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Abstract

There exists limited information regardirige effect of temperature on the structure and
solubility of calcium aluminosilicatehydrate (CGA-S-H). Here calcium (alumino)silicate

hydrate C-(A-)S-H) is synthesised at Ca/Si 5 Al/Si < 0.15and equilibrated at-80°C.
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Thesesystemdncrease irphasepurity, long+ange order, andegree of polymerisation @-
(A-)S-H chainsat higher temperatureghe mosthighly polymerised crystallineand cross
linked C{A-)S-H product s formed at Al/Si = 0.1 an80°C.Solubility products folC(A-)S-

H were calculatediia determination of the solighase compositions and measurements of
the concentrations of dissolved speciecantactwith the solid productsand showthatthe
solubilitiesof C-(A-)S-H changeslightly, within the experimentalincertainty,as a function

of Al/Si ratio and temperaturbetween 7°C and 80°C. These results are important in the
development of thermodynamic models foA-)S-H to enableaccuratethemodynamic

modelling of cemenbased materials

1. Introduction

Temperatures experienced ®ment and concrete basszhstructiormaterialsn service can
vary greatly,dueto heat evolutionfrom cement hydratignvariable ambient environmental
conditions steamcuring, and other factorsThe effects of@mperatureon hydratedblended

and neafPortland cementRC) materialproperties areimportant and can includancreased
reaction rate andlensity of calcium silicate hydrateQ-S-H) ? [1], coarsening ofpaste
microstructurs [2], and decreasingcompressive strenggh[3] with increasng temperature
Despite the wealth of engineering information available in this ardp,aofew sudiesare
available in the literatureregarding the equilibrium phase assemblages and aqueous

chemistry of PC systemas a function of temperaturfl, 4, 5] However, a good

& Cement chemistry shorthand notation is used throughout the text,®@g; AL, CaO; H,

H,O; and S, Si@
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understanding othe nature of €S-H and other constituent phases in these syst&ms
equilibrium [6-9] hasmeant thahydrated neaPC materialscan beaccurately describebly
thermodynamic modellingt temperaturesrom 5°C to above 80°Q10]. Extending this
analysis to the Ca@l,05-SiO-H,O systemrepreserd a major steptoward applying this
technique tdwydratedPC blends witthigh replacement levels of supplementary cementitious
materials which are not fully described by existing thermodynamic mofels This will
enable amuch deeper understanding of the chstry and phase composition, and hence

durability, of these material® service.

The chemistryand structureof calcium (alumingsilicate hydrate @-(A-)S-H) productsat
ambient conditionfiavebeen the subject of sustained research for morehakira century
[12]. These productsre structurally similar to the tobermoritgroup of minerals which
contain aluminosilicate chains in ‘dreierkettéyppe arrangemesthat are flanked on either
side by aninterlayef region and a calcium oxide sh€Etgure 1) [13, 14]Al substitutes into
bridging sites withstrongpreference over paired sites in these chfl®s 16]. It has also
been suggested that the aluminosilicate chains-(A-§I5-H products carerosslink in low-
Ca (Ca/Si < 1rementq17] to form disordered analogues of ‘double chamltium silicate

minerals, e.g11A tobermorite [18]Figure 1A)


http://dx.doi.org/10.1016/j.cemconres.2014.10.015

Preprint version of accepted article. Please cite as:

R.J. Myers, E. L'Hépital J.L. Provis B. Lothenbach"Effect of temperature and aluminium on calcium
(alumino)silicate hydrate chemistry under equilibrium condition€ementand Concrete Researc015,
68:83-93.

Official journal versionis online athttp://dx.doi.org/10.1016/j.cemconres.2014.10.015

A B

dreierketten unit  paired site (Q%,) chain-end site (Q")

| 73A |

‘ ’ |

l ‘ / L N 2D calcium

calcium ' TR - oxide sheet
oxide sheet a AR
7777777 H,0 H:0 — 4 ~ T & -
o O 2 O 2 .
_Llnieilafe_r ko A ® 11.3A 140A &H 0& &H 0% &H ] interlayer
H.0 : O H:0 ’ O H.0 : O

crosslinked site (@%) ‘
vacancy bridging site (Q%)

Figure 1 Schematic representation of th@nostructures of finite chain lengkl crosslinked
and B) nonerosslinked G(A-)S-H producs as structural analogues @buble chairll A
tobermorite[18] and 14 A tobermorite [13EspectivelyThe grey diamondare Ca species in
the CaO sheetandredand bludrianglesarealuminosilicate units in paireahdbridging
sites respectively. The green circles and yellow squares represent sitesavhioghoccupied
by positivelycharged specigbat chargeneutralisehe structureas a wholdtypically H',
Cc&* andbr alkali species such as Kr N&).
Studies aalysng laboratorysynthesisedC-(A-)S-H specimen have identified that phase
purity decreases as the AIl/Si and Ca/(AR+8iolar ratios of the solid phase increase,
suggesting that a ‘soft’ upper bound on the Al conterl@-0A-)S-H exists in the compdson
range relevant toementitious materialsf Al/Si ~ 0.2 [19-21]. he secondarphasegormed
in these systems are typically AFm {@k-Fe,0Os-mono) type phases such as stratlingite

(C,ASHg), katoite (GAHg, which is the Sifree end member of the hydrogarnet series

C3ASyHe.2, 0<y < 3) andor the ‘third aluminate hydrat¢TAH) [19, 21].

