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Thermodynamic modeling

e |nsight into chemical processes: chemical engineering,
chemistry, materials research, and geochemistry

e Simple well controlled experimental systems = model more
complex systems

Property | want to
know but cannot
measure

Y=a+X*b Property | can
measure
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Thermodynamic models
relations between thermodynamic properties,
calculation of measurable properties

+
Thermodynamic datasets

- actual values of thermodynamic properties
(compilation, derivation, consistency, errors, bookkeeping)

Simultaneous processing of data ensures that the derived properties are internally consistent
and accurately reproduce the experimental data (Anderson and Crerar, 1993)
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What do we need? GEMSFITS
¢ Suite of appropriate models )
of mixing in phases mmmmm) TSolMod library
e Efficient numerical method GEMS3K

to perform thermodynamic —)
computations

* Optimization algorithms —) NLopt

e Extensive, flexible collection of
experimental data

mmmm) NoSQL (EIDB)
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GEMSFITS

GEMSFITS Code Package

Graphical user interface

Experimental database management

Setting up the fitting task

Optimization algorithms

Results and statistics

o)

[ GEMS3K ]

EJDB
database
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; Ean
¢ View Results Mode -H_—o

(more in the live example)

gfshell2: The GEMSFITS GUI

Database Mode
Task Mode

‘@ GEMSFITS: Optimization of GEM Input Parameters

Project Record Database

—

View Help

@amp Q|+ P ¥
Edit

@ [cstrobo2-dat

\Comp (Elements)

) %  sample | expdataset | 7]
|l 0.6-0-k0 91d. EL01-20-91

0.6-0.1-K091d

13/1-0.2-k0 91d
1.6-0-K091d
16-0.1-K091d
16]1.6-0.1-k0.5 91d
1.6-0.2-K0 91d
18|CH04D_1
CHO4D_10
CHO4D_11
1/CHO4D_12
22|cHoaD_13
23|CHO4D_14

Find

ELO1-20-91
EL01-20-91
ELO1-20-91
EL01-20-91
ELO1-20-91
ELO1-20-91
ELO1-20-91
ELO1-20-91
EL01-20-91

ELO1KO.5-2...

EL01-20-91
ELO1-20-91
ELO1-20-91
ELO1-20-91

ELOTKO.5-2...

ELO1-20-91
CHO4D
CHO4D
CHO4D
CHO4D
CHO4D
CHO4D

=l

“"expdataset”: "EL01-20-91",
“sample”: "0.6-0k0 914",
"sPT: 1,

“comp”: "Ca0",
Q" 0.013,
: "mole”

: "CaoAl203",

: "mole”

Status

Ca H Nt 0 s
F23

Phases/Components
“Taq_gen
Casz
I CaOH+
= Ca(HsiO3)+
CasioI@
HSI03-

Text in the editor is in valid JSON format

= Portlandite
Portlandite

= silica-amorph
Amorsl
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GEMSFITS database

<Key> :<Value>
“comp” :”AIO(OH)”

Spreadsheet = gfshell2 (csvtoejdb) = Database

¢ Flexible for various type of experiments

* Easy data selection for various optimization runs

¢ Select-Copy-Read-Update-Delete using the GUI
in Database Mode

e Stores: experiments, tasks, results

JSON
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% Setting up the fitting task

(in the task specification file)

What data to use: GEMSFITS GUI in Task Mode with task specification editor
select/exclude experiments [
(samples) from database

GEMSFITS: Optimization of GEM Input Parameters

Q *y Vi K @B @ [osebazax
sk Editor

B e . e prr
What to fit: marking the ;J e AR
adjustable parameters S
What to compare: solubility,
solid-solution composition,
pH, Eh, activities, etc. i ,us
How to calculate the ‘ ==
residuals: e.g. least squares, ;
weighting

JSON
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v/
% What can you fit?
¢ Non-ideal solution activity model parameters

e G"values of dependent components (e.g. aqueous species,
solid solution end members, pure condensed substances)

e Temperature and/or pressure, bulk chemical composition
for inverse modeling tasks

Constraint options
¢ Upper and lower bounds on freely-adjustable parameters

e Parameters can be declared as freely adjustable ‘F’;
linearly constrained ‘L’; reaction-constrained ‘R’
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Fitting parameter markup in JSON

<PMc>, <GO>, <blC>, <GO> <biC>
<TK>, <P>
F{ R{ L{
i VA -10300, B VA -696322, “LE™ : UHY,
LB : -16000, "Ref" : "We93", i VA
"UB"™ : -6000 “order™ : "1, 44 5761406330092,
}o--- *nC" : 4, “LEs" : L
“rDC" : "AIOH+2", “Na',
"RC" : [ “cI
F-10300 “AI+3T, 1.
""H200", "Lcoef" : L
TH, 1,
"AIOH+2" 1
1
Rcoef" [ }
_1’
_1’
i
1
1
3
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PV
6//0 Objective function

e Determines what experimental data is compared with its
computed counterpart

e Many objective function terms - different type of data can
be used simultaneously

Nested target function
¢ Adjust parameters specific to each experiment after each
optimization step (e.g. adjust pH)
¢ Used for inverse modeling (e.g. adjusts T and P to a given
phase composition for each sample)
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Objective and nested functions in JSON

