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

Influence of temperature:
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Modeling: Temperature

Arrhenius equation
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Chemical reactions accelerate with increasing temperature
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Solubility of monosulfate

%1)

-28

-29 |

calc. solubility product log Ksp

-30 |
4

1) D'Ans 1953 4)Zhang 2000
2) Jones 1944 5)Zhang 1980

31 3) Atkins 1991 6)Kalousek 1941

0 20 40 60 80 100
Temperature [°C]
Matschei et al. (2007), CCR 37, 1379-1410 °

Hydration: 20 °C

‘aluminate/ /.

Volume [cm?3/100g cement]

A
>

5

0 001 0.1 1 10 100 1000
hydration time [days] | gthenbach et al. (2008), CCR 38,




hydration: 5 °C
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Hydrated OPC
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Influence of temperature

Higher temperature:

— kinetic of hydration

VR 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
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Influence of temperature: tutorial

m Cement: «OPC» in project «Temp»

r— 1 L. Fad LSS e o 0 003711583787 2 004 -
m Input Recipe of Single Thermodynamic System: Temp:G:OPC:0:0:1:20:0: - - &lﬂ
tname |DPC—aII reacted 5% of calcite (2.8 g Ca0, 2.2 g CO2)
Property — Selection Recipe Input
Compos (xa_) - -
DComp (xd.) PG CaCO3 Property Mame Quantrty Units
IComp (bi)) A2032 CaMg(CO3)2 1 |xa_ A1203 5 g
Phase (xp_) Al25i205(0H)4  Ca0 2 |xa_ qua 50 5 g
i .
Kin.lower (dll) Aqua Cas04 3 |xa co2 2
I | | Kinupper (dul)) C12A7 Ca504 0.5H20 - : 9
| GO shift (gEx_) €25 CaSio3 4 |xa_ Ca0 67 g
Other Inputs C3A Fe203 5 |xa_ Fe203 1 q
c3s FeCO3
CAA3s FeO b |xa. k20 0L g
| C4AF FeOOH 7 |xa MgQ 1 g
| CA FeS 8 |xa_ Na2Q 0.1 g
t CAZ Gypsum 3
I CH4 H2 9 |xa_ 2 01 g
[ coz2 H25 10 |xa_ S03 g
| Ca(OH)2 H2504 11 |xa_ Si02 na g
! KN ol
i
I
i Input quantities of Compos(itions) contributing to B_
1 vector
| Learn more | Print 0K Cancel

GEMS-Workshop May 2014, Diibendorf
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Input: System Definition | Results: Equiibrium State |

For EMPAQ

No siliceous hydrogarnet
(C3(AF)S084H) dolomite, quartz, ...

T N = B formation at room temperature and
Lofie i £ ¢ ; short time frames
3 J Quarternary solid solution model for
s s=——> C-S-H (Kulik 2010); Ca/Si varies from
I+ 3 0.67 to =1.5 (in the presence of
(Cmmmmr 2 i : 2 portlandite)
2 3 -

monosulphate—Fe
—

. ST :
- OH_S04_BFm 2
- 504 _CO3_AFt 2
- CO3_504 AFt
-
- Bl (OH) 3mic
-~ Gibbsite

-~ Kaolinitce

- Graphite
~Mayenite

- Belite
~Aluminate
~RAlite

-~ Ferrite

Al-Fe monosulphate and Al-Fe-
ettringite excluded for this example
(duplicates can cause mathematical
problems; iron more stable in
hydroandradite: C;FS; g,H, 3,)

| W W W

Single solids
> (ettringite/monosulphate)
dectivated as already
considered as solid solutions

GO0 0000000000000 00000000000%n00000

L= L R R L R R I = = L= = I =TI T < I T I =T I R = I ]

OO0 OO0 00000000O000000000O0O\Q0Jooopbooo

00 oo
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Input: System Definition Results: Equilibrium State I EMm°