Considering the aqueous phases in equilibrium WHA-)S-H at different temperatures, it
has been observed théietdissolvedconcentratios of Ca and Si are inversely relat¢2D,
21], similar to the solubility of these elements IFS@H systemdq22, 23] Thedissolved Al

content is closely linked to the amount of Al incorporated @{&\-)S-H, and thenatureand
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guantityof secondaryphases formed. Howevamnore experimentalork is needed tprovide
data covang the full range of compositions andenperatures relevant to modern
cementitious material§ herefore, this paper aints clarify the effecs of temperature anél
on thechemistry structureand solubility of equilibrate€-(A-)S-H systemsat 7°C,50°Cand
80°C, which are notet well-described in the literaturand also utilises a recently published

data set collected 20°C [21]to complete the temperature series

2. Materials and methods

C-(A-)S-H samples were prepared by mixiktjli -Q water (Merck Millipore) SiO, (Aerosil
200, Evonil, CaO (obtained by burningcaCQ (Merck Millipore) at 1000°C forl2 hour$
and CaO-A}O; at a watefsolid ratio of 45 in a Ny-filled glovebox to obtairbulk molar
Al/Si ratios (Al/Si*) of 0 to 0.15 with all experiments conducted a bulk Ca/Siratio of 1.
The CaO-AbO3 (99.1 wt.%determinedby X-ray diffraction (XRD) withRietveld analysi3
was maddrom CaCQ and AbO;3 (Sigma Aldrich)by heatingfor 1 hourat 800°C 4 hours at
1000°C and hours at 1400°@ a Carbolite HTF 170Gurnace(the heating rate to 800°C
and between each subsequent temperature was 300°Cthenrgooled at 6009Gour under
laboratory atmospher@nd groundvith a Retsch PM100 ball milio a Blaine surface ared
3790 cni/g [24]. Samples wereequilibrated at 7°C, 20°@nd 50°Cin polyethylenevessels
and at 80°C imeflon vessels. The 7°C, 50°C and 80°C sampie® shaken twice per week
and the 20°C samples were shaken continuously at 100 @nmoe equilibium was
approached(1 year at 7°C, 182 days at 20°@nd 56 days at 50°@nd 80°(Q, the samples
were vacuum filtereavith 0.45um nylon filtes in a N»-filled glovebox Equilibration times

were selected following the study of(8-)S-H kinetics at 20°Cin [21], which showed
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approximately constansupernatant compositionafter 182 days; additional analysis
generally showedsmall differences (< +25%) in dissolvedSi, Al and Caconcentrations
between91 days and 1 year for the 7°C sam@eas 56 and 91 days for the 50°C samples.
The filtered solid were washed with &0% v/v waterethanol solution, followed bg >94
vol.% ethanol solutionandthenfreezedried for7 days The dried solids werstored in N-
filled desiccatorswith humidity and CQ traps made from saturated CaGblutions (~30%

relative humidityRH) and solid NaOH pellets, untihalysis

A Dionex DP ICS3000 ion chromatograph was used to determine Ca, Si and Al
concentration#n the filtrates(relative measuremestror+10%in the concentration range of
interest and detection limit of 0.1 ppm. Si was detected using aodium
carbonate/bicarbonate eluent amgbostcolumn reagent of sodium molybdate/sodium lauryl
sulphate in metasulfonic acidl was measured using a HCI eluent and a Tiron/ammonium
acetate postcotun reagent. Aqueous hydroxide concentrations were deterraine?3°C
with a Knick pH meter (pHMeter 766) equipped with a Knick SE100 electrode that was
calibrated against KOH solutions of known concentratioff®ermogravimetric analysis
(TGA) data wereecorded ora Mettler ToleddT GA/SDTA8S5T ata heating rate of 20°C/min
under an N atmosphere. lss lossedetween 30C and 550°C wre assigred to the
combined dehydration and dehydroxylation effectsGofA-)S-H, katoite Al(OH); and
stratlingite productsduring firing Powder XRDpaterns were recorded on a PAN#igl
X'Pert Pro MDF diffractometer equipped with a Ge(111) Johansson monochrdorau

Ka radiation, and an X'Celerator detectoanda step size of 0.017° 26. An external CaF,
standad was used for Rietveld analysis, enabling quantificatioth@&dmount ofC-(A-)S-H

in each samplg25]. Average basal (dgo2) spacings of theC-(A-)S-H products were

determined by visual inspectio®olid-state >*Si magic angle spinning nuclear magnetic
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resonancéMAS NMR) spectra were collectddr the Al/Si* = 0 and Al/Si* = 0.1 samplext
79.49 MHzon a Bruker Avance 400 MHz NMR spectrometer with emh CP/MAS probe.
The measurementsere recordedising a4500 Hz spinningate 9216 scansy/3 pulses of
2.5 us, and 20 s relaxation delays?®Si chemical shiftswere referenced to external
tetramethylsilan. Spectral deconvolutianwere carried out using component peaks with a
Lorentzian/Gaussian ratm 0.5, full width at half height< 3 ppm, constant chemical shifts
for each peakand constrainegheak amplitudesas described inAppendix S1 (Electronic

Supporting Information)

Thermodynamic modelling was performeth the GEM Selektor v.3 software
(http://gems.web.psi.ch/) [26, 2¥king the PSI/Nagra 12/Ghermodynamicatabasg28],
which is updatedfrom [29] via the inclusion oftwo additional dissolvedaluminokilicate
species and the EMDATAQ7 thermodynamic databag®, 10, 30-35] updatetb include
recently published data fokl(OH); and hydrogarnet phas¢24, 36] Solubility products
(Ksg) for C-(A-)S-H, and effective saturation indicgSI*) for relevant solid phasesvere
calculated from experimental data obtained here. Activity coefficients wereataltulsing
the extended Debydickel equation(in TruesdeHJones form)with ion size andextended
term parametefor KOH (@ = 3.67 A andb, = 0.123 kg/mol)[37]. The hermodynanic
properties of theaqueousspeciesand solidphasesused inthesecalculations are shown in

