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2) Influence of temperature
a. Experimental evidence
b. Temperature extrapolation
c. Blended systems
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Modeling: Temperature

Arrhenius equation
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Solubility of monosulfate
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hydration: 5 °C
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Hydrated OPC
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Influence of temperature

Higher temperature:

— Kinetic of hydration

R

- decrease in strength

morphology (inhomogenous), denser C-S-H
coarser porosity
pore solution (SO,, Al)
hydrates (ettringite, monocarb. — monosulfate)
— volume decrease

Solubility of ettringite increases with temperature
-> |ess stable

GEMS-Workshop May 2014, Diibendorf

EMPAQ

17

Influence of temperature: tutorial

m Cement: «OPCy in project «Temp»

e I =y

e 0. 00379

oadad 2. 0Cd4e-11

% Input Recipe of Single Thermodynamic System: Temp:G:0OPC:0:0:1:20:0: |. ? &]
tname |OPC—aII reacted 5% of calcite (2.8 g Ca0, 2.2 g CO2)
Property Selection Recipe Input
Compos (xa_) . . :
DComp (xd.) AIOH3 Cac03 Property | MName | Quantity | Units |
IComp (ki) Al203 CaMg(C0O3)2 11 |xa_ Al203 5 g
Phase (xp_) AI25205(0H)4  C20 2 [xa Chaua 503 g
Kin.lower (dIl_) Aqua CaS04 1
Kin.upper (dul_} C1247 Cas04 05H20 ENLS €0 : g
GO shift (gEx) 25 CaSio3 4 |xa_ a0 67 g
Other Inputs C3A Fe203 5 |xa_ Fe203 1 g
35 FeC03 |
CaA3s FeO 6 |xa. K20 01 g
CAAF FeOOH 7 |xa MgQ 1 9
CA Fes 8 |xa_ Ma20 0.1 g
A B O3 P -
cHa H2 2_pe 9
coz H2s 10 |xa_ 503 ] g
Ca(OH)2 H2504 11 | xa_ 5i02 218 g
KN I I
Input quantities of Compos(itions) centributing to B_
vector
Learn more Print 0K Cancel
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-13
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-0.7387
2.259%e=-09
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Influence of temperature: tutorial

EMPAQ

m New process file to calculate variation of temperature

a GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Medelling by Gibbs Energy Minimization - [Process i Defi

nition of a Process Simulatar (batch calculation]]

0 Modules Record Window Help

Pradart

. I
O Process: Please, set a new record key

;‘ @IIP”’C&SS =l H +m @ w r ‘ ¥ e = ‘ 0 I‘:‘:‘:‘:‘:*:‘:‘:‘:‘:
\ a ‘Temp:*: O =
fiN WA Create a new record from scratchi
= | - mlms T SEmp—T FEwTTE | Config | |1n,,fo4;2014, 16:26

AL

ITemp:G:OPC:U:U: 1:200:PCPe

iTau

ipXi

iNu

ITemp Name of the modeling project

IG Thermodynamic potential to minimize {G}

Name of the parent chemical system definition (CSD)

[T T e s |

O oo o
olo o|o

IIII C5D (redpe) variant number <integer >
IIII Volume of the system, dm3
I 1 Pressure, bar, or 0 for Psat{H20)g

20 Temperature, C
I 1} Variant number for additional constraints

>

Name of this process simulation task

[« iP Proceb simulation mode code {F, 5,L,G, T, R }

[ o |

Reset | From List | Help | Cancel |

B ———————=—
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name

Temperature
and pressure

variation
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Influence of temperature: tutorial _EMPA°

f_} GEM-Selektor Process Setup: blended:G:0OPC:0:0:1:25:000:Temp:P: = [il-s;_hJ

Step 1 - Process Simulator Configuration
This is a tool for 'batch’ calculation of multiple equilibrium states, sampling and plotting of results. In this way, irreversible
geochemical processes (e.g. mixing, dissolution, hydration, titration, corrosion, weathering) can be simulated.

The Process record can be configured in several modes to perform specific simulation scenarios by execution of process control
script 'P_expr' and simulation output script 'pgExpr'. Simple scripts can be easily produced using this wizard.

Any process simulator belongs to one of three types:
1. 'Sequential’: only input GEM parameters are modified (modes R, S, L);
2. 'Reciprocal': next step depends on GEM output parameters (e.g. pH) from previous step (mode R);
3. 'Inverse': GEM input adjusted to obtain prescribed values of GEM output (e.g. pH; modes G, T).

