default: j)

Jfbar =0.1 cm3/mol x| Units of of volume (default: j)
b bar =10~5Pa - | Units of pressure (default: b)

Units of temperature (default: C)

<Back | wext> | concel |

@Empa

Ca?*, OH-, Ca(OH),

o3

3) GEMS: reactions (ReacDC)

R GEM-Selektor ReacDC Setup: s:CaOH:portlandiexa:

Step 3 - Useful hints

Optional -

9et here the number of links to SDref bibliography records (default 0)

~What will happen after you click "Finish" -

(1) A list of available ReacDC records will appear, asking you to mark those selected into the
reaction. Next, a list of available DComp records appears, to mark these taken into reaction. In
total, minimum one DC (DComp or ReacDC) must be selected if the reaction defines a new DC, or
at least two DCs must be selected if only the properties of reaction shall be calculated.

(2) When Page 1 appears, fill out RDname field and enter the formula of new (last) DC into
RDform field. Next, enter the reaction stoichiometry coefficients into the SC_DC column
(convention: positive for products, negative for reactants). Then enter the available dvr; K or logk
or dGr; dHr or dSr; dCpr values. If some properties are unknown (e.q. dHr), enter the 'empty’'
value '-—' there.

(3) Click on 'Calculate’ toolbar button: the missing properties of the reaction and the newly defined
DC (the last one) will appear on Page 1. Save the ReacDC record to database. You may test TP
corrections for properties of the reaction or its new DC by creating a RTParm tabulator on this
ReacDC record later on.

Learn more < Back I Finish Cancel | !I

@Empa

Literature reference

94
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3) GEMS: reactions (ReacDC)

— —
x Please, mark ReacDC/DComp keys to be included

Please, mark one or more record keys. Filter: *:%:*:*:

d a a+2

d a Ca CaCH+ cn

d a wHO H2@ bn_
d a w00 02@ bn

d a W H+ an_
d a w_ H20@ an_
d g HO H2 en_
dg 00 02 en
d s CaCH Portlandite dn
d s CaCH Portlandite exam

Ok I Set Filter Select All

Chose existing compounds;

New compound «Ca(OH),» will
be made by the programme

95
@Empa
3) GEMS: reactions (ReacDC)
-, ReacDC : Calculation finished OK (elapsed time: 0 s).
« DComp :: Thermochemical/EoS data f|
P % Pz 2 02/04/2013, 15:48
Page 1 Page 2 | 03/05/ = o | ‘

|P0rtl
|Portlandite |Ca T
|ca(om)2

SC DC | RESDC Reaction
- 74.0927 |Z 0 / 1d\‘3 ca Cat+2 an_ .
- 1 ( ze x of- - coefficients

i — & Norls T porel =22 New component
God -897013
HOd -984675 e wo-ats - Volume changes
s0d 83.4 logKr -—- C-52 Log K
cp0d 87.5053 Gor - ” -
PITr 1 e i — -
LamsT - s0r Cer30) — - S reaction
e — Ccpor 391.104 J— - Cp reaction

NisoX = == =
[0 [Robie_sen:1995:pap:
|1 |auc20_cEMs:2001:dat:  [prrr_ | 1] 250 74.0927

| BetAlJ ,,,1 *f*“ ab ,,,‘
o 96
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_.3) GEMS: reactions (ReacDC)