Appendix A.
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3. Results and discussion

3.1.  X-ray powder diffraction with Rietveld analysis

The XRD results show thaC-(A-)S-H phases @ the dominant reaction prodgcin each
sample(Figure 2). Katoite CsAHg, PDF# 00024-0217) and stréatlingiteGQ,ASHg, PDF# 00
029-0285) e alsoobserved in some systen8liceous hydrogarnefCsASyHes.oy, 0 <y < 3)

is not identified in any of theamplesKatoite and stréatlingitere more commonlyound as
secondary products the systems with highebulk Al/Si ratios and lower equilibration
temperaturesdrétlingite and katoiteare observed in every Alontaining systenat 7°C, but
these phaseare only observedn the Al/SF > 0.1 samples ak0°C, and onyl katoite is
identified in the Al/St > 0.1 samples ab0°C. Small amounts of katoite also found in the
Al/Si* = 0.15 80°C sample Calcite (CaC@ PDF# 00005-0586) $ identified in some
sanples, which is attributed to minor carbonation during sample preparation, storage and

analysis.

80°C

50°C

20°C

== e a0

5 10 15 20 25 30 35 40
20 (degrees)



http://dx.doi.org/10.1016/j.cemconres.2014.10.015

Preprint version of accepted article. Please cite as:
R.J. Myers, E. L'Hépital J.L. Provis B. Lothenbach"Effect of temperature and aluminium on calcium

(alumino)silicate hydrate chemistry under equilibrium condition€ementand Concrete Researc015,

68:83-93.
Official journal versionis online athttp://dx.doi.org/10.1016/j.cemconres.2014.10.015

c ¢ AlISi*=0.05

C: C-A-S-H
K: katoite
S: stratlingite

80°C
50°C
20°C
—7°C
30 35 40

¢ AlISI*=0.1

C: C-A-S-H
K: katoite
S: stratlingite

Cc: calcite

5 0 5 i s 5y 40
20 (degrees)

Al/Si* = 0.15

C: C-A-S-H
K: katoite
S: stratlingite

Cc: calcite



http://dx.doi.org/10.1016/j.cemconres.2014.10.015

Preprint version of accepted article. Please cite as:

R.J. Myers, E. L'Hépital J.L. Provis B. Lothenbach"Effect of temperature and aluminium on calcium
(alumino)silicate hydrate chemistry under equilibrium condition€ementand Concrete Researc015,
68:83-93.

Official journal versionis online athttp://dx.doi.org/10.1016/j.cemconres.2014.10.015

Figure2. Cu Ko diffractograms of theA) C-S-H, and B) Al/Si* = 0.05, C) Al/Si* = 0.1 and
D) Al/Si* = 0.15 C-A-SH systemsData at 20°C areeproduced from [21]The peaks
marked by @ and G represenC-(A-)S-H producs with average basapacingsimilar to 14

A tobermorite and 11 A tobermorite respectively, and C represefis)S-H productswith
similarities to both tobermorite typebhere is an additionahassigneaninor peak at ~43°

20 in the trace for the Al/Si = 0.1, 7°C sample (not shown). Al/Si* = bulk Al/Si.

The longrange order of th&€-(A-)S-H product formed as identifiedparticularly by the
intensity and sharpness of treflectionsbelow 8° @ and at ~16° @ (Figure 2) increass as
a monotonicfunction of temperature and Al contetd a maximum at Al/Si= 0.1 or 0.15,
and a temperature 080°C. The peaks fothe C-(A-)S-H productscorrespond tgooorly-
ordered structural analogue$ 14 A tobermorite(5Ca0-6Si@ 9H,0, PDF# 00029-033),
and 11 A tobermorite4(5Ca0-6Si@ 5.5H0, PDF# 01074-2784 [18]. These phasesanbe
differentiated in the diffractagms by their different basal spacingsaks marke; and G
in Figure2 correspond taC{A-)S-H productswith basalspacings that match closely to the
(002)reflectionsfor the 14 A and 11 A reference tobermorite patterns beeglrespectively
The peakssimply marked Cindicate reflections of C-(A-)S-H phaseswith structural
similarities to both 14 A and 11 Aeference tobermorite types. These assignments are
consistentwith the analysis in38], where mixtures of 11 A and 14 A tobermotlite
structures could best explain tbeservedshifts of the (002) reflections inthe diffractograms
of C-S-Hsystemsover thecomposition rang@.6 < Ca/Si < 1.8The averageg(002) spacings
that correpond to the positions of theeflectionsin the XRD results heredo not vary

systematically with equilibration temperatweAl/Si ratio, and ae between 11 A and 14 A

for eachsystem studie@Tablel).

10
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Tablel. Average(doz) basal spacingand solid phase assemblages of tH&AgS-H
systemsdetermined from Rietveld analysis. Data at 20°C are reproduced fronT [il]
estimatedhbsoluteerror is 2 wt.% for the secondary products. Al/Si* =illx Al/Si.

