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Thermodynamic modelling EMPAQ

log y

1. Why?

2. Introduction to thermodynamic modelling
a. chemical equilibrium
b. modelling software
c. databases

3. What is GEMS?
4. Installation of GEMS

5. First tutorials
*  Calculation of single systems:
—  Equilibrium C;A, gypsum, portlandite
»  Parameter variations (process)
— calcite, temperature, ...

GEMS-Workshop May 2014, Diibendorf 2




1 Why thermodynamic modelling?

* Interpretation of experimental results
* Interpolation

« Easy parameter variations: calcite,
composition, ...

 Understanding
— Composition <& hydrate assemblage
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Why? => description of hydration
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Influence of limestone on PC => Understanding

=> Quantitative predictions
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2 Thermodynamic modelling

EMPAQ

Materials Science & Technolog y

Example chemical equilibria: Gypsum in a bowl of water

Gypsum:
CaS0,-2H,0

Ca?* SO~

Gypsum CaSO,-2H,0

GEMS-Workshop May 2014, Dibendorf

Reaction:
CaS0O,-2H,0 < Ca?* + SO,% +2H,0

Solubility product
Kgo = {Ca?*}-{S0O,?}-{H,0}?*/{CaS0O,-2H,0}
Kso = {Ca?}-{S0,2} = 10458

{} : activity; []: concentration

{Ca2*} = [Ca?] Vean+ y Activity coefficient

_AZZ1

e = Bat




EMPAQ
2 Thermodynamic modelling

Example chemical equilibria: Gypsum in a glass of water

Caso.0 Solubility product
4
Ca2+ SO~ Kso = {Ca*}-{SO,*} = 108
CaOH* _ .
Complex formation: Equilibrium constants
OH- e K = {CaOH*}/{Ca?*}-{OH} =10%?%?
K ={CaS0,}{Ca?*}-{SO,*} = 1023
H,O K = {H*}-{OH?} = 10-14.00
EMPAQS

2 Thermodynamic modelling ™

Chemical equilibria:
1 Concentration of Ca, SO,?

- - 2 What happens if we add KOH? r)
Solubility products
0
CESOT i = (Cat{S0,2) = 10458
Ca2+ SO,* Kgo = {Ca?}-{OH}? = 10520
CaOH* o
Equilibrium constants
OH- e K = {CaOH*}/{Ca?*}-{OH} =101?%?
K = {CaS0O,}/{Ca?*}-{SO,*>} = 1023
H,0 K = {H*}-{OH} = 10-14.00
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EMPAQ
Solubility of gypsum

0
""" ; Ko = {Ca?"}-{80,2} = 1048
' {Ca?*} = {SO,2} = 1045872
: {Ca?*} = y*[Ca?*] = 0.42x[Ca?*];
s [Ca?*] =10229/0.42=0.012
{CaS0,% = {Ca?*} {SO,2} * 1023 Dissolved complexes
g-z_u-é- --------------- Catot = [C&2+] + 1023 * YCaZIYCaSO * [Ca2+]2
E ; =[Ca%] + 33.7 * [Ca2*]
: =0.012 +33.7 *0.0122
b =0.017 mol/l
; Cay, = SO, o = 17 mmol/l
: => Calculation easier with geochemical softwares
W B —
10 i 1z 13 AL
: : pH : (c) BEMS
GEMS-Workshop May 2014, Dibendorf
EMPAQS
SOI u bi I ity Of gyps u m Materials Science & Technolog y
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Materials Science & Technolog y

EMPAQS
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Materials Science & Technolog y

Codes

Complex systems

Geochemical codes needed for calculation:

m Geochemical database
m User interface: problem formulation

m Problem solving
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EMPAQ
Geochemical Codes

Freeware

m GEMS 3.2 http://gems.web.psi.ch/
solid solutions, kinetics, fitting,
transport modelling upon request
(Used in the workshop)

»
5
Y
m PHREEQC http://www.hydrochemistry.eu/ 9
transport modelling fu?
S
g
(o)

Commercial products
= MINEQL+ http://www.minegl.com/

O

m MINTEQAZ2 http://www.allisongeoscience.com/
m CHESS
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Thermodynamic databases

/T~

general-TDB Cement data
AFm AFt hydrogarnet C-S-H

* Aqueous phase
(Ca?*, Ca(OH)*, ...)

g K Aic,lzt. CaAHs Cag751H 5
» Gaseous phase t sk &olunon
« Minerals hemicarb.
(calcite, gypsum, stratlingite Fe A<§|td C.SoeHs e
portlandite, ...) tlon solid

Al-AFm Al A solution

t solid
solation
Fe-AFm
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EMPAQ
Thermodynamic modelling

1. Geochemical programme
2. Thermodynamic data

3. Problem formulation:

Define quantities of

« water,

 solids: gypsum, calcite, C;A, C;S,...

e liquids: H,SO,, ...

e gas: CO,, N,, ...