5 DComp i Thermochemical/EoS data |

—_— Page 1
Page 1 Page2 | |03/05/

: [Port1
[Port1andite lea (o2
|Ca(OH)2
SC DC RESDC
[wo ] 10,0027 [z o 1a |2 ca cam st
1 2/d |a  wx oH- bn_
o, 3'3Oi 2 -1n |s CaOH Portl ex:
G0d <R
T 984675 vor ~6.0914 3.30596 Volume
e C s logkr | 6.3095734e-006 5.2
cpod Cs7.5053 Gor 29681.819]  -897011.82 Gf
o 1 Hor ~18411.565 —984675.43
—— _ sor ~161.306 Ce3.3993 S
Betalp — Ccpor -391.104 87.50 Cp
[arsnee | ___| ___|
log Kso' AG® AH° s° 2 a a  as v
[kJ/mol] [kJ/mol] [1/K/mol] [J/K/mol] [em®/
CH (portlandite) 5.2 -897 -985 83 187 -0.022 -1600 33
KiQ 1476 24290 an3 a1 A7 0034 113.10° 29
0s).
[ Pager page2 | o301z, 14114 (’&{| Pagez  |0309/12, 1414 oo
[porcianaice [[z]cm) [ | [o[s[a[efe] | [+[--[-[-[--[]
|Ca(OH)2
03/08/12 | [ 3] o] o] o] o] of o] 1]
5C DO RE=DC
P 1la |a Cca Catz = TCint B int ailgEr
1 2ld |a wX OH- bn_ g L L‘ ol 12g.397
2 -iln |=s caCH portland =xa 1 426.85]|1 1| 0
2 ~5128.11
[vor | -6.0914] 3.30596] —. Extrapolation 3 -20.4287
|1m]1(r | 6.3095734e—006\ —5.2| -- method: 3-term : g
[gor | 29681.819] -897011.82| - z o
[mor | -18411.507] —984675.4] - 7 2
[sor | -161.308 23.4| = g °
B o
[epoz | ~391.104] 87.5053] = = o

Calculates automatically temperature
dependent function of the solubility
product, depending on the initial
data input

see C:\GEMS337\Gems3-
app\Resources\doc\pdf\T-
corrections-Reac.pdf

3-term extrapolation ACpT = ACpTo = const

logK, =4y + 4,7 + 4, InT

_ 04343 1

y A,SY —A,Cp, (InT, +1)]

0

4, = 04343

04343

(A Hy, —A,Cp;,Ty)

04343

A it
3 Ph TR 3145

-=391.1=-20.43
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4.) Plot of temperature/pressure dependent thermodynamic data

Meodules Record Record List Database Files Window Help

B g ek +

HEET s

% new # Tebulatic ic data for one DC (species)

1comp [saps Tables | work | setp | [1eposyzous, 14t

h r  [1log®sp = £iIC) of ettringite

Domp = |Piease, change the script and/or remake, if necessary
ﬁLRTPa"" : |1ogK(T) experim. ‘

ilag!( (T) experim. ‘

X

&
B
&

@ Please, select a source record from:
L

[zptege] 2] [zpmer | N
DComp ReacDC | Cancel | 5
1 o2 ] .

tExpr | XTIITP] =: twIC;
%xP[3TP] =: twp;
VF[3TP1[0] =: tlogX:

©

&
Q

Phase *
)

B

Compos

Mlallzllall=l<]

Helps to determine S or H for

Temperature extrapolations
E
[

E
Temperature/pressure dependent thermodynamic data . s

Lo yorssg e LD

x ReacDC: Select one key of a source ReacDC record M

Please, select one record key. Filter: *
5 CaOH Portl exa

ﬁ—‘ RTParm: Please, set a new record key ‘ m

|5:CaOH:PurtI:exa: r:001:

s Phase state of source Dependent Component (DComp or ReacDC)
CaOH Group to which source Dependent Component belongs
Portl Name of source Dependent Component

exa Code of source thermodynamic data set

r Source of input datafor DC{rd }
number 001] Variant number of this RTParm calculation task <integer>
‘ Ok Reset I From List Help Cancel

Ok | Set Filter Help | Cancel |

100
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« Jemperature/pressure dependent thermody

Step 1 - Thermody ic data (RTParm)

This is a tool for tabulating and plotting thermodynamic data against temperature T and/
or pressure P. The input is taken from a DComp or ReacDC record specified in this RTParm
record key.

Upon calculation, results will be tabulated on the 'Tables' page, as specified in 'tExpr'
math script. Results can be plotted, exported into text files, or copy-pasted to other
programs.

Simple 'tExpr' scripts can be created using a selection dialog on the next page of this
wizard. Example scripts are also provided under 'Help' 'View Scripts...' menu command in
the RTParm window.

> Ttheil P inGamsits % ;egdeit r_‘r’\ode for iterating xP and xT arguments. Default

Temperature T Pressure P

Units C Celsius e Units m
Minimal ]—000:] Minimal ’—ﬂm
Maximal [~ 350,003 | Maximal [ 1003
Step ’W Step ’—000:!
Number of points rl_S—:i Number of points ,1—5

© Plot as abscissa XT

Initial
Final
step

€ Plot:asialgye e
L GEM-Selektor RTparm Setup: s:CaOH:Portl:exa:r:001:

namic data

@Empa

Property

Scalars

Item Selection

< Bz Step 2 - Selection of items to sample (to retain the old script, just click "Next >')

Sampling Script
YF[FTP][0] =: tlogK;

Tem erature{gressure dependent thermodynamic data

\h» GEM-SelektOr RTparm Setup: s:CACH:Ca(OH)2:cemir:01:

Step 1 - Tt ynamic data (RTParm) c

This is a tool for tabulating and plotting thermodynamic data against temperature T and/or
pressure P. The input is taken from a DComp or ReacDC record specified in this RTParm
record key.