Al/Si* =0

Temperature (°C) Ave_rage basaol C-SH Katoite Stratlingite Calcite
spacing dio2) (A) (wt. %)  (wt. %) (wt. %) (wt. %)

7 12.1 100 0 0 0

20 11.9 100 0 0 0

50 12.9 100 0 0 0

80 12.1, 14.G° 100 0 0 0

Al/Si* = 0.05

Averagebasal C-A-S-H Katoite Stratlingite Calcite

Temperatre °C) oo cing dioon (B) (WL %) (WL %) (WL %)  (wt. %)
7 12.6 99 0.4 0.6 0
20 12.8 100 0 0 0
50 12.3 100 0 0 0
80 11.6 100 0 0 0
Al/Si* = 0.1
Temperature (°C) Average basaj C-A-S-H Katoite Stratlingite Calcite
spacing dio2) (A) (wt. %)  (wt. %) (wt. %) (wt. %)
7 13.1 98.8 0.8 0.4 0
20 12.4 97.2 2.8 0 0
50 13.6 97.6 1.9 0 0.5
80 11.6 100 0 0 0
Al/Si* = 0.15
Temperature (°C) Average basaol C-A-S-H Katoite Stratlingite Calcite
spacing dio2) (A) (wt. %)  (wt. %) (wt. %) (wt. %)
7 - 96.1 2.1 14 0.4
20 - 93.4 2.2 4.5 0
50 - 98.5 1.3 0 0.2
80 11.8 99.7 0.3 0 0

? Two distinct guop) reflections were distinguished in the diffractogram of this sample.

Rietveld analysisof the diffractogramsindicates that at most dy small amounts of
secondary productsere formedn the systens studiedall samplesontained> 93 wt.% C-
(A-)S-H, Table 1). Phasepurity increased withncreasing temperaturend decreasing Al
content; phaseure GS-H wasformedin the AHree systemsand> 99.7 wt.% C-A-S-H was

found intheAl-containingsample that wereequilibrated at 80°C.

11
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3.2. Thermogravimetric analysis

The solidphase assemblagégentified in theTGA results (Figure3) are similar to thse
identified by XRD (section 3.1)the peaks centred at 8160°C inthe TGA results indicate
that >77% of the total mass lost in each sample is frderlayerand structurdy bound
water inC-(A-)S-H (noting that samples were freedeed and equilibrated te-30% RH to
remove the capillary and gelater[39]). The central positions of theseass loss peakand

the total mass loss@s each temperature rangl not vary systematicallgcross the sample
synthesis temperature range7-80°C, which suggests that the equilibration temperature is
notthe pimary factorcontrollingtheinterlayer and structuravater content of th€-(A-)S-H
products formed herelhe relationship between temperature and bound water content in
tobermorite [40] and hydrated PQpasts [2] is different; these materialsdehydrate

progressivelyvith increasingemperature ovehis tenperature range
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Figure 3 TGA results for thé) C-S-H, and B) Al/Si* = 0.05, C) Al/Si* = 0.1 and D) Al/Si*
= 0.15 C-A-SH systems. Data at 20°C are reproduced fif2hh. The data are represented by
shortdashed traces at 7°ong-dashed traces at 20°C, solid traces at 50°C and dotted traces
at 80°C.Thepeakdabelled tand fare assigned t6(A-)S-H andthe decomposition of C-
(A-)S-H to wollastonite (CasSig), respectively(Appendix S2, Electronic Supporting
Information). Al/Si* = bulk Al/Si.
A distinct shoulder at ~200°C is observed in the differential mass loss drattes fAl/Si* =
0.15 sample equilibrated at 20{€igure 3D) which is assigned to stratlingifé1]. Small
peaks at ~300°C are observed in the differential mass loss traces for the AUSi*and
Al/Si* = 0.15 samples at 7°C and 50°C (Figai®C-3D, andat ~275°Cin the tracdor the
Al/Si* = 0.1 and Al/Si* = 0.15 20°C systems These peaks are assignedAigOH); at

~275°C and katoite at ~300°[24]. Minor carbonation during sample preparation, storage

andor analysis is also identified in some samples, by peaks centred at ~650°C.

The derivative mass loss trades the Al/Si* = 0.05, 50°C sample and the Al/Si* > 0.05,
80°C samplescontain wide and shallow peaks at ~380°C and ~500°C (marked by 1 in
Figures 3B-3D) These featureareprincipally affected by equilibration temperature because

they are only apparent in the 50°C and 80°C samplesalbotappear to beelated to Al
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content because the band at ~500°C is largest in the Al/Si* = 0.1, 80°C sample campared
the other samples equilibrated at this temperature. These peaks are assitrexchab
decomposition of GA-)S-H because none of the additional phases identified by TGA or
XRD (section 3.1)can explain the mass losses associated with these bands. Theafpeaks
~810°C are present in all of the samples studied here (marketl ibyFigure 3) and are
assigned to the decomposition ©fA-)S-H to wollastonite (CaSig) [42]; wollastoniteis
known to crystallise from &-H [43] and tobermorite[44] at this temperature
Decomposition of €A-S-H in the temperature range 6080°C also forms mayenite
(C12A7), although distinct differential mass loss pedds this process are not apparent in
Figure 3 Additional XRD data supporting these assignmentssamvnin Appendix S2

(Electronic Supporting Information).