Please, choose a process simulation mode:

+ P Sequential temperature and/or pressure change at fixed bulk composition Temperatu re and
pressure variation

" 5 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 script

" R Sequential reactor scheme, uses equilibrium bulk compositions of phases

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

< Back Next:> Cancel 23

Influence of temperature: tutorial EMPAQ
— " i -2 [ |

-

"‘.,_) GEM-5elektor Process Setup: Temp:G:OPC:0:0:1:20:0:PC:P:

p— |
i

Step 2 - Process Simulation Controls (clickg kg retain the old script)
| r AT me | N [ mu [ x| i | ion | pe |
1 4 0 0 0 0 0 0
1 96 0 0 1] 1] 0 0
2 0 0 0 0 0

" User-defined script " PT phase diagram

Please,check iP and iT iterator contents, and set Step to 0 in all other iterators.

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

-
Numbering
of the single Start temperature
calculations Stop temperature
Step size
No script
needed

GEMS-Workshop May 2014, Diibendorf 24




Volume in cm3 EMPA

T ™y
4 £ GEM-Selektor Process Setup: Temp:G:OPC:U:U:lQD:q:PC:P: — — - M
Step 3 - Selection of items to sample/ plot (click "NHext" without selecting anything to retain the old script)
Property —tem Selection Sampling Script
Scalars - — 1
= 3 - #p[] =:3;
u E:id).SHlZ Melantgrlte yplallo] =: phvol[{CSHQ}];
ue ARcHLL ngenite 01011 =: phvel[{Portiandite}];
b CSHQ | Aragonite  PEANCIEIEE ¥p = F'h et
Cb S04_OH_AFm___Calcite Magnesite :EB}E} = Ehxg&gg;'tg}gé AR
m_t _ _ - - — ’
lgm_t 504_CO3_AFt Sulphur yp01[4] =: phvol[{SO4_OH_AFm}]; To be Changed later
icM C03_504_AFt  [EEIEIETERM Silica-amorph yp[I1[5] =t phVol[{C2ASHBY];
Xa hydrotalc-pyro  |S=laabel gerer) yp[11[6] =: phVel[{C4AcD.5H12}];
idm— | AlOH)3mic CAFC05H10 yp[31[7] =: phVel[{C4AcH11}];
P phval Gibbsite C4FcH12 yp[)1[8] =: phVol[{C3FS0.84H4.32}];
| <
%m—’ Kaolinite lime yp[I1[9] =: phVoI[{C3FS1.34H32.32}];
Fa Graphit_e Porllam_iile yp[31[10] =: phvol[{OH-hydrotalcite}];
bXa(ag_gen) Mayenite Anhydrite yp[I1[11] =: phVol[{Gibbsite}];
bXa(gas_gen) Belite Gypsum yp[J1[12] =: phvol[{Anhydrite}];
bXa(CSHQ) Alymlnate hemlhyd.rate yplI1[13] =: phVal[{Gypsum}];
oS0, | |Femte ¢ PLIL14] = phuoll{CIAHE})
a . _d — - .
bXa(504_CO3. Fe-carbonate yPIIS] =: phvoll{Brucite}];
bXa(C03_504_ Siderite
bXal(hydrotalc- Magnetite H .
oXe e Solid phases sampled:
1 Ferhydrite-me appear in the order selected
Yof Pyrite
Aalp Troilite
Sigw
o _Ij Be careful to forget no
4 3
relevant phase!
Volumes of phases (in cm3) in equilibrium
Learn more < Back Next> Cancel
25
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Step 4 - Important data object dimensions

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

be nPS.

nPs.

alul ol al ol ]

— Dimensions of sampled and experimental data

47 nPS - Number of steps (1 to 9999 } to be performed in this simulation (default: 21); also length of the 'xp' vector

Mumber of 'modC' array columns (1 to 40, 0 - not used) to store process control values; number of rows will be nPS.

Mumber of columns in the 'yp' table (0 to 200) to keep the simulated data sampled by the pgExpr script; number of rows will

Mumber of columns in the 'xp' table (0 to 4) to keep the simulated data sampled by the pgExpr script; number of rows will be

Mumber of rows in the xEp, yEp arrays for experimental data (optional)

Mumber of columns in the xEp, yEp arrays for experimental data (optional)

Optional data vectors (of
allocated using checkboxy
vector from the respectiv

Allocation of optional dz

I~ CSD variant # ('vTn
™ Temperature T ('vT'
™ Process extent pXi (

Learn morel

GEMS-Worksho

Step 5 - Additional options

On this page, some options of the Process simulator operation can be changed (for specific cases).