Upon calculation, results will be tabulated on the 'Tables' page, as specified in 'tExpr' math
script. Results can be plotted, exported into text files, or copy-pasted to other programs.

Simple "tExpr' scripts can be created using a selection dialog on the next page of this
wizard. Example scripts are also provided under 'Help' 'View Scripts..." menu command in
the RTParm window.

Select mode for iterating xP and xT arguments. Default
mode: 2.

Temperature T Pressure P

Units C Celsius ] || Units b bar |
Minimal 000 | | Pkadt value 1.00=]
Maximal 350.00 Eﬁ %ggrpalva lue 1.00 Eﬁ

C Plot as abscissa xP

Step 25.00 ]
15 =

@ Plot as abscissa xT

Number of points

Number of points

-alculation finished OK (elapsed time: 0.687 s).

@Empa

calc. values

< Back R o Scripts ‘ Tables TPwork ‘ Setup ‘ 03/05/2017, 14:50
T a
tXName|C Celsius ]tlogK =
xT %P [vE
0 0 1| —-4.9854588
1 25 1| =52
2 50 1| -5.5140215
3 75 1| -5.8965457
4 100 1| -6.3261795
c 2oc 2 2020000
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bs Window Help =- )
. i + E @ @ 7< H 1 ( I/_\/' a H@ Hs:CaOH:Portl:exa:r:E)Dl:
GEM-Selektor v.3 Graphics Dialog
. . - Legend| x# |Label L
1 P) corrections: log K function o : C
@0 tlogK ‘

_4 1 -
-5 < -
6 i 2 Comparison between [
4 \‘\ extrapolated log K; function |
s “F ] & and experimental values: i
2 -8 BN ,
=] _9 T \ i
1 \'\\ Good tool for visual data |

-10 | Graphical output \\ fitting, e.g. estimation of AH,"

-11 N based on experimental data
i GEMS ) B
_12 T T T T T T T T T T T T (EI T 1 -
Click legend symbols to adjust curves;
0 50 100150 200 250 300 350 select abscissae under x#; edit labels, -
C Celsius drag-drop them to plot area I
Fragment | Customize | Print Save Image Help i
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5.) Thermodynamic Phases — creation of entries
8, Phase: Ploase, seta new record key ‘ S
[:Ca0H:Portlandite: c:exa:
@) | e Phase state (s ... solid; a ... aqueous; g ... gaseous)

Group identifier for such phases (letters, igis) | Group id (e.g. elements of chem composition
Name of this phase definition (letters, digits) || name

Phase class { c d | gm ss ssd Is aq xsa xc } R R
c: condensed solid (single compound); ss:

exa Comment to phase definition
solid solution; aq: Aqueous
Ok I Reset | From List | Help. | Cancel |
JComment (e.g. cem: cement; exa: example)
—

Leave default values if including a single phase or an ideal solid solution
Optional: Choice of mixing model if a non ideal solid solution is included

. @ GEM-Selektor Phase Setup: s:Ca(:—I:i’Dvﬁarﬁegxa: Lol l. ; = 9 v ————— @
| for Single phase or

ideal solid solution: Step 1 - Defining the Phase and the Model of Mixing

Selection of the codes below will configure the Phase record and tell the program what kind of phase and which model of
ideal) mixing should be used, and how it should be calculated.