3.3.  Agueousphase chemistryand C-(A-)S-H chemicalcomposition

Figure4A shows that the concentrations of Si and @Hhe supernatant solutions generally
increase slightly with increasing temperature in th84 systems (FigurdA). However,
there is not a clear dependence of the measuredr€amtrations on temperature. This result
is consistent with published solubility data foiS3H systemg5, 7, 8, 2223, 45-49] In both
the GSH (Figure4A) and GA-S-H (Figure4B) samples,he concentgons of Ca, Si and
OH species in the filtrateshange by less than order of magnitude between 7°C and 80°C

(TableS2 in Appendix S3, Electronic Supporting Informajion
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Figure4. Concentrations of Si, Ca, Al and Gdfpecies in the filtrates &f) C-S-H andB) C-

A-S-H (Al/Si* = 0.1) systemsData at 20°C are reproduced from [21]. Previously published

C-SH solubility data for systems with solghase Ca/Si ratios 1 £0.1 [5, 7, 8, 22, 23, 45-
49] are shown asnsall white and grey symbols &), with shapes corresponding to the
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coloured points for theaw data Thedatameasured hergelative error = £10%are
tabulated infableS2 (AppendixS3 Electronic Supporting Information). Minor amounts of
additional solid products were identified KiRD and TGAIn some systems, as marked by
horizontal black andrey bars in B).

The CGA-S-H systems, FigurélB and Appendix 3 (Electronic Supporting Information)
show weak increasing trends in the concentrations of dissolved Si andp@ties as a
function of temperature and little variation of aqueous Ca cqonidnch is a similar result to
that found for the €5-H systems (FigurdA). In general, the concemation of dissolved Als
lower at higher temperatureé\n increase inbulk Al/Si ratio generally leads to a higher
concentration of dissolve&i and Al, and less Ca and OHFigure 4 and Table S2 in
Appendix S3 Electronic Supporting InformatipnThe varation inchemical composition of
the C-(A-)S-H productsis the main factor contributing to the trendsdissolvedCa, Si, Al
and OH concentrations, and will be addressed in detail in sectiofTBig result is consistent
with the published solubility data for-8H, which show the same trends in Ca, Si and OH
concentrations as functions of Ca/Si in the solid pf22e23] Small amount®f secondary

products precipitated in the A&bntaining systems (sectionsl3.2), and also contribute

slightly to the measured solubilities of Ca, Si, Al and §pécies.

Analysis of C-(A-)S-H solubility from these results is complex because the agueous Si, Ca,
Al and OH concentrations do not followonotonicallyincreasing or decreasing trends, and
because the samplesth Al/Si > 0.1, and the Al/Si = 0.05, 7°C system, containadditional
stratlingite, katoite and/oAl(OH); products (sesections 3L-3.2), mearing that the results

do not represent the solubility @~(A-)S-H alone. Theefore, themeasuredaqueous phase
compositions were used to calculadéfective saturation indexS(*) values for each
precipitated phase and for some common solid products in theSEaEAI,03-H,O system

using eq.(1), as shown Trable2, toclarify the relative solubilies of the solids formed here:
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1 IAP
Sh* = =log, | —-
= 910£K ] (1)

1 SO, 1

where the ion activity productAP;) and solubility productKs, ) refer tothe dissociation
reactiongdefined for solid (Appendix A), andn; is the totalstoichiometricamountof ionsin
the i dissociation reactiorHere,n is 3.75 for GS-H (C1.2:S; »H25), 3 for CH, 2 for SiQ
@my 2 for AI(OH), 9 for katoite, 9 for Shydrogarnet, and 6 for stratlingitd.hese
calculations define effective supersaturatiSi*(> 0, precipitation), saturatiors{* = 0) and
undersaturationS}* < 0, dissolution) statewith respect to each phasa, each sample at

equilibrium.

Table2. Effective saturation indices for the relevant reaction products in the C-S-HAand C
S-H sysems calculated from the solution compositions in Figuend TableS2 (Appendix
S3 Electronic Supporting Informatioriffective saturatiomdices marked in bold represent
solid phases that are observed in the TGA andiRID results of the respective experimental
systems. Anear saturagd’ condition of -0.4& Sk* < 0 is assumed, as discussed in the text.
Al/Si* = bulk Al/Si.

Al/Si*=0
Temgec::r)a ture C-SH?® CH SiO;@m b Al(OcH)3 Katoite Si-hydrogarnet Stratlingite
7 04 -14 -1.6 n/a“ n/a“ n/a“ n/a®
20 0.1 -0.9 1.7 n/a“ n/a“ n/a“ n/a’
50 0.1 -0.6 1.7 n/a“ n/a“ n/a“ n/a’
80 0.2 -0.6 1.4 n/a® n/a® n/a“ n/a’
Al/Si* = 0.05
Tem(etér)a ture C-SH?® CH SiO;@m b Al(ch)3 Katoite Si-hydrogarnet Stratlingite
7 -0.3 -1.4 -1.5 -0.5 -1.1 -0.6 -0.4
20 0.0 -0.9 -1.6 -0.8 -0.8 -0.3 -0.3
50 -0.1 -0.7 -1.6 -1.3 -0.9 -0.4 -0.7
80 -0.2 -0.6 -1.5 b.d.l® b.d.l*® b.d.l.® b.d.l.®
Al/Si* =0.1
Tem(etér)a ture C-SH?® CH SiO;@m b Al(ch)3 Katoite Si-hydrogarnet Stratlingite
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7 -0.3 -1.5 -1.4 -0.3 -1.1 -0.5 -0.4
20 -0.1 -0.9 -1.7 -0.7 -0.8 -0.3 -0.3
50 -0.1 -0.8 -1.4 -0.7 -0.8 -0.3 -0.4
80 -0.3 -0.6 -15 -1.2 -0.9 -0.4 -0.8
Al/Si* =0.15
Temgec::r)a ture C-SH?®* CH SiO, (am) b Al(OcH)3 Katoite Si-hydrogarnet Stratlingite
7 -0.4 -1.6 -1.3 -0.2 -1.2 -0.6 -0.4
20 0.0 -1.1 -1.3 -0.7 -1.0 -04 -0.3
50 -0.1 -1.0 -1.1 -0.5 -0.9 -0.3 -0.3
80 -0.3 -0.8 -1.4 -0.6 -0.8 -0.3 -0.5

& C-SH is representedhere by the mean chain lengthMCL) = 5 endmember of the
‘downscaled CSH3T model’ (Ca/Si = 1, Al/Si = QL].