Optional modes of operation
[~ Use 'P_expr' simulation control script (can be turned off in P simulation mode)
¥ Save generated SysEq records to the project data base (always saved in G and T modes)

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

I llen Crnark Tnitial Annravienatinn of CCM TOM alanrithm far factar caleolatinne fan vaore diceratinn




w thlan X[¥ 7F

ITemp:G:OPC:O:O: 1:20:0:PC:Ps

V=@

" EMPAQ)

Controls | I Sampling Results | Config | |10I04f2014, 16:26
[mert | 9993 o|[Next | 1z | E | ollop | 0
[ psTRey| [ctm [ 1000[[ewv | 0
[cTan | oflcpxi | offexs | 1l|cwu | 0
e —
= ol[eee | ol[cen | ez | C amas>CT
temperature
Xp[J] =: cTIC: Tc_ T H Oc H
7ot —EETeL {CSHO) | ; cTC: Temperature in in K

+phVol[{CO3_S04 AFr}]

i

GEMS-Workshop May 2014, Diibendorf

yp[Jl[1] =: phVol[{Portlandite}]:
yp[J][2] =: phVol[{Calcitell:

vpl W 504 CO3_AFt}]

vp [ =; phVol[{304_CH AFm}]+phVol[{CH_504_ AFm}];
yp[JT][5] =: phVol[{C2L5HEV]?

vp[J]1[6] =: phVol[{C4Ac0.5H12}];
yp[J1[7] =: phVol[{C4RAcH11}]:

vp[J1[8] =: phVol[{C3F50.84H4.32}]):
yp[J][9] =: phVol[{C3F51.34H3.32}];:
vel[J]1[10] =: phVol[{CH-hydrotalcitel}]:
yp[J]1[11] =: phVol[{Gibbsite}]:
yp[J][12] =: phVol[{Anhydrite}];
vp[J1[13] =: phVol[{Gypsum}]:
vp[JT]1[14] =: phVol[{C3RH&}];

vpl[Jd1[15] =: phVol[{Brucite}]:

Ettringite and
monosulphate:
both parts of the
solid solution
needed
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EMPAQ

mﬁlmg 5 EIM Energy Minimization - [Process i Remake of the new record ﬁniﬁ UE It is recommended to r&cag|£ !5_1

Bl

FEITE. L 3=

A=yl

ITemp:G:OPC:U:U: 1:20:0:PC:P:

Controls I Sampling || Results

Config | |1o,r04.r2014, 16:26

| |p¥ mam|pnvol |

pX Naj
L

Temp C C5HQ
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L | | |

o]
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a GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [GEM-Selektor v.3 Graphi

ics Dialog] — _—

0 Modules Record Window Help
’jg IgrProcess - + H @ * ?( | . 1 { ? w @ ‘ g ITernp:G:OPC:U:U:1:20:0:PC:P:
R | Temp: === == ===
@ | 3 |a|s|s|7 [8]o |u .
SvsEa 7 opclo o1 |20 [o pcp|
Q
Process
GtDemo
GEM2MT
. —Graph Type oK I
L)
I 1-C lati hd
e - I umulative J_ —rr |
= Al s
_E-;" Axis Setup Cancel |
Abscissa grid |5 3: IITempC
Ordinate grid I? :I I'Dh\l"0|
ZI Graph ¥ 0 |100
y: 0 |70
Fragment x: |£] |1l]t]
y: ED |75
Background
Label font: | |Ms Shel Dig 2,14,-1,5,50,0,0,0,0,0 |
0 20 40 60 80
Influence of temperature: 5% CcC | e ===
T r " : -+ |0 CSHQ
70 - ............................... 0 H:HVﬁi‘ﬁtﬂtlt ....................................................................................................................... o o Tromaans
: o |0 Calcite
oo ettringite
o |0 monosulfate
& |0 C2ASHE
& |0 C4AcO.5HLZ
& |0 C4AcHI1
& |0 C3F50.84H4.32
& |0 C3F51.34H3.32
& |0 OH-hydrotalcite
- |0 Gibbsite
& |0 Anhydrite
& |0 Gypsum
& |0 C3AHE
& |0 Brucite

1 Click legend symbols to adjust
100 curves; select abscissae under x#;
edit labels, drag-drop them to plot
area

Fragment I Customize I

Print Save Image Help




==
iGEM—SeIeI:‘l‘or 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [EgStat: Single Thermodynami