Phase/species |L |T|Om’|UC |Add to BClUG |GCI cor
-~ C2ASHE 1 s+ g o0 J o
E ------ gjﬁ“ﬂ;fﬂu Lo : g__';/u/) Single solids dectivated as
...... = g ) :
QT4 ettringite 1 B> 3 o already considered as solid
g izigsgzte 1 : I|PC;0r1 [33] : Selection of Phases to be ir Solutlons
-~ C3FHE& 1 3 + g 1} J 1}
-~ C4FH13 1 3 + g 4] J 4]
-~ C3F50.84H4.32 1 3 + o 1} J 1}
- C3F51.34H3.32 1 3 + 51 4] J 4]
-~ C4FcO5H10 1 3 + o 1} J 1}
- C4FcH1Z 1 3 + 54 4] J 4]
A olomite-dis 1 3 - (1] J 1]
\E]%mite—ord 1 = - J [4]
[ 1ime s + g aQ J 1]
H-- Portlandite 1 s + o 4] J [4]
- Anhydrite 1 =+ g O 0
- Gypsum 1 5 + o 4] J [4]
-~ hemihydrate 1 3 + (=4 4] J
[ & thaumasite 1 s-—— © J 0
T Izomr +—=FF g O J 0
- Fe-carbonate 1 5 + o 4] J [4]
__L- Siderite 1 5 + (=} 4] J [}
o Hemavice e e o0 70 No thaumasite, hematite,
-~ Ferribyarite-am 1 s+ g 0 70 dolomite, goethite, quartz, ...
_—£'| ...... Ferrihydeit 4 = 4 a 0 J i) .
175 Goetnite 1 s> o 3 0 formation at room temperature
- Byrite 1 s + g a J [} .
4 Troilite 1 s+ g o 7 0 and short time frames
[+ Melanterite 1 = 4+ (=1 4] J 4]
-+ syngenite 1 5 + o 4] J [4]
- OH-hydrotalcite 1 = 4+ (=1 4] J 4]
F-- Magnesite 1 5 + o 1] J 4]
[+ Brucite 1 = 4+ (=1 4] J 4]
-~ Sulphur 1 5 + o 1] J 4]
al (MATT EI— 4] J 1] H
------ Silica-amorph 1 5 I—>g =) T T —> Amorphous SIOZ

'C_on [33]: Selection of Phases to be included into GEM task{ + -1 20




i = I T = | b W |, v T T

[nput: System Definition Results: Equilibrium State |

EMPAQ

Fhase/=species | L |T| Imount (mol}) logSI/Activity | Concentration
ag gen 69 a 0.43500338 2.182e-08
g gas_gen 5 g 0.0031158762 —-2.094e-11
-] CSHQ 4 =2 0.46917649 1.37%e-089 H
‘s 504 CH AFm 2 50 -1 Solution
-] CH 504 AFm 2 =2 0 -1
s 504_CO3_AFt 2 s 0.018717018 -3.32e-09 C-S-H
-] CO3_s04_AFt 2 2 2.9848203e-007 0.000159& (:P*
-] hydrotalc-pyro 2 = 0 -8.646 . R
‘e L1 (0H)3mie 1 =0 _3.182 Ettrlnglte
- Gibbsite 1 s 0 -2.66%9
s Kaolinite 1 so0 -15.11 Monocarbonate
-] Graphite 1 = 0 -83.76 H
-} Mayenite 1 = 0 -145.1 CalCIte
- Belite 1 s 0 -1.856 1
5 Belae Tl e Hydroandradite (C5FS; g4H, 30)
s Alite 1 =0 -14.11 Hyd rotalcite
-1 Ferrite 1 s 0 -36.62
-] Ch 1 s 0 -13
-] Chz 1 = 0 -18.96
-] C2RHTES 1 = 0 -4.182
-] C3hHa 1 = 0 -2.668
-] C4RHI1Z 1 = 0 -3.238
-] CRHI1O 1 s 0 -5.212
-] C2RSHSE 1 = 0 -2.885
-] C4RcO.5H1Z 1 s 0 -0.7397
-] C4RcHI11 1 = 0.024117778 2.289%=-0%
-1 Aragonite 1 s 0 —-0.1441
-] Calcite 1 = 0.01559412 5.851e-089
-] C3FHe 1 s 0 -2.316
-] C4FH13 1 = 0 -2.47%6
-] C3F50.84H4.32 1 3 0.0062622026 1]
-] C3F51.34H3.32 1 = 0 -0.6439
-] C4FcO5SHI1O 1 s 0 -4.76
-] C4FcH12 1 = 0 -2.433
-] lime 1 s 0 —-59.956
-] Portlandite 1 =2 0.36532113 -3.761le-10
-1 Anhydrite 1 s 0 -3.082
-] Gypsum 1 =2 0 -2.838
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Influence of temperature: tutorial

m New process file to calculate variation of temperature

GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Medelling by Gibbs Energy Minimization - [Process = Definition of a Process Simulator (batch calculation]]

EMPAQ

0 Medules Record Window Help

B & o ~l il Pl K| ¥

i =, 3 K EL
Ve @]

N

\ § I R, O, X,
N A a Temp:mERRRRRAR Create a new record from scratchi
Ele Con T —ampg— eSS | Config | |10f0412014, 16:26

SysEq I
Y ﬁ) O Process: Please, set a new record key M
< Process ITemp:G:OPC:U:O:1:20:0:PC:P:
iTau ipXi iNu
x ITemp Mame of the modeling project o 0 a
GtDemo I G Thermodynamic potential to minimize {G} 0 0 0
4] 4] 1]
m oPC Mame of the parent chemical system definition (CSD) o o o
ID CSD (recipe) variant number <integer >
GEM2MT
ID ‘olume of the system, dm3
%} I 1 Pressure, bar, or 0 for Psat(H20)g
Prriect I 20 Temperature, C
IU Variant number for additional constraints
C iPC S Mame of this process simulation task name
[« iP Prooe§ simulation mode code {F, S, L, G, T,R}
Temperature

(o] 3 I Reset | From List I Help | Cancel |

—————
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and pressure

variation
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Influence of temperature: tutorial

) GEM-Selektor Process Setup: blended:G:OPC:0:0:1:25:000:TempiP: 2 S

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 moedes 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 precess simulation mode:

@ P Sequential temperature and/or pressure change at fixed bulk composition Tem peratu re an d
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

EMPAQ
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Influence of temperature: tutorial

EMPAQ

my
—| £) GEM-Selektor Process Setup: Temp:G:OPC:0:0:1:20:0:PC:P:

2

Flease,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.