> Amorphous Si@

¢ Microcrystalline AI(OH} at 7°C, 20°C and 50°C, and gibbsite at 80°C [24].

4 n/a = not applicable (systems contain no Al).

® Dissolved Al concentration is below the detection limit (b.d.l.).

The effective saturation indices (Tab® show that the supernatant solutionare near
saturaed (0.4 < Sk* < 0)with respect to €5-H, and undersaturated with respect to Ca(OH)
and SiQ, which is consistent with the solid phase assemblagssrvedexperimentdy in
thesesystems (sections B3.2. The ‘nearsaturation’range of Sk* values chosen here

represert the uncertainty associated witloth concentration determinations and solubility

calculations

The effective saturation indices (Table 1) indicate th&€ is the solid phase most likely to
precipitate in each of the Atee systems. The filtrates in the-édntaining systems areear
saturatedwith respect to €S-H in each of the systems studiedth respect toAl(OH); at

7°C and higher Al concentrationsyith respect to stréatlingite ¢BSHg) at temperatures <

50°C and bulk Al/Si ratios > 0.05, and with respect toSi-hydrogarnet (€ASysdHa432) at
temperatures> 20°C and bulk Al/Si> 0.05, which suggests that the systerase close to
equilibrium. Katoite (GAHg) was calculated to be undersaturated in each simulated system

althoughsmall amounts othis phasevereidentified in some of the Atontaining systems

19


http://dx.doi.org/10.1016/j.cemconres.2014.10.015

Preprint version of accepted article. Please cite as:

R.J. Myers, E. L'Hépital J.L. Provis B. Lothenbach"Effect of temperature and aluminium on calcium
(alumino)silicate hydrate chemistry under equilibrium condition€ementand Concrete Researc015,
68:83-93.

Official journal versionis online athttp://dx.doi.org/10.1016/j.cemconres.2014.10.015

(sections 3.-3.2),which indicates thatkatoiteformsinitially from CaO- AbO3z;, CaOand HO
andthat thedissolutionof this phasas kinetically hinderedSimilar observations have been
reported for laboratorgynthesisedC-(A-)S-H samples agefbr more than 1 year at 20°C
[21]. These results ggest that the solid phase assemblages in the ATA®-SiO,-H,O
systems studied here are likely to contain severabftaining solid products at equilibrium.
However, the solid phase assemblages found in the experimental samples areeddnyinat
C-(A-)S-H (sections 3.-3.2, which suggests thdhis phaseoutcompeteshe othernear

saturategphases to form in these systems.

A mass balance was performesing hese resulighe XRD and Rietveld refinementsults
andthe TGA data to determinechemicalcompositiondor the C-(A-)S-H products formed in
each samplgTable 3). This analysis exclwl contributions fromAI(OH)3; because no
diffraction lines for this phasare presenin the XRD results small masslosses (<1 wt.%)
were associated withAI(OH)3 in the differential mass loss trasdor the Al/SF = 0.1 and
Al/Si* = 0.15, 20°C sampteonly Eection ), meanng that any error introduced inthe

reported C(A-)S-H compositions by neglecting Al incorporatedbithis phaseis minor.
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Table3. Chemical ompositions of the C-S-H and C-A¥bproducts, determined frothe
agqueous phase concentratioRGA resultsand Rietveld analysis. Data at 20°C are
reproduced from [21]The estimatedbsolutesrrors are+0.04units in the Ca/Si ratio0.2
units in the HO/Si ratics, and £0.04 units at 7°C, £0.03 units at 20°C, +0.02 units at 50 and
80°C in the Al/Si ratios of the CA-)S-H productsAl/Si* = bulk Al/Si.

Al/Si* =0
Temperature (°C) C-S-H chemicalcomposition
7 (CaO))gg{SIOz)]_(HQO)J_z
20 (Ca0) ofSiO2)1(H20)15
50 (Ca0) odSiO2)1(H20)14
80 (Ca0).odSiOr)1(H20)1 4
Al/Si* = 0.05
Temperature (°C) C-A-S-H chemicalcomposition
7 (CaO).og(Al203)0.02(Si0,)1(H20)1.3
20 (CaO).od Al 203)0.024 Si02)1(H20)1.4
50 (CaO).od Al 203)0.024 Si02)1(H20)1.4
80 (CaO) .od Al 203)0.024 SiO)1(H20)1 2
Al/Si* =0.1
Temperature (°C) C-A-S-H chemicalcomposition
7 (CaO).odAl 203)0.048(Si02)1(H20)1 3
20 (CaO).o5(Al 203)0.03dSiO2)1(H20)1 4
50 (CaO).od(Al 203)0.04Si02)1(H20)1.6
80 (CaO).od Al 203)0.05d Si0;)1(H20)1.1
Al/Si* =0.15
Temperature (°C) C-A-S-H chemicalcomposition
7 (CaO).o5(Al203)0.061(Si0,)1(H20)1.7
20 (CaO).s(Al203)0.061(Si02)1(H20)1 5
S0 (CaO).9AAl203)0.07d Si0,)1(H20).7
80 (CaO).od Al 203)0.074Si02)1(H20)1 3