.. at the user interface of the respective programme
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EMPAQ

Materials Science & Technolog y

Input

=
| { i i : it:G: :0:0:1:25:0 m
| m Input Recipe of Single Thermodynamic System: portlandit:G:C02:0:0:1:25:0
4| tname | )
-
Property — Selection Recipe In
Compos (xa MName uanti Units
DComp (xd_) Agqua Q ty
IComp (bi_) CH4 ¥a_ Agqua 1000 g
Phase (xp_) coz2 2 |xa_ co2 1 g
Kin.lower (dll_) Ca(OH)2 2 Cal0H)2 10
Kin.upper (dul_ CaCo3 e 3(OH) J /
G0 shift (gEx_) Ca0 ¥a_ Gypsum g8 q 4
Other Inputs Cas04 =1k |02 |.l |g |
Gypsum .
H2 \ /
Hz2s
H2504
02
503
Input quantities of Compos(itions) contributing to B_
vector
Learn more Print OK Cancel

EMPAQS

Materials Science & Technolog y

Results 1

Solids: amount in g, mol, cm3,...

1 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [EqDemo = portlandit:G:C02:0:0:1:25:0:] ‘ L —— G=HEY

ord Data Calculate View Print Window Help

= =l e H @an « ‘ ¥ ‘;a / Y/ Hﬂ = 0 “portlandit:G:COZ:O:O:1:25:0:

; FEIE I 7 |3 EqIC | I EqFh EqDC | Egsurf | EgGen | |29I08!2012, 12:44
121001 |25 |0

PHnam Xa Fa phVal phM
0 |a ag gen 55.631449| 4.0422382-010 1003.4458 1004.0863
1 |g  ogas_gen 0.00 - 44_853204| 0.057826351
2 = Graphdi ] -82.225655 4]
3 éﬁm’g{ 0 -0.14383216 0 —

= Calcite 0.022715807| 9.9544516e2-010 0.8389856 2.273557
5 |s  lime 0 -9.7759048 0 0
& |= Portiandite 0.092888665| 4.112154e-008 3.0708992 6.8823719
7 |2 Anhydrite 0 -0.22276489 0 0
g Gypsum 0.033682935| 2.9568298e-008 2.5157783 5.7922987
9 M ] -0.98902801 0 0
10 |= Sulphur —-11& 4]

[ pmxs 14.955228 |




Results 2

Aqueous concentrations (mg/l, mM, ...)

m Medelling by Gibbs Energy Minimization - [EqDemo = portlandit:G:C02:0:0:1:25:0:]

-

Window Help

B tp@an ¥

VOEVE

=

0 ||porﬂandit:G:C02:0:0:1:25:0:

I EqIC EgPh | EqDC | Eqsurf | EgGen | |29I08f2012, 12:44 A |
/
ICnam | Cb u {g‘m T mt IAam
0 c 0.022722315 Q -189.331¢ -5.186958% 6.5019116e-006|C \
1 Ca 0.1814309| 1.863308%e-017 -266.1702 -1.4932845 0.032115559 |Ca I
2 H 111.47254| 1.3788486e-014 -47.83934 -1.4125525 0.038676534 |H I
= o] 56.108789| -5.2917973e-015| -4.1667698e-01 -1.0342882 0.092408466 |0 '
4 5 0.046464839 4] -267.67769 -1.8937821 0.012770785|5 l
& Zz 0| £.07891121e-019 19.220318\ 4] 2.6947074e-018 ZI
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3 GEMS

What is GEMS?