LI;'.‘C::_.E'- ecord [Data Calculate View Print Window Help
1P & [sroesyien S tR@a® XN BV
! '
L] W, W R, K,
Cel I Ient. th A} & Temp: T AT Input: System Definition Results: Equilibrium State |
=] - 3 A oLl 7 8 1=]
((OPC nOCC)) SysEq 1 0 01 > Phase/species |L |T|nm0unt (m
— ﬁ 2 |lopc|1000 |01 10 000 [ a ag_gen 63 a 0.5622335
: : ) 3 |opC 1000 0|1 (12 [000 Eog  gas_gen 5 g 0.0081126
®--s  CSHQ 4 s 0.4693087
In project N i orc 10 (o 1 1 o sos o s 5o
5 |opc 1000 [o |1 |16 000 %= OH S04 AFm > =0
«Te'“p» | % |6 |OpC|1000 [0 |1 |18 |000 #--s 504_CO3 AFt 2 = 0.0117656
7 |opc 1000 [o |1 |20 000 -5  CO3 S04 AFt 2 s §.7094763
Gtheme (& loeclioon lold 122 loon | | | = -
g |opc|1000 [0 |1 |22 000 F--s  hyd
_|= SysEq: Please, enter a new record key:
ﬂ 9 |opC|1000 |01 |24 |000 Es AL i Systa 4
B3 Gib
10[{OPC]1000 |0 |1 |26 |000 ] Ka ITemp:G:OPC:O:O:l:ZD:O:
Clone gEmMaMT |11 |OPC (1000 |0 |1 |28 |000 s Gl
. t_ i g::g Egg g 1 :g ggg [ = May ITemp Name of the modeling
existin & W= Bel _
g 25 [1a]opc|1000 01|34 000 H-=  ald) E Thermodynamic poter
OoPC Profect 195 |opc|1000 |0 |1 |36 [000 Fs Al .@e of the chemical
16 |OPC 1000 [0 |1 |38 |000 -3  Fed|
17 (OPC 1000 |0 |1 |4 |000 [H = Ch IU CSD (redpe) variant r
18 |OPC 1000 |0 |1 |40 |000 -5 ChZ [0 Volume of the system
19|OPC 1000 |01 |42 |000 g """ : gg : F—
. 20|0PC 1000 |01 |44 000 S | L EesSeba it
OPC without 21 |opc 1000 [0 |1 |46 000 A [20 Temperature, C (==
. 22 |opc 1000 [0 |1 |48 |000 wes  czd )
[a Variant number for ad
calclte B OPC 1000 0 1 50 000 [] ...... = cadl riant number r a
24 |OPC 1000 [0 |1 |52 |000 s cal ’TI recet | erom List
25 |opc (1000 [0 |1 (54 000 w5 Rhrd) = rom s
26 |OPC (1000 [0 |1 |56 |000 [ 5
27 |opc (1000 [0 |1 |58 000 g """ s o . 5
...... = s
28 |OPC 1000 |0 /1|6 |000 -5 C3F50.84H4.32 1 s 0.0062622
29|OPC|1000 |0 |1 |60 1000 -5  C3F51.34H3.32 1 sa0
30 |OPC 1000 [0 |1 |62 |000 L | W= C4FCOSHLO 1 sa0
31 |opc 1000 [0 |1 |64 |000 -5  C4FcHLZ 1 =0
GEMS-Workshop May 2014, Diibenda 32 (OPC|1000 |0 |1 |66 |00O0 [ = lime 1 £l
aa lane l1nnn n i1 lee |nnn = = Pnrtlandite 1 a N_.3IRIRARD

Influence of temperature: tutorial
m Cement: «OPC_noCc» in project « Temp»

r_ 1 1 Jru) L Oas rern c o O O0310971149 1. 348 10 -~
m Input Recipe of Single Thermodynamic System: Temp:G:0OPC_noCe:0:0:1:20:0: - - M
tname IDPC—aII reacted 5% of calcite (67-2.8 g Ca0=64.2, 0.001 g COZ)|
Property — Selection Recipe Input
Eompos]pal) Prope MName uanti Units
DComp (xd) Al(CH)3 CaC03 perty QITELTIGY
| | [1Comp (b)) Al203 CaMg(C03)2 1 |xa_ Al203 5 g
|| |Phase b AI25i205(0H)4  CaO 2 |xa Aqua 50 g
Kin.lower (dll_) Agua CaSod —
Il | |Kin.upper (dul) 1247 CaS04 0.5H20 3 |xa 02 0001 g
i GO shift (gEx_) cas Casio3 4 |xa Cald 642 g
I Other Inputs C3A Fe203 5 |xa_ Fe203 1 g
35 FeC0O3
i Can3s FeO 6 |xa_ K20 01 g
| CAAF FeOOH 7 ¥ MgO 1 g
|| CA Fes 8 |xa_ Na20Q 01 g
f caz Gypsum
i CH4 H2 9 |xa_ 02 01 g
| co2 H2s 10 |xa_ 503 4 g
| Ca(OH)2 H2504 11 |xa 5i02 218 g
I I |
N
N
I Input quantities of Compos(itions) contributing to B_
[ vector
|
Learn morel Print oK Cancel
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EMPAQ

Cement
composition
in g/100 g:

=> All reacts!