 — ] . - .
Step 2 - Process Simulation Controls (clickg ko retain the old script)
iTm iP iTC i iTau ipXi iMNu ipH ipe
¥ & 1000 0 1 4 0 0 0 0 0 0
il 1200 1 [ 0 0 0 0 0 0
0 2 0 0 0 0 0
" User-defined script " PT phase diagram

Phases

aq_gen C3AH6 Tron |
gas_gen C4AHI13 Fe-carbonate
Numbering
of the single Start temperature
calculations Stop temperature
Step size
No script
needed

GEMS-Workshop May 2014, Diibendorf
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Volume in cm3
EMPAQ

.
1 0 GEM-Selektor Process Setup: Temp:G:OPCOOI200PCR: R T —— L2 |
Step 3 - Selection of items to sample/ plot (click "Next" without selecting anything to retain the old script)
Property —Iem Selection Sampling Script
Scalars - — 1.
i - - xp[1] =1 3;
- Coaar? [ yPLIJL0] =: phVOIL{CSHQ}];
ue Llad ngenite 1](1] =: phVoI[{Portiandite}];
b CSHQ OH-hydrotalcite ypl[1] =: p _ H
b S04 OH AFm_ Calcite Magnesite YF’E%F% = F’:"OECE"CM}]? .
<04 yp[I1[2] =: phvol[{504_CO3_AFt}];
EF:_t 504 CO3_AFt Sulphur yp[II[4] =: phVol[{SO4_OH_AFm}]; To be changed later
icM C03_504_AFt  [EEIEIETERM Silica-amorph yp(3](5] =: phvol[{C2ASH8}];
Xa hydrotalc-pyro  |&=izabel geier) yp[11[6] =: phvVel[{C4Ac0.5H12}];
d— | | AIOH)3mic CAFc0SHLO yp[J1[7] =: phvol[{C4AcH11}];
Clohvol C4FcH12 yp[a1[8] =: phvol[{C3FS0.84H4.321];
" Kaolinite lime yp[31[9] =: phVol[{C3FS1.34H3.32}];
Fa Graphite Portlandite yp[J1[10] =: phvol[{OH-hydrotalcite}];
E;agaq_gen]J gﬂ:li:nite ?nh:r:;le ypEJ%Ell} = p:Vo:E%GibhbsciltE}]};]
a(gas_gen : ayps yp[d1[12] =: phvol[{Anhydrite}];
SO Tl OS] = pt G
b}(:EOH _504_1 Ferrite Iron ypIC14] = phVoI[{C3AH6}];
bXa(SOtl_ co3 Fe-carbonate yPUII15] =: phvol[{Brucite}];
bXa(CO3_S04_ Siderite
bXalhydrotalc- Magnetite H .
X e Solid phases sampled:
2 pocreme appear in the order selected
Aalp Troilite
Sigw
o - Be careful to forget no
4 3
relevant phase!
Volumes of phases (in cm3) in equilibrium
<Back | MNext> | cancel
25
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:1 GEM-Selektor Process Setup: Temp:G:OPC:0:0:

Step 4 - Important data object dimensions

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

- Dimensions of sampled and experimental data

!4}' 5: nPS - Mumber of steps (1 to 9999 ) to be performed in this simulation (default: 21); also length of the "xp' vector.

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

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

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

Il 3
Il a
|U 3: Number of rows in the xEp, yEp arrays for experimental data (optional)
H =

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

Optional data vectors (ol
allocated using checkbox
vector from the respectiv

Step 5 - Additional options

~ Allocation of optional di

On this page, some options of the Process simulator operation can be changed (for specific cases).
™ CSD variant # ('VTn

™ Temperature T (WT

™ Process extent pXi ( Optional modes of operation

[~ Use 'P_expr' simulation control script (can be turned off in P simulation mode)

—Leam morel ¥ 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)
GEMS-Worksho
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Y |

w F @ X

N |

0 iITemp:G:OPC:O:O:1:20:0:PC:P:

EMPAQ

Controls || Sampling Results I Config ||10f04,|"2014, 16:26
e [ oo  oee | 3z ] o5 ] o ] 9
[ psTRRY| [erm [ 1000|[cwv | o
= e o] e ] 0]
e ——
= epe | oz ] x| el
temperature
xp[J] =: cTIC: . - .
=T I CTC: Temperature in °C in K
yvp[J][1] =: phVol[{Portlandite}]:
vp[J1[2] =: phVol[{Calcitel]l:
vol W 504 CO3_AFt}]+phVol[{CO3_S04 RFt}]:
vol =: phVol[{504 OH AFm}]+phVol[{OH 504 AFm}]:
vp[J][5] =: phVol[{CZESHBIT: - ]
vp[J1[6] =: phVol[{C4Ac0.5H12}]; Ettr|ng|te and
vp[J][7] =: phVol[{C4BcHI1}]:
vp[J1[8] =: phVol[{C3F30.84H4.321]1; monosulphate:
vD[J][8] =: phVol[{C3F51.34H3.32}]:
vp[J71[10] =: phVol[{CH-hydrotalcite}]; both parts of the
vp[J][11] =: phVol[{Gibbsite}]: ; ;
vp[J][12] =: phVol[{Anhydrite}]; solid solution
yp[J]1[13] =: phVol[{Gypsum}]:;
vp[J][14] =: phVol[{C3RHE}]: needed
yp[J][15] =: phVol[{Brucite}];
GEMS-Workshop May 2014, Dibendorf 27
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i F @) %]

g ||Temp:G:OPC:0:0:1:20:0:PC:P:

Sampling || Results

Contrals I

Config | |10I04,|'2014, 16:26

| |pY Na.mlphVol |

Tenp C C5HQ

%
=
L

Portlandite Calcite Iattringite Im:mosulfate FZASHB
L i | | |

4]
]: Datatable of ¢

B3

=
™~
e

Wl [ =1 |y [ [ | O

[
=

[
L]

[
(%]

-
S

[
w

[
2]

s
=1

[
=]

[
w

[
[=]
Ol 0 0|0 0| 0|0 0|00 0|00 0 0|00 oo o|d

]
(=]

Ol 0 0|0 0| 0|0 0|00 0|00 0 0|00 o|lo o0 o

Ol 0 0|0 0| 0|0 0|00 0|00 0 0|00 o|lo o0 o
Ol 0 0|0 0| 0|0 0|00 0|00 0 0|00 o|lo o0 o
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a GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Medelling by Gibbs Energy Minimization - [GEM-Selektor v.3 Graphics Dialog] —— R

0 Modules Record Window Help

a2

IgrProoess

@) ¥

/B

)

g iITemp:G:DPC:O:U:1:20:0:PC:P:

I

SysEq

0

Process

5 s Te 7 oTs [«

[1 opco o1 (20 [o|pcp|

I 1 - Cumulati -
- | umulative J_ Apply |
:;.. - o -
'E_:" Axis Setup cancel |
Abscissa grid I 5 3: |ITemp C
Ordinate grid |}' :I IPhVCﬂ
1' Graph X i] |1UU
y: 0 70
Fragment x: |U |1UU
u y: 40 f75]
Background
Label font: IMS Shel Dig 2,14,-1,5,50,0,0,0,0,0 |

20

Influence of temperature: 5% Cc

—Legend| x# |Label

CSHQ

70 - ........................... 0 H-hydrotalqt

Portlandite
Calcite
ettringite
monosulfate
C2ASHE
C4Ac0.5H12
C4AcHIL
C3FS0.84H4.32
C3F51.34H3.32
OH-hydrotalcite
Gibbsite
Anhydrite
Gypsum
C3AHE

Brucite

o oo oo oo oo ol o olo ol o

(/9004000094000

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

Fragment I Customize |

Print Save Image Help
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mEM-Selek‘tor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization - [EgStatz Single Thermodynami