GEMS TM™:

Gibbs Energy Minimization Software
for Thermodynamic Modelling

20




Geochemical Modelling: Collaborative Project GEMS (http://igems.web.psi.ch)

GEMS TM™:

Gibbs Energy
Minimization

Modular
Package

(Win, Mac, Linux;

Phase Model Code Libraries

Thermod. Data Bases / Applications in:

TSolMod: Mixing

PSI-Nagra / (Rad)waste geochemistry

Software for

Thermodynamic
Modelling

Graphical
User
Interface
(GUI)

Help and
Reference
Data Base,

1/0 Tools

> 3000 downloads)

TKinMet: Kinetics

Hummel et al. (2002); Thoenen (2013)

Chemical
System
Definition
Tools

TDB &
Project
Data Bases
& Tools

GEM IPM
Minimizer
Kernel
Code
(GEMS3K)

Process
and
Reactive
Transport
Simulations

Kulik et al. (2004, 2013); Wagner et al. (2012); Berner et al. (2013)
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Cemdata / Cement chemistry (EMPA)

Lothenbach ea. (2006/08), Matschei ea (2008)

__________________________________________
_________________________________________

Shock et al. (1997)

Perspectives, Innovation, & Needs

GEMSEITS. GEMSPHAD

GEM Input : Phase

Parameter Diagrams
Fitting Generator

GEM-Selektor v.3 is the main part of GEMS. It can:

GEM-Selektor Code Package

* perform forward or inverse modeling tasks;
* plot or export the results;
* create GEMS3K input files per mouse-click.

The usage is organized in modeling projects, each
keeping the input and results for a given research
application. Any project can be shared with others.

GEM-Selektor GUI is integrated with:
* the GEMS3K solver;

* codes for calculating thermo-dynamic data at 7,P

of interest; built-in script interpreter;

* Database management system;
» graphic presentation dialogs;
* context-driven help browser;

* extensive help database.

Installers for PC (Windows XP, 7, 8; Linux; Mac OS X)

GEMS-Workshop May 2014, Diibendorf

»®  Default TDBs 1
»®  Modular .
» = |nteractive n
"= User-friendly n
« = HQplots N
«®  User scripts it
»®  Runtime help ..
«®  CodedinC++ g

»®  Built on Qt5 ;

(www.qt -project.org)




Equilibria Calculation Mode

To set and compute single equilibrium states, sequential processes,
diagrams, or reactive transport simulations.

Medeling nestgy Minismization - [EqStak: Single Thermordynamic System in Propect ALSOMSA | == o =
T- Modules Becard Data Caleulste View Print Windew Help =8l %}
I B sowespien Tt ¥ OB WV e | @ |[nsomsicmtmesiz:
'I. 3 |a|s]e| 78
Sefa [T Ghbare 001 3@ [0 Phase/apeoies |1. |T\.‘pr|l\muur_ [mal) |19§51f’nnr.!vlr.y Comcentration  |Activicy coeff.
ﬂ 5 Sobue u'n LR 'n ! .1'.5:?'_:!‘ ci- :-:j-’:gqgiz F3 TO77T01e-021 0.091865019
- 5 2.63049e-: 2.8707701e-02 + 2GS0
‘-)‘ 3\Gibbsile 111015 10 R1Gs = 1.862790-13 2.3964187c-013 0. TTEEE98S
Process |4[Gibsie (2101125 |0 Aloz- 5 3. 272056-06 $.21504626-006 0, TTE6E905
jlGhbsite (210125 )1 A102H8 ) 1.408412-02 1,38868912-008 1.0141268
ALOH+2 5 1.55823e-17 4.4664459e-017 0,.3500021
E Ha+ s 0.077911 0.10030852 2.776€6385
. Cfiemn HaoH§ s 2.5€26475e-006 2.61828e-06 2.5836258e-006 1.0141968
Slngle ﬂ HIg 5 0 1.04658e-45 [ 1.0141968
HO3. k- 0.09%668168 0.0778651 0.1002495935 0.77666985
HHIB k] o J.62008e-0T 9 1.01491988
GEHHT NH4» k-1 o 1.18519e-67 o 0.T7666985
Nz@ 5 0.00062305046 0.00063630%5 0.00062745629 1.0141960
System % el 3 0. TBEIET 0. 0.00012860927 1.0141968
O~ 5 6. 5. 5 0. 776 Lk
Unfoace Ha T 3 1.330580-1 0 0.TTEEE98S
- . Hzog w 5% 7 0.996616 1.0002322
SpeCIatlon i S 9 as_gen 3 g 2.1%02483 1.845e-10
px H2 G o 1.29622e-42 o 1
Profect w2 G 1.3883761 o.208118 0.80911788 1
02 G 0.19%87213 0.090882 0.090882022 1
. = 5 a  0.391T1644 -0.002E51
Dla Io OH-0.58 o 0.0032190565% 1.434584 0.0032378278 T7.501749
=0H-0.3Na+ i 0. 004 CELFELY 0.131%08 0.00027712014 7.501749
OHZ+0.5 o 6.0033014148 2.63578 0.003320666 7.501749
=~0UZ+0 . SHO3- 1 0.000331593221 0.292583 0.00033306TT7 T.501743
Gha *] 0.38459349 0.982441 0.58181606 0.99966328
= s Gibbaite 1 s o -0.007634
Bl -] o 0.983441 o 1
Systen: To 235K Po L00bar V= 54620 Aqueous builtin COHOH) pH = 9576 pe= 11010; 15 = 0100 m