Remove

CcOo2

Reduce CaO

32




Influence of temperature: no Cc

—Legend| x# |Label

CSHQ

70_ ....................................... ............................................................................... ....................................... ..................................

phVol

OH-hydrotaicite

Portlandite
Calcite
ettringite
meonosulfate
C2ASHE
C4Ach.5H12
C4acHI1
C3F50.84H4.32
C3F51.34H3.32
OH-hydrotalcite
Gibbsite
Anhydrite
Gypsum
C3AHG

Brucite

-
-
L

o[e]e[¢ @[ 0[e o]0 o[®

Click legend symbols to adjust

curves; select abscissae under x#;
0 20 40 60 80 100 edit labels, drag-drop them to plot
Temp C area
Fragment I Customizel Print Save Image Help

Influence of temperature: 5% Cc

EMPAQ

0 ||Ternp:G:OPC:0:0:1:20:0:CSH_pH:P:

Drnrece o

Remalke finiched OK T ic rernmmended o re-ralenlate the data

,
—| 0 GEM-Selektor Process Setup: Temp:G:OPC:0:0:1:20:0:CSH_pH:P:

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

Property

| Scalars Y
” Sl

ue

b

Ch

m_t

lgm_t

ich

Xa

Kwa

phvol

phM

Fa

bXa(ag_gen)

bXa(gas_gen)

bXa(CSHQ)

bXa(S04_0H_s

bXa(OH_S04_4

bXa(504_CO3_

bXa(CO3_504_

bXa(hydrotalc-

bXs

L1

Yof

Aalp

Sigw

P

—Iem Selection

Mbx
GX

15

pH

pe

Eh
TCO]
TC]
TKIO]
TK[1]
PG[0]
PG[1]
Vx[0]
Vx[1]

It

TtEfd
Ttiprn
Psi_DK[0]
Psi_DK[1]
_nnr{0]
_nnr[1]
L[]
L[]
L[2]

‘|

L[3]
L[4]
L[5]
Fi[0]
Fifl]
Fi[2]
FI[0]
FIf1]
FI2]

Wolums[1]

denWI0][0] Fi_|
denWI1][0] Fi_|

epsWI0][0]
epsWI1][0]
InP

RT

FRT

Hw
Masses[0]
Maszes[1]
Mazzes[2]
Masses[3]
Masses[4]
Masszes[5]
Volums[0]

RTF[1]
ReW[0][0]
EpsWIOI[0]
VisW[0]
iTm[0]
iTm[1]
iTm[2]
cTm

V0]

iv[1]
V2]
v
iP[0]
iP[1]
iP[2]
cP
iTC[0]
iTC[1]
iTC[2]
clC
T
iMNv{0]
iNv[1] cEh
iMNv[2] Mext
cMv I
iTaul0] J
iTaufl] Jp
iTau[2] vTm
clau  vNV
ipXi[0] wP
ipXi[l] wW
ipXi[2] vT
cpXi wTau

| B

i wpXi
iMul0] vMu
iNu[1] vKin
iMu[2] moc
cMNu  xp
ipH[0] yp
ipH[1] =Ep(
ipH[2] yEp[
cpH

ipel0]
ipe[l]
ipel2]

cpe

| lict nf ctatic dAata nhiarte fcoa tanltin An aach nhiart namal |

Sampling Script

xp[] =:1;

yp(][0] =: pH;

yp[I1[1] =: bXa[{CSHQ}I[{Ca}];
yp(11[2] =: bXa[{CSHQ}[{Si}];
yp[I1[3] =: my[{OH-}];

Plotting of changes in
pH, OH- and C-S-H

bXa[{CSHQ}] [{Ca}]:
mol Ca in C-S-H
solid solution

my[{OH-}]:
OH- concentration
(in mol/kg H,0)

34




Influence of temperature: 5% Cc EMPAQ

Controls | m Results | Config | 17/04/2014, 11:19

[heze [ o509 wrfwexs | oL [ o5 [ selw | =

| pSTkey|Temp:G:0PC:0:0:1:20:0: cTm 1000wy | 0
|cTau | 0|[coxi | 0| oxi 1[cha | o
E=l 0|lcpe | 0| cEn oller | 369.15

Xp[J] =: cTIC;

ve[JI[0] =: pH:

£ plotting Ca/5i in CSH

vp[J1[1] =: bXa[{CSHQ}][{Ca}]/bXa[{CSHQ}][{5i}]:
£ plotting H/3i in CS5H: H/2 = H20

vp[J]1[2] =: bXa[{CSHQ}][{H}]1/2/bXa[{CSHQ}][{5i}];:
£ log OH- conc

yp[T1[3] =: 14+lg(myv[{CH-}]1):

Plotting of changes in pH, OH- and C-S-H

bXa[{CSHQ}][{Ca}]/bXa[{CSHQ}][{Si}]:

molar Ca/Si in C-S-H solid solution
bXa[{CSHQ}][{H}]2/bXa[{CSHQ}][{Si}]:

molar H/Si in C-S-H solid solution (H/2 = H20)

14+Ig(my[{OH-}]) equals pH at 25 °C
=> to illustrate temperature effect on pH:
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Influence of temperature: 5% Cc

Influence of temperature, PC with Cc

| Changesin .pH
10 _ ........... Much less in pOH ..... ........................................................ ........................................................
. (AG(H*) = 0 by definition)

8 | T ST  O SO OO U EEO T TS P T T S TS O PP URPU PO UPUR SUOS
6_ ...................... C_S_H CompOSItlon qurte Constant’ Ca/SI = 164 ............................ ........................................................
1 Hsi=29 | |
P | LR No variation with temperature .~~~

e |
AT T INRRNE FARARRN |

i Ca/Si
0 |||.| _________________________________________ tJGEMSI




—~ 20 = 8
= a. = b.
:. _ v g |
UF 1.8 N LA '_g (o]
o 2 6F °,
R= 9 9
o Lér = Muller ea 2013 Qoo
IS & 4r JPhysChemC o
= 14} @)
¥ =
@ 1.2} E 2r . o ® Sgpgo® L4
= o
@) O
1.0 : : ' - 8 0 ' : ' :
0.0 0.2 0.4 0.6 0.8 1.0 & 0.0 0.2 0.4 0.6 0.8 1.0
Degree of hydration (-) = Degree of hydration (-)
6 __ ................... C_S_H CompOSItlon qUIte Onstant’ Calsi - 1.63 ....
. ] No variation with temperature
 H/Si
S TR DR W ———— b
1 Ca/Si
P S N S @gans,
0 | >0 | 40 | &0 | a0 | 100
8
3.40 T b,
3.20 | o
3.001 f o °,
2.80- Muller ea 2013 g
4F—JPhys Chem C o
2.60 - *
2.40 1
2 -
550- { . evopge |/
2.00 T T T T T T
0 10 20 30 40 50 60 ' : ' :
temperature (°C) 00 02 04 06 /08 1
Degree ot hydration (-) - Degree of hydration (-)
6 - ................... C_S_H COITIpOSItIOn qUIte Onstant’ Calsi - 1.63 A S
] => Variation with temperature + Al / alkali /anion uptake
4 — ................... needed in future CS models (work in progress)! .............................................
S TS DR W ——— bk
if Ca/Si
P S N S @gans,




What happens with the iron? EMPAQ
portlandite

1400 -
Fe-monosulfate Fe-monosulfate

1200 -

1000 -
50 °C

800 - Fe-monocarbonate
Al-monocarbonate

Counts

600 -
20 °C
400

200

0 5°C
5 10 15 20 25
Position [°2Theta]

Lothenbach ea 2007, CCR 37 39

EMPAQ
Stability of Fe and Al-hydrates at 25 °C

(Solubility products refer to Ca?*, OH-, Fe,Al(OH),, HSIO;, SO,%, CO;%)

Fe-hydrates Al-hydrates A Al-Fe
FH 1.2 10
CeFsHj, -44.0 1
C,FsH, -31.6 -2
C4FcHy, -34.6 -3
C4FcosHyo -30.8 -2
C3FHs -26.3 -6

Lower solubility product => higher stability

Stability Fe-ettringite < Fe-AFm < FH,/Fe-siliceous hydrogarnet

Formation of Al-containing siliceous hydrogarnet
kinetically hindered at room temperature

+» Dilnesa ea 2014 . pibendort "




. EMPAQ
Al siliceous hydrogarnet

4 CASH Rk

x 6-2x

C,AS H

x 6-2x

prepared
at 110°C

' ’ ‘ N JC3AH6 20°C,

\ ; : 3.5 years
15 C,AH, 2o 25 CAH, 30 CAH. 35

20CuKa

| Ingensﬂéi(grb. units)

Room temperature: only C;AHg + C-S-H forms;
C;AS,Hg.,, forms at 110 C°, but remains stable at 20 °C Dilnesa ea 2014
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EMPAQ
Fe siliceous hydrogarnet
_ C3FSH,
C3FSH4
. h C3FSH,
| |