il= Modules Record Data Calculate View Print Window Help
:-i @ ISingIeSystem | h E 2 H @ $ K £ 4 ’L_J / W
Cel I le nt: N Fa a Temp: = Input: System Definition Results: Equilibrium State |
@ - 3 A L N B8 =]
<<O P( : nOCC)) SysEq 1 0 01 g Pt?asefspecies | L |'I| Amount (m
—_ (P 2 |0PC|1000 |0 |1 10 000 ag_gen 69 2 0.5622335
I i ) 53 |opc|1000 |0 112 |000 g:;agen : g g-gzg;g:j
in project A i{orc o0 o 3 3t 00 s s 2ol
5 |OPC|1000 |0 |1 |16 (00D OH 504 AFm 3 s 0
((Temp)) | g |5 [opC 1000 |01 |18 000 502 CO3 AFt 2 = 0.0117656
7 |OPC|1000 |0 |1 |20 (000 CO3 504 LFt 2 = 6.70894763
GtDemo s
g gEE 1333 g 1 i:' ggg 2? .'.I; SysEq: Please, enter a new record key:
GiE
m 10 |OPC 1000 |0 |1 |26 1000 Ka ITemp:G:OPC:O:U:l:ZO:U:
I GEM2MT |11 |OPC (1000 |0 |1 (28 |000 e
C one 12 |OPC (1000 |0 |1 |30 (00D )
. t opc (1000 o 11 132 looo May ITemp Name of the modeling
existin 13 Bel _
9 2 [14]opc|1000 [0 |1 34 000 14y E Thermodynamic pater
OPC Profect |15 [opC 1000 |0 [1 36 000 a1d ame of the chemical
16 (OPC 1000 |0 |1 |38 000 Fey|
17 |opc 1000 o |1 |4 ooo CA IU CSD (redpe) variantr
18 | OPC 1000 |0 |1 |40 |000 cag o volmeof the system
19 [opc (1000 [0 |1 [42 [o00 gz : F— ‘
) 20 |opc|1000 [0 (1 |44 000 cadl 1 Pressure, bar, or 0 fol
OPC without 21 |opc|1000 |01 |46 000 [0 Temperature, € (= |
; 22 |OPC (1000 |0 |1 |48 (000 2 )
Ca|C|te 23 |opc 1000 |0 |1 |50 000 s : IU Variant number for ad
24 |OPC 1000 |0 |1 |52 [000 c4H| I—I | .
25 [opc (1000 |0 |1 (54 |000 ardl Ok Reset From List
26 |OPC (1000 |0 |1 |56 (000
27 |OPC|1000 |0 |1 |58 |000 CAFRT 0 —
28 |OPC|1000 |0 /116 1000 C3F50.54H4.32 1 s 0.0062622
20 |OPC|1000 |0 |1 |60 |000 C3F51.34H3.32 1 = 0
30 |OPC (1000 |0 |1 |62 (00D — C4FcOS5H10 1 =0
31 |OPC 1000 |0 |1 |64 000 C4FcH12 1 =0
GEMS-Workshop May 2014, Diibendo 32 |OPC|1000 |0 |1 |66 |000 lime 1 s 0
m lane lannn Tn 14 Tee Tann Portlandite 1 2 0.3R3IARRRD.

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

el el = . 0f31l087118 1

fs Y
m Input Recipe of Single Thermodynamic System: Temp:G:OPC_noCc:0:0:1:20:0: - . - M
tname |DPC—aII reacted 5% of calcite (67-2.8 g Ca0=64.2, 0.001 g CO2)|
Property — Selection Recipe Input
Compos (xa_) - -
DComp (xd] AOH3 CacO3 Property Name Quantrty Units
IComp (bi) A1203 CaMg(CO3)2 1 [xa_ A1203 5 g
: Phase (xp_) AI25205(0HM  Ca0 2 |xa. Aqua 50 g
Kin.lower (dll_) Agqua CaS0d =
Il | |Kin.upper (dul) cl287 Ca50405H20 3 [ £ 9001 9
b G0 shift (gEx_) 25 Ca%i03 4 |xa_ Cad 64.2 g
[ Other Inputs C3A Fe203 5 |xa_ Fel03 1 g
c3s FeCO3
1 CaA3s FeO 6 |xa k20 01 g
1 C4AF FeOOH 1 |xa_ MgO 1 9
| CA Fes 8 |xa_ Ma20 01 g
tl cA2 Gypsum
i P H2 9 |xa_ 02 01 g
I coz2 H2s 10 |xa_ S03 4 g
| Ca(OH)2 H2504 11 |xa_ Sio2 218 g
! N 2
i
H
[ Input quantities of Compos(itions) contributing to B_
\ vector
i
: Learn morel Print 0K Cancel

GEMS-Workshop May 2014, Diibendorf

EMPAQ

Cement
composition
in g/100 g:
=> All reacts!

Remove
CO2

Reduce CaO

32




Influence of temperature: no Cc

—Legend| x# |Label

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

phVol

OH-hyd rotajcite

CSHQ
Portlandite
Calcite
ettringite
monosulfate
C2A5HE
C4Ac0.5H12
C4AcHIL
C3FS0.84H4.32
C3FS1.34H3.32
OH-hydrotalcite
Gibbsite
Anhydrite
Gypsum
C3AHG

Brucite

-
-
&

RILIC IR A

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

100

Fragment | Customize

Print Save Image Help

Influence of temperature: 5% Cc

EMPAQS

[ |

0 ||Temp:G:0Pc:o:o:1:20:0:CSH_pH:P:

Prorece

-
—| O GEM-Selektor Process Setup: Temp:G:OPC:0:0:1:20:0:C5H_pH:P:

Remalke finiched MW T i« recammender

r re-ralenlate the data

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

Property

u

ue

b

Ch

m_t

Igrm_t

icM

Xa

Xwa

phVal

phi

Fa
bXa(ag_gen)
bXa(gas_gen)
bXa(CSHQ)
bXa(504_0H_
bXa(OH_S04
bXa(504_CO3_
bXa(CO3_504_
bXa(hydrotalc-
bXs

L1

Yof

Aalp

Sigw

M

— Item Selection

Volums[1]
N

L[0]
L]

RTF[1]
RoW[0][0]
EpsWI0][0]
VisW[0]
iTm[0]
iTm[1]
iTm([2]
cm

iv[0]

Mz LI2]

GX L[4]

s L[5]

pH Fi[0]

pe Fi[l]

Eh Fi[2]

T[] FI[0]

TCM] FI[1]

TK[O] FI[2]