~Select a phase aggregate state code:

|s Condensed solid phase, also multi-component solid solution

Select a model of mixing for this phase:
Select a mode of calculation of activity coefficients of end members:

|I Activity coefficients will be set to 1 (pure phase, simple ideal mixing), default
Select a mode of execution of DcEq user-defined script for end-members:
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1 ||Ideal mixture (also multi-site) or pure phase,
default

M ||Binary subregular Margules solid-solution
model

G ||Binary Redlich-Kister solid-solution model

T ||Ternary regular Margules solid-sclution model

R | |Regular multicomponent solid- or liquid solution
model

¥V ||Van Laar multicomponent solid- or liquid
solution maodel

K ||Redlichister multicomponent solid- or liquid
solution model

B ||Microscopic a(symmetric) multicomponent
golid-solution model (reserved)

L ||MNRTL multicomponent liquid solution model

W | |wilzon multicomponent liquid solution (or ion
exchange) model

@Empa

5.) Thermodynamic Phases — creation of entries

Optional parameters only for
experienced users,
otherwise leave default
value “I”’ !
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5.) Thermodynamic Phases

- Phase Setup: s:C: — - ——

@Empa
— creation of entries R

Step 2 - Phase Model-Specific Settings

~Optional dimensions to szt when built-in functions or scripts for the mixing model shall be used.
Attention! ForTSolMod built-in mixing models that use dc_cf and/or ipxT, pc_cf data objects, the appropriate
dimensions will usually be allocated automatically. Otherwise, the array will be allocated only if ll its
dimensions are not zeros.
0 =] dc_cf array: number of columns (coefficients per phase end member).
0 =] ipxT and ph_cf arrays: number of rows (interaction parameters) for the non-ideal mixing model.

3 if binary and ternary parameters will be used).

[ =] ph_cf array of interaction parameter coeficints: number of columns (max. number of coefficets
= per parameter).

Set items In this box only if this is a sorption phase

[5 =] [pAT aray for indexation ofineraction parameters: set here the maximum order of a parameter (e.g.

Optional parameters only for experienced
users, otherwise leave default values

Il

| = ‘

&' GEM-Selekior Phase Setup: s:CaOH:Portiandite:cexa: S — €<
I Check if surface complexation will be considered in this (sorption) phase = E
Step 3 - Final Settings and Hints
f 0 =] Setthe number of surface types (minimum 1, maximum 6) to allocate surface complexes optonal -
~ Optional
0 Enter here the specific surface area A of the sorbent (in m2 per gram), A>0
[l =] Set here the number of links to SDref bibliography records (defauit 0)

I Bxtract parameters from DComp/ReacDC racords and rafresh DC class codes upon 'Calculate™?

What il happen after you dlick *Finish”

(1) Alist of available ReacDC (") and DComp ('d") recards will appear; mark those to be the phase
components (end-members). At least ane species for a pure phase, or two for a solution phase must be
marked.

(2) In Phase windovy, fill out Phiame and Phiote comments, Depending on setup, enter numbers in DisPar, text
in Dekq and/or PhEq, parameter coefficients in ipxT, ph_cf, dc_cf arrays on Phase window pages.

(3) Click on 'Calculate’ toolbar button, then look at the PhDCC column; correct DC codes, if needed ('T" for H;
"W for H20-solvent; 'M','%,or ' for solid-solution end members). Save Phiase record to project database.
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5.) Thermodynamic Phases — creation of entries

Mark dependent component to be included in the project database

a) either from ReacDC b) or from DComp

O Please, mark ReacDC/DComp keys to be included into the Phase: | |

P\éase, mark one or more record keys. Filter: s:*:*:*:

ds CaOH Portlandite
d's  CaOH Portlandite exam =

See “help” for additional
)| information or hints
(Partially still under
construction)

hase :: Remake hed OK. Tt is recommended to re-calculate the data.

Set Filtc Page 1 Page 2 Page 3 Page 4 Page 5 Page 6 | 03/05/2017, 14:59‘

Portlandite Ca(OH)2 cryst.

nagra-psi

|o ‘r ‘s CaOH  Portl
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-

- X - See “Help:Help” for
Modules Record Record List Database Files Wind i, . .
odules Recor ecord List Database Files Win ow_ additional information or

é% [Phase = k E. E 4 hints (Partially still under
ot e G e ey cOMStruction)

-]
File Find Go View Help

R S <>l
et Lt |5 | GEM-Selektor version 3 g

GEM-Selektor Version 3 Co... || =%
How to Setup a Chemical S...
:- Computation of Equilibria ...
Thermodynamic Database ...
Independent Compon...
Dependent Componen...

- Reaction-Defined Com...