C3FSH,

- \ I ‘\ \ A \ \ prepared
] | | | | | ,at 110°C 5 days
. ) | | | | I 20°C,

L H : —H— —L 1 3.5 years
15 C3FHg 20 25 30 35

20CuKa

Intensity (arb. units)

Low temperature Fe-siliceous hydrogarnet poorly crystalline
=> difficult to detect by XRD
Dilnesa ea 2014
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Selective Dissolution using SAM

Salicylic Acid/Methanol Extraction (SAM)

Better identification of minor phases

= Dissolves

= alite, belite, lime
» CH, C-S-H, AFt and AFm phases

= Not affected:

= C,(A,F), periclase, calcite,
= C,4(A,F)SH,, hydrotalcite, ...

44

Intensity (arb. units)

MPA
XRD OPC, 150 days: Siliceous hydrogarnet observedE ‘

1800 ~

1500 -

-
N
o
o

900 -

600 -

300

0
5

portlandite
F Si-Hgl si-Hg C SitHg
i
! i l 50 °C, SAM
I i 1
i1 ! ¢ F E
| g J 20 °C, SAM
I I |
Si-Hg | i
B g —HS 50 °C
_ C
C
et —HS 20 °C
¥ SN : J . Ty ') T
10 15 20 05 20
26 Cu Ka

Dilnesa ea 2014
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EXAFS: Fe in siliceous hydrogarnet in the hydrated cement

At 20 °C
Age C,(AF) Fe(OH); CiFSH; C3(AF)SH; Fe-Htl CyFcH;, CgFssHsz, R-factor
Unhyd 1.00* - - - 0.12
4hrs | 0.78(3) || 0.20(3) First hours 0.08
16 hrs 0.56(3) | | 0.44(3) - - - - - 0.09
1 day 0.62(2) = - 0.38(2) 0.18
28 days | 0.57(2) - - 0.43(2) At > 1 days 0.09 20 °C
150 days | 0.56(2) - - 0.44(2) - - 0.09
1 year 0.56(2) - - 0.44(2) - 0.07
At 50 °C
Age C/AF  Fe(OH); CsFSH, Cs(AF)SH, Fe-Ht C4FcHi;, CeFssHy, R-factor
Unhyd | 1.00% _ 0.12
1trs | 070@)|[0z0@ | Firsthours 0.14
4hrs | 0.65(2) || 0.35(2) 0.09 50 °C
16hrs | 0.64(2) 0.36(2) 0.18
150 days | 0.59(1) 0.41(1) At> 16 hours 0.09
lyear | 0.58(2) 0.42(2) 0.07

>1 day:

iron present only in Fe siliceous hydrogarnet C;(A,F)S,Hg.,

45

Dilnesa ea 2014

SEM/EDX analysis of OPC EMPAQ
08 1 CazAly gF e, ¢Sig g505
0.6 5 .:"*
@
Q
P 04
+
<

0.2

O T T 1
0 0.2 04 0.6
Si/Ca

» Siliceous hydrogarnet observed in all samples
» Mixed siliceous hydrogarnet (C5(A,F)S, gH. »

46 GEMS-Workshop May 2014, Diibendorf
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Conclusion: Fate of iron oxides

Thermodynamic modelling:
C,;FSH, stable from 1 to 60 °C
C,;ASH, stable but formation kinetically hindered (suppressed in calculations)

Experimental evidence:
XAFS spectroscopy => Fe associated with C5(A,F)S,;Hg_,,
Similar amount of siliceous hydrogarnet at 20 and 50 °C

XRD, TGA, C;4(A,F)SH, present in hydrated cements
but difficult to detect; more crystalline at 50°C