{ “Target" : “name*, { “Target" : “name"*,
ST - “Isq”, UTT "Isq”,
WTT - A UWT "1,
"OFUN™ : L "OFUN" : L
{ {
“EPH" :  "ag_gen", “EPH" :
SCTR: *icT, “Cl .
“CN™ ALY, “CN™ "Sit,
unit” : “log_molal" “unit” *“log_molal™
3 s
1. {
“NFUN™ : L "EPH" : "‘aq_gen",
{ noT el
“Ptype" : “biC", “CN™ “ca”,
“EPH" “ag_gen", “unit” “log_molal*
"CT" : “prop", i
“CN™ : “pH", 1.
unit” : *-loga" "ADDOUT"" : [
3 {
1 "SRC™ : "meas",
3} "EPH" : "CSH",
“CT" : "prop",
(S Yo
“unit” @ “mol™
3
1
3
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gemsfit2 code flowchart

Equilibrium calculation with
—>| GEMS3K using experimental
input conditions

Nested function
Parameter fit

Virtual chemical | systems (nodes) ‘l‘
Calculate residuals and

adjust the fitted parameter
predicted vs. measured

Check for
convergence

U

DATABASE
Pa ra"elized Retrieve results and
statistics
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Weighting & outliers

e Setin the database of experiments or in the task configuration

e Set by the user for each sample, for each objective function
term (type of data)

e Using the measurement error, measured value, measurement
average

e Give outliers zero or low weight

e Tukey’s Biweight: uses a threshold value (C) and gives samples
which residuals exceed it a zero weight, and the rest - a weight
as function of the distance to C.
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Optimization algorithms

e Various global and local algorithms implemented in Nlopt
library (http://ab-initio.mit.edu/nlopt/)

¢ Global algorithms — large search space, slower, converges to
the “true” minimum value

¢ Local algorithms — small search space, much faster, can
converge to local minimum values

e Start global, continue with local for higher precision
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Statistics

¢ Goodness of fit, sensitivity analysis, correlation coefficients
e Parameter confidence intervals using

Monte Carlo simulations

— Uses the experimental data scatter to create many random simulated
measured data

— Finds the best fit value of parameters for each set

— Confidence intervals computed form the standard deviation of
parameters obtained from each data set
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Output

GEMSFITS Results Viewer

e OQutput files in csv i

il @+ * X Task: [gfino1_csritamoz csheoboz

format read in by the itted Parameters [ for59mples | sum Satatics | Sensiy : . | meRessts | gemsfitzlog | Piotsetup |
. sample expdataset sT . sP |ag gensimess  |aqgensicale |residual |aq gencameas  |2q gencacalc =
GUI to View Results

ces 1 cees 000231 00031760726 -0.00036607262 000074 0.00064540:

,
window tabs I (T W Sinen| anirsert] asmer v st
i P T AT St o]

° C b d H th Gess 8 cees 28 1 000377 0.00056415892  0.0032058411 0002 000062883
an pbe saveda In the s e 2 osorer  ooeaasores ooorzisesst voorrs ooneast

d b cees_11 cces 25 1 9605 000017569272 -B.SEIRTI5E05 00039 00042634
atabase ceos 12 cos 2 cors aoooiemsseocomoasor ooes2aooosors

GEMSFITS GUI View Results Mode

Files Edit Datebase Tools Help
! lH x L—, @ Tesk: [Local 3 _paramsTiQ_normal:

Fitted Parameters | Fit for Samples | Sum. Statistics | Sensitivity Data | Quantile Resid. | MCResults | Inv. Mod. Results | gemsfit2log | PlotSetup |

parsmeter  |name [initvalue |fitttedvalue  [mcmean |mcstdev  [confiss  [confiss  [confiso | i |correl Leoef3 |

1 PMc 3 0293 023459141 -0.18897225 018315692 0.50485115 037459736 031120687 11565512 0622 1 048
B ohc P 163 16305428 160871 010355895 028844842 021180163 017595981 Tssasts asare oasr2
o PMC 2 62300 62333336 62515099 14167596 3905.1361 2897.5987 2407.2545 36.622154 1 0622 094
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Output

¢ Values from the output tabs can be plotted in XY coordinates

CSH amount Vs. measured & calculated
Ca solubility

GEMSFIT v.3 Graphics Dialog 7 GEMSFIT 3 Graphics Dialog

measured Vs. calculated (Al solubility)

Task Task2:BHMso. fit-results Legend] x@ |Label Y Task qfin0l .fit-results
® |0 g penAleak 25022 o _genlaaic
#[]o s gencames
= I
0.02
—a
0.015
5 o
0.01
-6
- 0.008
Cickisgend smbolsta
- (9 Gems. CCorves et o (JOEMS. | | Cick epend symbos o adst
r e Bl 2 2 B =) {ordinate) labels, drag-drop 5 T 15 i E e d it Y ordinate) labets, rag-drop
9 i ) 3 4 3 “| | themtoplotarea c o = e = s F || themto plotarea -
x x

pint | Soveimass|  Wels Frasmant | customias prit | Sveimage| oo |
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Outlook

* Plans to make GEMSFITS available for Windows (currently
Linux only)

e Extensions to fit parameters of sorption models and mineral
dissolution / precipitation kinetics models (TSorpMod and
TKinMet libraries)

¢ Fit GEM-Selektor built-in equation-of-state parameters

e MongoDB server database (large data collection of various
experiments) accessible to many scientists = optimizing
TDBs and models for a large number of applications
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Thank you!
And now let us try
GEMSFITS!

e This work is funded by ETH-19 11-2 grant at ETHZ IGP and is
part of the GEMS TM project at LES PSI

* Thanks to Professor Ch.Heinrich (IGP) for support and
discussions
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