Phase Definitions (Phase) Module

Contents

Predefined Compositi
Phase D ns (Phase) 1. Introduction to Phase module
T-P Tabulations (RTParm) 1.1. Phase Definition data format

Scripts and Data Refere...
GEMS Graphical User Interf...
GEMSS3 Users Reference

1.2. Built-in models of (non)ideal mixing

1.3. Scripted customary models of non-ideal mixing

& Methods Used in GEM-Sele... 1.4. Phase module calculations
& GEMS3K Numerical Kernel ... 1.5. TSolMod rules for interaction parameters
1.6. ility and kinetics (TKinMet it

2. Phase Create/Remake Wizard
2.1. Phase Wizard Step 1 - Defining the phase and the mode of mixing

2.2. Phase Wizard Step 2 - Phase model-of-mixing specific di

2.3. Phase Wizard Step 3 - Sorption models and settings
2.4. Phase Wizard Step 4 - Metastability and kinetics model seftings

2.5. Phase Wizard step 5 - Phase links, other settings and comments

3. Phase Module Window i
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@Empa
5.) Thermodynamic Phases — creation of entries
b) Solid solution

5@]%55‘9 i @ X Y /&

comp 1J 2 I 3 ‘ 4 I 5 ‘ N Page 2 I Page 3 ‘ Page 4
s | AloH ?AI(OH)Bar.n ¢ _jcem CSK-quartenary model
12 |s |AIOH | Al{OH)3mic c |cem
{Sanh 13 [s |[C12A7 | Mayenite c |cem cement database
14 [s €25 |Belite ¢ |cem
|5 [s C3A | Aluminate lc |cem ‘Kul'k:ZOli:pap: a1l
16 [s @3S |Alite c |cem
|7 |s C4AF |Ferrite c |cem
2 |s ca |CA ¢ |cem 0 Zk/ ¥ |8 CaSiCH CSH-JenD
[ud]s |CA2 |CA2 ¢ _|eem 1 |T |r |s CcaSiOoH CSH-JenH
10{s |CAFSH |C3(AF)50.84H ss |cem
m's CSH ;.CSHQ e |eam 2 I r |s CaSiCH CSH-TobD
|12 |s CaAlFeSO ?ettriﬁéite—Al ss |cem 3 I r |s CaSiCH CSH-TobH
|13|s CaAlFeSO |ettringite-Fe 55 |cem | . x
| 14|s |CaAlFeSO  |monosulphate-Al ss |cem 4R s Ko100 B0
|15|s |CaAlFeSO  |monosulphate-Fe ss |cem 5 |1 |s NaSiOH NaSiCH
acl~ [raaiag leaamimouUIn lm -

CSHQ (Kulik): Ca/Si 0.67 — 2.2 (portlandite limits Ca/Si to < 1.6)
Plus (KOH), sSiO,H,0) and (NaOH), ;SiO,H,0) to estimate alkali uptake
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Other thermodynamic models for C-S-H

[Ca]

30

Si0, portlandite

Ca (mM)
Si (mM)

Si0, B4 Jo =
5 &> portlandi

0.0 05 10 15 20 00 05 10 15 20

Cal/Si ratio of solid phase CalSi ratio of solid phase
3 different CSH Solid solution: CSHT Surface reaction model
Co.sSHy 5 infinite CoeSHyg Pentamer  CoSHy 6
C,,SH,, pentamer CSH,, d_”"e’ CSH,
Cy6SH, dimer C,5SH,5 dimer C5SHz5
Blanc et al. (2010) CCR 40, 851-866 Kulik (2011) CCR 41, 477-495 Haas Nonat (2015) CCR 68, 124-138
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pH

Thermodynamic models for C-S-H

Mean Chain Length

12

pH

1

10 }@

portlandite

50 T
45
40
35
30
25
20
15
10

Mean silica chain length

5 Si0,

[€&—>°

portlandite

«—>

0.0 05 10

Blanc et al. (2010) CCR 40, 851-866

15

Ca/Si ratio of solid phase

Solid solution
infinite
pentamer
dimer
Kulik (2011) CCR 41, 477-495

0.0 0.5
CalSi

20

Co67SH1g
CSH,,
C15SH;5

10 15 20
ratio of solid phase

Surface reaction model
Pentamer C,gSH,¢
dimer CSH,
dimer

C5SHz5

Haas Nonat (2015) CCR 68, 124-138
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“Record: save as”

Selection of CSH model

1) When defining the project OR

2) Add later in database Phase : Record List : Database
=> select any of the available CSH models
=> store them in your database using