The calculated Ca/Si and Al/Si ratiobthe C-(A-)S-H products argenerallymoresimilar to
the bulk conditions used (Ca/Si = 1 and 0 < Al/Si < 0.15) in the systems with lower Al
content andchigher temperatuss because these samplgpically containlower amounts of
secondary phase3he Al contentof the C-(A-)S-H producs and theconcentration®f Al
dissolved in the supernatant solutios® directly related (Figures), and bothtypically
increasewith increasingbulk Al/Si ratio. In general, the concentration of dissolvat
decrease and the Al/Si ratio of theC-(A-)S-H phase increases as a function of the

equilibration temperature
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Figureb. Al/Siratios of the C(A-)S-H products as a function of tlkencentratiorof Al in the

supernatanData at 20°C are reproduced fr¢21]. Theuncertaintieof theAl/Si ratios
calculated fothe C-(A-)S-H phases are +0.04 units at 7°C, +0.03 units at 2&iG+0.02
units at 50 and 80°@ relative measurement errorxif0%is specified fothe aqueous
concentrationd.ines are for eyguides only.

The lowwater contergdetermined fothe C-(A-)S-H products formed here (1.1 < H>0/Si <

1.7) compareclosely to the proposed values forfS3H with no adsorbed watéi.3 < H,O/Si

< 1.8 [50, 51), which suggests that only interlayer and structwader remains after the

drying procedure used herdried toRH = 30% [39]). The use of a more sevemrying

procedure heréhan ina recent study of temperature effects on PC p#§8fesxplains why

the HO/SI ratiosof the low-Al C-(A-)S-H in that studywere found to vary as a function of

temperature and were significantly higher (2.28 < H,O/Si < 3.31) than those determined here.

3.4. ?Simagic angle spinningnuclear magnetic resonance

The ?°Si MAS NMR spectra are dominated by intehsnds at79.4 ppm -83.5 ppmand -
85.3 ppm (Figures), which are characteristic sflicate species in chaiend Q%), bridging

22


http://dx.doi.org/10.1016/j.cemconres.2014.10.015

Preprint version of accepted article. Please cite as:

R.J. Myers, E. L'Hépital J.L. Provis B. Lothenbach"Effect of temperature and aluminium on calcium
(alumino)silicate hydrate chemistry under equilibrium condition€ementand Concrete Researc015,
68:83-93.

Official journal versionis online athttp://dx.doi.org/10.1016/j.cemconres.2014.10.015

(Q%) and paired (Q) sites respectivelyFigure 1)[52]. An additional peak is apparent
betweenthe @ and dp sitesin the Al/Si* = 0.1 spectracompared tadhe Alfree samples,
which indicatesthat Q*(1Al) sitesare present in th€-A-S-H systems These specideadto
bands cemed at-81.9 ppm in the deconvoluted spedi&]. Crosslinked G(1Al) and G
sites are also evident &1.9 ppm and96.6 ppm resectively in the spectrumf the Al/Si* =
0.1, 80°Csample whichis the only spectrum that contaiclearly visibleresonance signals
for these sitesQ*-type siteshave also been identified fiSi MAS NMR spectraf hydrated
60% PC/40% silica fume cemeniCa/Si = 0.83 and Al/Si = 0.035), which were found to
increase greatlin intensity at80°C relative to 20°C and 50°G4], although thessitesare
not observed in more @&h materialsn this temperature range (e.g. hydrated PC a8l C
[55]). Stratlingite is notexplicitly taken intoaccount in deconvolutions of tHéSi MAS
NMR spectra this phaseis thought to contain aluminosilicate species Witi isotropic
chemical shifts 080 to 90 ppm([56], but is nd expected t@reatlyaffect the deconvolution
analysis becauséwas seen to be a minor component Riatveld analysigor the Al/Si* =

0.1 samples$< 0.4wt.%, Tablel).
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Figure6. Solid-state’’Si MAS NMR spectraf theA) C-S-H and B) Al/Si* = 0.1 C-A-SH
systemsThe fits and deconvoletl peakdor the spectraf the80°Csamples are shown as
bright red andlue lines respectively. Trehemical shift rangeorresponding to
aluminosilicate sites in stratlingite approximately80 to -90 ppm [56]Data at 20°C are
reproduced from [21]. Deconvolutions for each spectrum are shown in FEfiI&S
(AppendixS4, Electronic Supporting Informatioml/Si* = bulk Al/Si.
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The lineshapes of the spectra for the samples equilibaated0°C andthe same bulk Al/Si
ratio are similar, which indicates thdie C-(A-)S-H products formedn these samplelsave
similar degrees ofpolymerisation as shown irFigure 7, calculated using eq.(dpr non

crosslinked C-(A-)S-H (subscriptNC) [57]. Al/Si ratios for norcrosslinked C-(A-)S-H are

calculated by eq.(3b7].