SEM: Mixed Al/Fe siliceous hydrogarnet

Phase/species | L

'E|m'r.o'_mt (maol) logSI/Activity Concentration |2 EMPA‘

& ag_gen 69 a 0.47421475 8.907e-10
F- g gas_gen 5 g 0.0031148%901 1.938e-10
=~ =  C3(AF)S50.84H 2 = 0.011454257 -3.416e-09
I 0.005192054 0.453286 0.45328598 1
C3F50.84H4.32 I 0.0082622028 0.546714 0.54671402 1
¥ s  CSHG 4 s 0.46350181 2.004e-09
¥.s 504 OH AFm 2 =0 -1
+--s OH 504 AFm 2 sa0 -1
¥..s 504 _CO3 AFt 2 = 0.018760835 -1.991e-09
+--s CO3 S04 AFt 2 5 3.9158123e-009 0.004993 .
- 3 hydrotale-pyro 2 =2 0 -8.645 SOIUtlon
s AL(OH)3mic 1 =0 -3.194 Hydrogarnet/hydroandradlte
- 3 Gibbs=ite 1 =z 0 -2.8671
w3 Kaolinite 1 =0 -15.12 ( ( ) )
- 3 Graphite 1 =z 0 -83.75 C3 A’F So.84H4.32
xR Mayenite 1 s 0 -145.1 C'S'H
- 3 Belite 1 =2 0 -1.859
o3 Aluminate 1 = 0 -3g8.82 CH
+.-3 RBlite 1 =0 -14.12 . .
o3 Ferrite 1 = 0 -36.89 Ettrlnglte
s R roee o Monocarbonate
+-- s  CA2 1 sa0 -18.37
.5 CZRHTS 1 so0 -4.164 hydrota|cite
+-- s C3LHG 1 sa0 -2.672
+. s  C4BH13 1 sa0 -3.238 .
5. s C4RH1D 1 so0 _2.83% Note C;AS 4,H; 46:
s  CRHLO 1 sa0 -5.211 . .
TS i T e not activated in database
EI] cancg.sz-uz 1 =20 -0.7393 => supressed dur'ng a"
+-- s  C4BcH11 1 s 0.0188822 5.777e-09 . A .
s Aragonite 1 =0 -0.1441 calculations as its formation not
+-- s Calcite 1 s 0.0247094 3.357e-09 . s
£.= C3FHE 1 so ~2.576 observed at ambient conditions
+-- s  C4FHL3 1 sa0 -2.731 . ‘s
3  C3FSO.B4HS.32 T oao o 2822 (to include create an additional
+-- s  C3FS1.34H3.32 1 sa0 -0.8075 .
+. s  C4FcOSHIO 1 sa0 -5.017 Phase referlng to
+-- =  C4FcH12 1 =0 -2.688 Dcomp: C.AS H
IR lime 1 = 0 -9.857 p 3 0.42 5'16)

ystem: T= 29315K: P= 1.00bar; V=

01506 L; Aqueocus: built-in EDH{H); pH =13.785; pe= 7.365; IS= 0.568 m 48




Influence of temperature: 5% Cc
75) US S|-HG Influence pf temperature,.PCwith Ce

60

50

40

phVol

30

20

—Legend| x# |Label

CSHQ
Portlandite
Calcite

o

ettringite

monosulfate
C2A5HE
C4Ac0.5HLZ
CAAcHI1
C3F50.84H4.32
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OH-hydrotalcite
Gibbsite
Anhydrite
Gypsum
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Brucite

S[eIed e[/ aee[e]d 000

Click legend symbols to adjust

0 20 40 60 80 W S
Temp C area
| EMPAQ
No C3AS g4Ha 32 With C3AS g4H, 55
Influence of temperature,
OH-hydrotalqte """""""""""""""""""" """"""""""""""""""""" T 70+ :

Temp C




siliceous hydrogarnet

siliceous hydrogarnet in OPC blended with fly ash)

| |

OPC-FA 1d OPC-FA 90d
'| — o Re T
CH Ms Hc \CH | :
F 1 / | 1
80°C \‘ ! 1 ' '

7°C

S e L L B B B B e B R
10 12 14 16 18 20 22 24 26
° 2 Theta

GEMS workshop, Diibendorf, May 19-21, 2014

8

° 2 Theta
Deschner ea, 2013
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Si-hydrogarnet / no AFm
observed in very old cements
hydrated 50 years at 20 °C

Intensity [arb. units]

.hydrogarnet [ Si-hydrogarnet

A
Ap o D% &4
AP A ‘.
0.5 @ AFm

0.6

0.4

(Al+Fe)/Ca

0.2

0.1

portlandite %8 et

caltﬁt’
0

0.2

Je e
e

8i|Hg Si—l-lig [
an I"m.fl\-l'i |\gr_1

Paste 15

L

|
I\ 18 after SAM

o Before SAM
A After SAM

0.8

Ht | .
W. ] v c * M |
e \—JC,B 15 after SAM
1|.|'J I 1|5 I zlo I 2|5 I 3|0 Dilnesa ea 2014

20CuKa
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Influence of temperature EMPAD

Higher temperature:
— faster kinetic of PC hydration and SiO, reaction:

OPC

— 47 °C: ettringite, monocarb. — monosulfate
— volume decrease => decrease in strength

longterm
— Hydrogarnet-hydrogrossular instead of AFm

In addition changes in CSH volume (water content);
Not captured in present CSH model (no gel water present)!
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