@Empa

L L
AoH 95 Selection of files — -~ - — P— PR g—

|2 1s |AlOH AllOH Please, mark/select one or more items:
°mP 13 [s [AlOH Gibbs

2| AISIOH Kaolin| ph3rceaacsh+ht C:/GEMS3356/Gems3-app/Resources/DB.default/phase.3rdparty.cemdata.aam.csh+ht.ve

|25 AL 9O | [oh3rcepccscsh2o C:/GEMS3356/Gems3-app/Resources/DB.default/phase. Srdparty. cemdata.pc.csh.csh2o
e 18 1€ Graphli| oSy cepocscshat C:/GEMS3356/Gems 3-app/Resources/DB. default/phase . Jrdparty. comdata. pc.csh. cshat

|6 |s [C12A7 Ma.yeﬂ‘ Pharcepccscshkn C:/GEMS3356/Gems 3-app/Resources/DB.default/phase . 3Tdparty.cendata. pc.csh.cshkn
% |7 |s €25 Belite| | Iph3rcepcescshg C:/GEMS3356/Gems3-app/Resources/DB.default/phase.3rdparty.cendata.pc.csh.cshq. v
arm L81s [C3A Alumity| |ph3rcepcht C:/GEMS3356/Gems3-app/Resources/DB.default/phase.3rdparty.cendata.pc.ht.verls.0l.pd}
" [a s |c3s Alite | | [ph3rcepc C:/GEMS3356/Gems3-app/Resources/DB.default/phase.3rdparty.cemdata.pc.verl8.01.pdb
ho [10[s |CaAF Ferite | [ph3rcess—fe3 C:/GEMS3356/Gems3-app/Resources/DB.default/phase.3rdparty.cendata.ss-fe3.verls.01
ee |11]s cA cA || |ph3rcess c:/GEMS3356/Gems3-app/Resources/DB.default/phase.3rdparty.cendata.ss.verl8.01.pdb
= [o]s Az CA> || [phpsrephases C:/GEMS3356/Gems3-app/Resources/DB.default/phase.psi-nagra.rec.phases.ver12-07.v0
n BE: Tearse C3(aH| [Phpssuphases C:/GEMS3356/Gems3-app/Resources/DB.default/phase.psi-nagra. sup.phases .ver12-07.v0
pos |14s CSH CSHQ

[15]s |CaAlFesO ettring) Ok Select All Clear All Help

16|s |CaAlFeSO |ettrin = =
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Selection of CSH models QEmpa

jvioauies ecora recora LISt vatapase riies WINGow Heip

3‘@ [Phase ‘/\/ aH@‘s:CSH:CSH3T:Ss::em:
3 4 5 B |
TS LIASS: T Page 1 Page 2 | Page 3 | Page 4 | Page 5 | Page 6 |\24/
C3(AF)S0.84H ss cem_ =
Dolomite-dis ¢ |nagra-psi_ |CSH3T (downscaled) solid solution model
Dolomite-ord ¢ |nagra-psi_
[ ¢ lcem. |cement database
Portlandite ¢ |nagra-psi_
Anhydrite ¢ nagra-psi_ [kalik:2011:pap: a1l
Gypsum c i
0o [1 [a [s casion csm3T-T2C
s CSHQ ss_|cem_ 1 |T |d |s CaSiOH CSH3T-T5C
s Iron ¢ |nagra-psi_ -
i\ 65 |FeCO Fe-carbonate d_|nagra-psi_ W |4 3 CaSiON CRRST-1ool
7]s FeCO Siderite ¢ |nagra-psi_
Compos ['eqls [Fe0 Hematite ¢ |nagra-psi_
s FeO Magnetite ¢ |nagra-psi_
70]s FeOH Ferrihydrite-am d_|nagra-psi_
71 s |FeOH Fermihydrite-mc ¢ lcem_ <
72]s FeOH Goethite ¢ |nagra-psi_

CSH T (Kulik 2011): Ca/Si = 0.67 to 1.5
further information
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@Empa

5.) Thermodynamic Phases — Treatment of solid solutions

a) Ideal solid solutions, e.g. C-S-H
D —— ]

Step 1 - Defining the Phase and the Model of Mixing

Selection of the codes below will configure the Phase record and tell the program what kind of phase and which model of (non-
ideal) mixing should be used, and how it should be calculated.