TK[1] denW([O][0] Fi_]
PG[0] denW[1][0] Fi_|
PG[1] epsWI0][0]
Wx[0] epsWI1][0]
Wx[1] InP

It RT

TtEfd F_RT

Itlpm Kw
Psi_DK[0] Masszes[0]
P=i_DK[1] Masses[1]
_nnrfd]  Masses[2]
_nnr[l]  Masses[3]
L[0] Maszes[4]
L[1] Masses[5]
L[2] Volums[0]
al

iV[1]
iV[2]
¥
iP[0]
iP[1]
iP[2]
P
iTC[0]
iTC[1]
iTC[2]
cTC
cl

ki wpkKi
iMul0] wMu
iNu[1] vKin
iNu[2] moc
chu  xp
ipH[0] yp
ipH[1] =Ep(
ipHI2] yEpl
cpH

ipe[0]
ipe[l]
ipe[2]
iNv[0] cpe

iMv[1] cEh

iMw[2] Mext

cNV T

iTaul0] J

iTau[l] Jp

iTau[2] wTm

clau vV

ipXi[0] wP

ipXi[l] wV

ipXil2] T

cpXi vTau

| ©

| lict nf ctatier Aata nhiarte fooo traltin an aach nhiort namal |

sampling Script

] =1

yp[J1[0] =: pH;

yp[I1[1] =: bXa[{CSHQ}][{Ca}];
yp[J1[2] =: bXa[{CSHQ}I{Si}];
ypl313] =: my[{OH-}1;

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

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

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

34




Influence of temperature: 5% Cc EMPAQ

Controls || Sampling Results | Config ||1?,f04,12014, 11:19

[were | 9999]  47[[wexc | o[z | olfa | eslfap | e

| pSTkey|Temp:G:0BC:0:0:1:20:0: [etm | 1ooo||c,1w | c-|
|cTau | ol[cpxa | ollexs | | E= 0
[cpr | 0lfcpe | olfczn | olfer | 369.15]

xp[J] =: cTIC:

yp[J1[0] =: pH:

$ plotting Ca/5i in CSH

yp[J]1[1] =: bXa[{C5HQ}][{Ca}]/bXa[{CSHQ}] [{5i}];
£ plotting H/S5i in C3H: H/2 = H20

velJI[2] =: bXa[{CSHQ}][{H}]/2/bXa[{CSHQ}][{51i}]:
£ log OH- conc

vo[JI[3] =: 1l4+lg(my[{OH-1}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+lg(my[{OH-}]) equals pH at 25 °C
=>to illustrate temperature effect on pH:

GEMS-Workshop May 2014, Dibendorf 35

Influence of temperature: 5% Cc

Influence of temperature, PC with Cc

I Changes in pH
10 - ............ Much less in pOH ..... ....................................................................................................
. (AG(H*) = 0 by definition) :

6 ---------------------- C-S-H composition quite constant, Ca/Si = 1.64 - --------------------------------------------------------
' H/Si = 2.9, no variation with temperature ? %

2 B e 1o e L e e A RN L I e e e S R e e R A S S e Y ot s e S Y o S ST S 1 A A S S e S SR AR Y R L S SR AN e LT S SRS N SN TR LA S SRS At s bt et e
1 Ca/Si
| R W— VO——,  SOT—— W————, Qe
I T T T T T T T T T 1




~ 20 g 8
—~ a. = b.
= , g
©n 18} vy = ©
C} o 6
= v | Muller ea 2013 o
o Llor - J Phys Chem C PR
: G 4 °
= 14t &)
¥ =
2 12t FE 2r . e opg>
= )
Q O
10 S 5 0 N i —
0.0 0.2 0.4 0.6 0.8 1.0 = 0.0 0.2 0.4 0.6 0.8 1.(
Degree of hydration (-) = Degree of hydration (-)
6__ .................... C_S_H CompOSItI n qUIte Constant’ Ca/SI - 1.63 T -
T T
- H/S]
A RV AR AR RARRRRRARS DRRRRRRR |
] Ca/Si
S . N S S —— Qoo
0 | >0 | 40 | f0 | a0 | 100’
8
3.40 - T b.
3.20 1 | o
3.00- i 6
' + | Muller ea 2013 °o
2.80 J Phys Chem C o
4F o
2.601 Gallucci ea 2013, CCR
2 40 1 Ca/Si no variation
2+ °
550 \ { L o ® gt
2-00 T T T T T T
0 10 20 30 40 50 60 0 L : ~ -
temperathre (°C) 00 02 04 06 08 L
Degree of hydration (-) - Degree of hydration (-)
e C-S-H composition quite constant, Ca/Si = 1.63 s
G | WU, VL. SRUG—— ST—————— S————. |
/s
2 il ....
J Ca/Si :
P N (S SO S S Qoo
0 | >0 | an | &0 | a0 | 100