E::::D
@ Recipe Wizard: Easy setup of CSD (chemical system definition) for computing
complete or metastable (partial) equilibrium states in the system.
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Process Simulations

ﬁ Titration-, Reaction-Extent and Path Diagrams GtDemo:
) " & ¢

Proest = Caboulation finished OK (elapned time 4093 1). -10] =]

[ oo | i ] e e Data Samplers

Haolinite congruent solubility - pHl diagram (2% C)
Test example (colloidal gibbsite and 3103, am)
Langmuir: 1997 :book: eh.7.7 (ccmpare)
itm iV i iTC [awv [iTam ipi it [1pn [1pe |

a 1350 Q 1 25 a a a a 3.5
1 250 e 1 25 ° ° ° ° 17.5 Kaolinite congruent solubility - pH diagram (25 C)
ofm 250 a 1 25 8 [} a [] 12.5 d
cEh =i moaC(Jd] modC
: modC[J] [ 0,0043

direct cic

xa_[(MAOH}] =: {{cEn < D)7 le=8: cER); 1 0.0018

xa_[(HC1}] =3 ({0-cER < 017 le-91 Q-cEhi: 2 00007 I . SR S S
§ end 3 0.00034

=  Forward and inverse titrations

=  Easy flow-through simulations D B

=  User-defined process-control and H
data-sampling scripts g

=  Process remake wizards generating
simple scripts

=  Results tabulation, copy-paste

=  Plotting over experimental data .

n Saves bitmap or vector plots UL T T S, WIS W S : L

-10
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Database Mode

<=» To manage data records for % IComp: Core data for elements or
=
@}ﬂ;’! elements; compounds; Independent Components (IC)

phases; compositions; RTParm: Tabulates and plots T,P
systems; processes; trends for a one Dcomp or ReacDC
tabulators; references

. .ReacDC:: Reaction-defined data format for Dependent Components (species)

E DComp: Thermochemical/EoS . Il

data format for Dependent
Components (DC, compounds,

U02 (CO3)2-2 aqueous complex
U|6]02 (CO3) 2-2

species) Comm e -
. il la wre woricomiz em
ReacDC: Reaction-based DC data
format' can refer to Dcomp or ::;Kr 4.07380;354-015 16.61 0.09
other ReacDC records (up to 6 “sa10.576] 21033876
. HOr 18500 -2351221 -
levels of recursion). — o000 o172
Gets standard-state properties of [ceoz_] 0 ~540.595
- NisoX - - -
‘new’ DC from properties of the
- PrTr 1 25||Mo 390.046 -2
reaction and that of other DCs.
Various T extrapolations of the [pecaa | e .
|J‘ULY GEMS : 2009 :dat logK, dHr

properties of ‘new’ DC.
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Default ThermoDynamic Databases

New modeling projects can easily be created using default TDBs. PSI/Nagra 12/07 TDB
[Thoenen ea]