-Select a phase aggregate state code:

s Condensed solid phase, also multi-component solid solution i

Select a model of mixing for this phase:

|I Ideal mixture or pure phase (default)

Select a mode of calculation of activity coefficients of end members:

|I Activity coefficients will be set to 1 (pure phase, simple ideal mixing), default
Select a mode of execution of DcEq user-defined script for end-members:

|N No DcEq script will be provided in this Phase definition (default)

Select a mode of execution of PhEq user-defined script for the whole phase:

|N No PhEq script will be provided in this Phase definition (default)

Select a mode of a linking user-defined DcEq script to phase end members:

|N No DcEgq script will be provided (pure phase, built-in or ideal model), default
Select specific mixing rules (temperature corrections) for EoS and activity models:
|N Default mixing rule or form of interaction parameter coefficients

[EH

(A

L

(541

[

(A

To set up a (new) sorption, metastable layer- or a kinetically-controlled phase, please proceed to next wizard pages.
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@Empa

GEMS - Database management

5.) Thermodynamic Phases — Treatment of solid solutions
a) Ideal solid solutions, e.g. C-S-H

97 Please, mark ReacDC/DComp keys to be included into the Pha

Please, mark one or more record keys. Filter: s:*:%:%: Page 1 Page 2 Page 3 Page 4 Page 5 Page 6
T 5 CaSiOH  CSH-JenD ce
r's CaSiOH CSH-JenH ce_ CSH-ternary tobermorite model
r s CaSiOH CSH-TobD ce_ vy
r s CaSiOH CSH-TobH ce el e
ds CSsH T2C-CNASHss ca_
ds CsH T5C-CNASHss cA_ ‘Kulik:zon;pap, all
ds CsH TobH-CNASHSS ca_
ds cao Lim ce_ -
ds CaOH Portlandite dn_ 0 |T |d 's CaSiOH T2C
d s CaSOH Jennite ce_ 1 d |s casioH TsC
d's CaSOH Tob-I ce_ -
ds CaSOH Tob-II ce_ I d |s CaSiOH Tobd
ds CaSio 28 ce_
d s Casio _ C3S ce
ds
ds
d s
ds 5i0 BAmor-s1 ce_
ds sio otz dn_
4
ok SetFilter | Selectall | ¢
Includes the data of the end members Ideal solid solution phase
of the solid solution series
115

CSH «Tob-Jennite»: used in Cemdata07 ®Empa

CSHII: Ca/Si 0.83 to 1.67

i) CSH-I solid solution system with the end-members Si0,
(am) and tobermorite (Tob-1: (Ca0)>(S105)5 4:(H50)35)
and

1) CSH-II solid solution system with the end-members
jennite (Ca0)y 7(S10,5),-(H20),; and tobermorite (Tob-
[I: (Ca0)g.g3(5102),(H20); 3).

25
CSH-I CSH-II CH
204
%0
i
@
T 151 ‘n
o ]
s pH
4 ®
£ 104 =
9’:[Ca]
5 [si] ol
sadee_ o
p 8200 _ ¥
0 . T >
0.0 05 1.0 1.5 20
C/S in solid

Details in (Kulik and Kersten 2001, Lothenbach et al. 2008)
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CSH «Tob-Jennite»: used in Cemdata07 @Empa

e - S s

dules Record_Record list |Database Files Window Help

2 |s |CSH CSHQ ss_|cem
4 |s |CSH CSHT ss_|cem

cement database

y@\whass -l +B@® K ¥ /@H_.E‘ @ [5:CSHTTob_jen_ss:ss-cem_:
= i ] PTiase DN INION OF ther i oayna e ;
L4 QW_
1‘ 2 ! 3 ! 4 ‘ 5 Page 1 Page 2 ] Page 3 | Page 4 ‘ Page 5 ] Page 6 03/05/2017,
1 [s |C2S Belite c |cem
2 |s |C3S Alite c |cem Tob-jen ideal ss

5 |s CSH—] Tob_Si02_ss ss |cem.