3.40 - f b,
3.201 | o
3.00 1 } 6r
' t | Mullerea2013  °,
2.80 J Phys Chem C oo
. 4t o
2601 Gallucci ea 2013, CCR +
2.40 -
520 ’} 2r . evogges  *
2.00 T T T T T T T
0 10 20 30 40 ‘
temperati _ 100 0.02
e I
= Variations in gel water ; 901
difficult to include 2 s
= Temperature effect on E 709 =, - , -0.00
composition and E 604 % calcite :
interlayer water, on 2 50 4% , , , ,
aluminium, anion and g— i) L Myers, LHop|t.aI ea In preparation | _go;
alkali Uptake: g 30_- Interlayer H/Si ~ 2 BT=7°C
work in progress 2 0] W from 7'to 80 °C :T - 20:g
L'Hopital, Myers, % 10l C-S-H .$ = ggf’c L-0.0¢
Plusquellec, Kulik, € B
Lothenbach, Nonat, ... 0 250 500 1000
What happens with the iron? EMPAQ
portlandite
1400 -
Fe-monosulfate Fe-monosulfage
f M
1000 - i
| [ 50 °C
« 800 - Fe-monocarbonate ‘
= Al-monocarbonéte
o
© 600 - I
| 20 °C
400 |
200 |
[
O T T T 1 ‘;L‘Yiffﬁfj T T T T 1 T T { 1 5°C
5 10 15 20 25

Lothenbach ea 2007, CCR 37

Pasition [°2Theta]
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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 -11.2 -1.3 AH, -10
CgFsHs, -44.0 1
C4FsHy, -31.6 -2
C4FcHy, -34.6 -3
C4FcosH1o -30.8 -2
CsFHg -26.3 R0. -6
@4"‘4.32 D -26.7 3ASp.gaH4 32 -8

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 . pubendori 41

EMPA
Al siliceous hydrogarnet °

4 CASH Tk

X 6-2x

CASH

X 6-2X

1

. Intensijty (arb. units)

CSASXHG—ZX
prepared
at 110°C

JL R CAHg ) 20°C,
: — : - : : : . 3.5 years
15 CAH; 20 25 CAH, 30 CAH, 35

20CuKa

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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Intensity (arb. units)

EMPAQ
Fe siliceous hydrogarnet

C3FSH,
C3FSH,
C3FSH,
C3FSH,
- L I ‘\ ' A k \ prepared
| | | | | jat 110°C 5 days
. | ] | [ | I 20°C
I e [ ] | P ’
H—Y : S & e (M o Wt e P years
15 C3FHg 20 25 30 35

20CuKa

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,(AF), periclase, calcite,
= C,(A,F)SH,, hydrotalcite, ...
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XRD OPC, 150 days: Siliceous hydrogarnet observe

1800

1500

=
N
o
o

900

Intensity (arb. units)

600

300

0

5

Al-ettringite
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- 10

.. "I . 4

portlandite
F Si-H9l Si-Hg C [
i i
! [ C F
§ !
i i
Si-Hg | i
l I
Al-Ett C
Al-ett
[T WP | _ _
15 20 25
20 Cu Ka.

dEMPA°

SirHg
|
|4 —50°C, sam
I
|
l 20 °C, SAM
i
—HS50°C
C
»
—HS 20°C
30

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

46

At 20 °C
Age Cy(AF) Fe(OH); CsFSH; Ci(AF)SH; Fe-Htl C4FcH;, CgFssHi,  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); CiFSH; Cs3(AF)SH; Fe-Ht CyFcH;, CgFssHi,  R-factor
Unhyd 1.00* . 0.12
thrs | 070@)|[030@ | Firsthours 0.14
4hrs | 0.65(2) || 0.35(2) 0.09 50 °C
16 hrs 0.64(2) 0.36(2) 0.18
150 days | 0.59(1) 0.41(2) At > 16 hours 0.09
1 year 0.58(2) 0.42(2) 0.07
>1 day:

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

Dilnesa ea 2014
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SEM/EDX analysis of OPC

EMPAQ

0.8 - )
CazAlg gFe; ¢Sig gsO6
0.6 B
1]
Q
L 0.4
x
<
0.2
0 ] :
0 0.2 0.4 0.6
Si/Ca

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

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




EMPAQ

Hydrogarnet/hydroandradite

calculations as its formation not
observed at ambient conditions
(to include create an additional