W Basis configuration of a new Modelling Project MyWork (| - %
— Step 2: Select Comp (not if shown in fight gray color) - - Additional —
1 o m W vV VI vO v
[ a=|
2 IU—LI c| nf o F _nel
AR sy —
1 lx—l? sc |[n v ﬂ Mn ITITS
2 ﬂ a| ee| aAsl se | |(r| —I N
SLIS‘ v |z |w [[mo T |[re '"‘_ILI —I =
sa  Ag _ml In| sn | Sb Tel 1 Xe _I =
ﬁlm_I?m u | 1a |w | re osllr_lpt_l = |
6a| au| mg| nf ev| m| el Acf n
7 & |[ra | acT| I Isotopes S
mmprmp_mlﬂlguedmwilzr ™ |
Ac| | pa ITI"_PITIE cm || Bk || cf vb | L vol |
tearmore | _setfiters | cancel |/ logk at 1 bar 25 C, enhanced with
Y\ TPcorrections from SUPCRT
i B
3r-party: 3r-party: Complementary: |
Cemdata’14 HERACLES SUPCRT (Slop98) & =
==

www.empa.ch/cemdata www.psi.ch/heracles/heracles www.asu.edu/geopig
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Phase Definitions: Connections to Chemistry

O Realistic models of phases for realistic systems!
RIS CEINE e

»®  Aqueous electrolyte (ion-association or SIT)

vm Gas (ﬂu|d) mixture’- p|asma ::I Page 1 Pagez | pages | [1ap3pz019, 15:25
um Solid SO|uti0nS, melts " |cs8-quartenary model

. . n Icament database

»®  Sorption (+ surface species) n

n il o 0 0 o
n

"m Non-ideal mixing in solutions
v Pure condensed phases - s [

.=  Particulate/porous phases u [oJ5 e [ cesior comden
" L. . . wlt_|T |z |s casion CSH-JenH
»®  Models of mixing: built-in, or user scripts [z [z |z |5 cesior csatowp
" . "ls |1 |r |s CaSiOH CSH-TobH
»®  Phases are built from DCs " =
n . . . n
»®  Automatically assembled ideal gas mixture ;
n and ion-association aqueous phase in the
" project database "
I!::=::::::::::::::::::::::::::::::::::::::::::::"

PCO Settings | ‘17[03[2014, 16:58

@ CompOS: Predefined CompOSitiOn Tricalcium silicate 1 mol
Object (PCO) records (e.g., rock, fluid) semen davabace

to simplify ~ Chemical System 0-228317 : e o o o
Definitions (CSD), as well as Process
. . . aymIC|PCO symic|cic|cI
simulation control scripts. o [ca - 3 o [ca |m 5
1 o 5 1 o - M 5
GEMS-Workshop May 2014, Dibendorf 2 |51 i |2 |51 M 1

TSolMod library: Models of Mixing in Phases

Provides >25 built-in non-ideal fluid, gas, liquid, and solid solution models.
Connects GEMS to a wide range of geochemical, petrological, material science,
and chemical engineering applications [Wagner et al. (2012) Can. Mineral. 50, 1173-1195]

u Open C++ deSign for easy Sanidine-albite solvus (2 ternary SS, Van Laar) at 0.5 kbar
. . o e 700 ¥
extension with new activity/ EoS
models.

= Generic and flexible parameter = = / ' \-Ab(A}bite)
excfh.ange protocol. 0 | Pesp) Albit

* Efficient parameter transfer | - Kali
from Phase records to GEMS3K E'»I%WSPW
solver code via I/0O file. :

(8]
=250

*  Multi-site  (sublattice) solid - : / \
solutions can be processed. /Two-S.S-phase region \
L
450 § /
¥ |
Always under extension (now with integral Qs
phase properties; specific solution models). o 02 o4 X(Ab) 06 o8 1
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On-going and Future Development
o TKinMet library: Kinetic rate laws of mineral-aqueous reactions.
li‘ L

TSorpMod library: Sorption models with linked phase metastability.

I F GEMSFIT: GEM input parameter-fitting shell containing GEMS3K.

GEMSPHAD: Phase diagram plotting engine coupled to the GEMS4K code
with even more improved, fast and numerically robust GEM IPM-4

EEDZ  Licenses and Availability

Free as in Freedom

<> The GEM-Selektor v.3 package can be downloaded free of charge and used “as
is” in the public interest and for the advancement of science.

<> The GEMS3K standalone code (including TSolMod library) is available open-
source under the LGPL v.3 license in order to promote its use in coupled reactive
transport codes, also on high-performance computers.

Get GEMS from http://gems.web.psi.ch (>3000 downloads to date)
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