‘Lothenbachiea ipap:2007:

7 |s |CaO lime c |cem_
R | i -psi
s C.aOH Portlandite ¢ nagra-psi_ o |t la s 2508 Jonnite

9 |s |SiO Quartz ¢ |psi-nagra_ —t

10[s |SiO Silica-amorph ¢ |nagra-psi_ 1 I d s CaSOH Tob-II
2 |IT |r |s KOHSi K_sorption ..
3 E k4 s NaOHSi Na_sorption ..

e T B

1‘ 2 ‘ 3 ‘ 4 ‘ 5 Page 1 Page 2 Page 3 Page 4 Page 5

s |c2s Belite ¢ lcem_

s |C3S Alite c |cem_ Tob-5i02 ideal ss

s |CSH CSHQ ss |cem_

s |CSH CSHT ss |cem_ genent databage

| Tob Si02 ss |

s |CSH-I  |Tob jen ss ss |cem_ ‘Lothenbachiea:pap:2007: all

s |CaO lime ¢ lcem_

s |CaOH Portlandite c :na.grafpsL FBlz |4 | CaoE Tobt

s S0 Quartz ¢ |psi-nagra_

ols 50 |Silica-amorph ¢ |nagra-psi_ 1 |t Ja |s sio Amor-S1

Details in (Kulik and Kersten 2001, Lothenbach ea 2008)
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@Empa
Al-uptake in CSH o
0.3 12
=L S .
e s 1 Sorption (Haas & Nonat) and
+ . P — | L . . B
z ¥ L-—— AT w s solid solution (Kulik ea, Myers ea)
M :
=002 il meafsizos7 | ° g Models:
= { ACa/SF .8 "
orgA: Lo * relate to structure:
i : => strétlingite a/si=1 | . . .
g i i 2 dimer, pentamer, infinite

. XPardal_ La
0 05 1 15 2 25 3 35 + calculate MCL

Al dissolved (mM)

Sio, portlandite

» Al and alkali binding
* New models under construction
* Need for more systematic

experimental data for different
Al sorption sites

0.0 05 10 15 20
CalSi ratio of solid phase 118

59



Based on CSHT (Kulik 2011)

atabase Files Window Help

CNASH (Myers ea 2014): Ca/Si = 0.67 to 1.5 ®Empa

i vy Gt iy i A

N i ol @ %

ME

|[5:CNASH:CNASH_ss:55:RIM_:

’
rEAo Phase :: Definition of thermodynamic phase HE
omp 1 2 3 4 5 ————
L|5 c2S Belite c  cem_ Page 1 Page 2 | Page 3 | Page 4 | Page 5 | Page & | ‘03/05/2017, 16:06)
ols |35 |Alite c lcem_ N
OMP I3 |CNASH | CNASH_ss ss RIM_ |CNASH755 =)
4ls CSHiwC_WS’HQ 58, |cem.. |SCAfINFCA75CNA71NFCNA7INFCN7T2ch5c7TobH ss
Loc |8ls CaO  |lime c cem_ -
A|s |[CaOH |Portlandite ¢ |nagra-psi_
[.é\i 7|s [si0 c |psi-nagra_ |Myer512014=pap= all
o &|s |SiO c lpagra—psL
bo 0 [ |r |s casH sca
e 1 [1 |r |s casH INFCA
ase
a 2 |T |r |s CNASH G5CNA
3 [T |r |s cNASH INFCNA
pos =
4 [I |r |s CNSH INFCN
5 [1 |4 |s csH T2C-CNASHSS ...
6 |1 [d [s csn T5C-CNASHsS ... v
4 o[

Details in Myers ea 2104

Activate by: Phase : Record List : Restore : select “CNASH_ss Phase.txt”

C-S-H

Different models available

The user has to decide for 1 model
Do not use several at the same time

For PC
— CSHQ (incl. MCL)
— Or Tob-JEN

For alkali activated
— CSHT (incl. MCL)
— Or CNASH

- —
A o0
SH C5H CH
25 B r
Density
20
% Y0
2 4 HiS L
CSHT
1.0 V /100 t
o
0.5
0.0 05 1.0 15 20
C/S in solid
B 20 . . .
23 Density
= 20
s CSHQ
c H/S
g
= 19 Yeoi
1.0
v, /100
0.5
0.0 05 1.0 15 20
C/S in solid

Fig. 8. Variations of density (in g an ), volume V,, (in cm® mol ), interlayer H,0 mole
fraction yizon, and H,0/Si0; mole ratio H/S of the C-S-H phase, as predicted by the

downscaled CSH3T:
model Table 6 (B).

simple ideal model Table 5 (A) and by the downscaled CSHQ simple ideal
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