Phase/species | L |T| Bmount (mol) logSI/Activity Concentration z
agq_gen 63 a 0.47421475 2.907e-10
gas_gen 5 g 0.0031148901 1.5838e-10
C3(AF)50.84H 2 = 0.011454257 -3.4162-09
I 0.005192054 0.453286 0.45328598 1
C3F50.84H4.32 I 0.0062622028 0.546714 0.54671402 1
B8  CSHQ 4 s 0.46350181 2.004e-09
F--s 504 OH AFm 2 =0 -1
s  OH 504 AFm 2 sao -1
-5 504 CO3 AFt 2 = 0.018760835 -1.991e-09
F--s  CO3_ 504 AFc 2 s 3.9158123e-009 0.0049933 ;
[ = hydrotale-pyro 2 =0 —-8.6845 SO|Ut|0n
M5  AL(OH)3mic 1 sa0 -3.194
#--s Gibbsite 1 =0 —2.671
Fs Kaolinite 1 so0 -15.12 (CB(A,F)SOS4H432)
- 8 Graphite 1 =20 -83.75
= Mayenite 1 = 0 -145.1 C'S'H
- 8 Belite 1 =20 -1.859
[ 5 Zluminate 1 s 0 -38.82 CH
B8 Rlite 1 =0 -14.12 : :
[t = Ferrite 1 s 0 -36.89 Ettrlnglte
f-a Ca o 3 Monocarbonate
Bl-s  CA2 1 =0 -18.97 :
Fs  C2RHTS 1 so0 -4.164 hydrota|c|te
Bl-s  C3AHE 1 =0 -2.672
B8 C4RH13 1 =0 -3.238 .
B3 CARH19 1 so —2.835 Note C;AS, 4,Hs 16
B8  CRHIO 1 =0 -5.211 H H
T aens o0 s not activated in database
F--3  C4RAcO.5H12 1 =0 -0.7393 => Supressed dunng a”
[l-s  C4RcHIL 1 s 0.0188822 5.777e-09
[#- 5 Aragonite 1 s 0 -0.1441
M3 Calcite 1 = 0.0247094 3.357e-09
Bl--5  C3FHE 1 sa0o -2.576
s  C4FH13 1 =0 —2.731
W--s  C3F50.84H4.32 1 sa0o -0.2622
-3  C3F51.34H3.32 1 =0 -0.3075 H
W3  C4FcO5H1O 1 sa0o -5.017 Phase refe”ng to
-3  C4FcH12 1 =0 -2.688 Dcomp: C,AS H )
flees  lime 1 sa0o -9.957 P 3 0.427 '5.16

ystem: T= 29315K; P=

1.00 bar; V= 01506 L; Aqueous: built-in EDH(H); pH =13.785; pe= 7.365; IS= 0568 m
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Influence of temperature: 5% Cc

plus Si-H

phVol

—Legend| x# |Label

CSHQ
Portlandite
Calcite
ettringite
monosulfate
C2ASHS
C4Ac0.5H12
C4AcHIL
C3FS0.84H4 .32
C3FS1.34H3.32
OH-hydrotalcite
Gibbsite
Anhydrite
Gypsum
C3AHG

Brucite

-
-
L 4

o olo ol oo oo oo oo olao o

04000000000

Temp C

Click legend symbols to adjust
curves; select abscissae under x3
edit fabels, drag-drop them to pl
area




No C3AS; g4Ha 32 With C;AS, g,H, 3, EMPA‘

Influence of temperature,

"'OH:HYHi‘ﬁtHéité'é """"""""""""""""""""" """""""""""""""""""""""" """""""" 70

20 40 60 g0 O ' '
T E 0 20 40
Temp C
siliceous hydrogarnet
EMPAQ
siliceous hydrogarnet in OPC blended with fly ash)
OPC-FA 1d OPC-FA 90d
| — roor HG -5
1 1 |
Ms Hc :C/H : :
v /|F A '
\v 80°C | 11 ¥ ﬁ'
B Mu|l Qz
L50°C [ vk e f’dw
| L. ,J“\w- N (=
| 1 | 200C A 1 1 . I
i W Vsl S TR V% PO Y N3
o A Ll O
E E I: : : | 1 |: : : |
) ' L 7°C | h gt : ' L
II1 I'I'II"II'II'II'I'I' I'I'I!'I'I'II'I'I"II'I'I'
8 10 12 14 16 18 20 22 24 26 10 12 14 16 18 20 22 24 26

° 2 Theta

GEMS workshop, Diibendorf, May 19-21, 2014

° 2 Theta

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

(Al+Fe)/Ca

° hydrogarnet . Si-hydrogarnet

44 o 44
ﬁ A g

0.6

o Before SAM

0.5 @ AFm A After SAM

0.4

.ettrln ite
03 8 %o ®o

"R, 2o
H,%

o5 i o

o

0.2

0.1

portisndn e UBe ;'..' ngﬂ ]
ca!t.qt
04 0.6 0.8
—_ sifca
w ‘
:‘é J
o Paste 18
= , Paste 15
T itHg
§ Si|H | | ||
= M*G J' || A
= e | el s M o LI\ 18 after SAM
W’ C .
S o= 15 after SAM
1|u 1'5 20 25 3'0 Dilnesa ea 2014
20CuKo.
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EMPAQ
Influence of temperature

Higher temperature:

— faster kinetic of PC hydration and SiO, reaction:

OPC
— 47 °C: ettringite, monocarb.

— monosulfate

— volume decrease => decrease in strength

longterm
— Hydrogarnet-hydrogrossu

In addition changes in CSH vol
Not captured in present CSH m

GEMS-Workshop May 2014, Dibendorf

lar instead of AFm

ume (water content);
odel (no gel water present)!
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