) 2|Q'+ Q@+ $Q°(1A)]

MCL,. = :

Ly 9 2)
_3QkaA)

AllShe = Q'+ Q* + QLA (3)

Here,mean chain lengthiMCL) representshe average number of aluminosilicate tetrahedra
per tobermoritdike chain inC-(A-)S-H. The MCL and Al/Si values focrosslinked C-(A-
)S-H structuregsubscriptC, i.e. aC-(A-)S-H product containing &andor Q*(1Al) sites)are

given by egs. (4-5) [17]

4 Q'+ Q%+ Q(LA)+ Q'+ 2Q°(1AI)]

MCL. =
L o 4)
o Q*(1AI)
A= S o a0+ OaA) ©)
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Figure7. C{A-)S-H structural parameters calculated from deconvolution analyie 6iSi
MAS NMR spectra, determined using the ‘Substituted General Model’ [57] for thernes-
linked phaseand the ‘Cros$inked Substituted Tobermorite Model’ [1fdr thecrosslinked
phasesThe sizae of the symbols presenthe expected error bounds of the deconvolution
results, except for the Al/Si* = 0.1, 80°C sample, where the uncertainty of the MCL
calculation is represented by error bars. The einked phase fraction for the C-A4$-
productin this sample haan error bound of +0.05 and -0.1, as marked by the dotted black
lines These results are tabulated in TaBfe(Appendix S4, Electronic Supporting
Information). Al/Si* = bulk Al/Si.
The C-(A-)S-H productsformedin the samples equilibrated at 802 significantly more
polymerised than tiseproducedat lower temperature the same trend has bemported for
C-(A-)S-H products formed in hydrated 60% PC/40% silica fume cenjgf}sMCL values
of 8.8 and 19.8 * 6 were calculatied the G(A-)S-H products in thél/Si* = 0 and Al/Si* =
0.1 systerm at 80°C, respectively. This increasein chain lengthis associatedwith a
significant incrasein thelong+ange ordeof the C{A-)S-H productsat 80°C relative to th
C-(A-)SH phases formed at lowetemperatures (section 13, which is particularly

pronounced for the Atontaining sampleslhe increase in chain polymerisatibom 50°C

to 80°Cis much smallem the AHree systemrelative to the Al/Si* = 0.1 system, arldis is
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consistent withthe observationof crosslinked chain structures only ithe Al/Si* = 0.1
sample Therefore, these resulitsdicate thathe formation ofhighly polymeried andcross

linked C(A-)S-H productds promoted substantiallyy the presence of Al

Figure 8 shows thahe Al/Si ratiosdeterminedrom analysis of thé°Si MAS NMR spectrh
deconvolution resultéFigure7) match closelywith the chemical compdsons of theC-(A-
)S-H products determinethdependentlypy the TGA resultsmeasurediltrate compositions
andRietveld analysis (Tabl8). The formationof a highlycrosslinked GA-S-H productin
the Al/Si* = 0.1, 80°C samplis also consistent with tHew averagebasal spacinfpr the G
A-S-H phase in this systefi16 A, Table1), whichis similar to thelayer spacingf double

chain11 A tobermorite (11.3 A, Figure 1A).

015 4——— bt et

I o ] I
u:a v ’ [
< & 01 T -
U ® ] [
£ 1 [
o g 005: -
g < ] @ 7°C A50°C :
g 0 ] @ 20°C H80°C||
0 0.05 0.1 0.15

Al/Si in C-A-S-H
(?°Si MAS NMR)

Figure 8 Comparison between the chemical compositions of the C-A-S-H products in the
Al/Si* = 0.1 samples, as determined by mass balance (K&&, aqueous phase
compositions Table 3 anddeconvolutions of°Si MAS NMR spectrgFigure 7) The size
of the symbols ngresenthe expectedncertainty irthe spectratleconvolution resultShe
solid y = x line is intended as an eye-guide only.
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3.5.  C{A-)S-H solubility

Solubility products(Ks,) were calculatedor hypothetical C-(A-)S-H endmemberswith
chemical compositionsorresponding to the bulk chemistry of the syststagied(Al/Si = 0,
0.05, 0.1, 0.15) but normalised to Ca/(Al+Si) = 1 angDt$i = 1.2 usingthe reaction

represented by eq.(6)

. KSO
(Ca0),(SiQ),( A Q) (H Q== (6)
aCa™ ,, + bSIG ,,+ 2CAIQ ,+ 2 a b F OH ,+ ( b € fa) KO,

wherea, b, ¢ andf are the respectivestoichiometric coefficients for CaO, SiCAI,O; and

H,0 inthe C-(A-)S-H endmembers. This reactiamplies the following relationships fd€s,

(ea(7)):

2(a—lc+c)'{ }(b+c+f—a)

Kso:{Ca2+(aq)}a'{Siqz_(aw}b'{ AIQ—(aq)}ZC'{ OH(a@} H Q, (7)

Activities of Ca*(agy SO (agy AlOs(aqy OH@ag and HOy were determined iNGEM-
Selektor (http://gems.web.psi.ch/) [26, 27the OH concentration was matched to the
measured pH value§heresultsof these calculations, for the hypotheti€{A-)S-H end
membersare shown in Figur®. Solubility productsverecalculated in the same wéyr the
experimentalC-(A-)S-H productswith chamical compositions determined from tireasured
supernatant concentratiQnisGA dataand XRD results(Table 3), whichare shown infable

S3 (AppendixS3 Electronic Supporting Information).
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Figure9. Calculatedog;o(Kso) values forhypotheticalC-(A-)S-H endmemberswith
chemical compositianof Ca/(Al+Si) = 1, Al/Si =0, 0.05, 0.1 and 0.15, an®Fsi = 1.2,
andnormalised to 1 mol Si©The approximateuncertaintyin thelog:o(Kso) values are +1
logip unit. The solubility product for the C-A-S-H product formed in the Al/Si* = 0.05 sample
equilibrated at 80°C was calculated with [Al] = 0.001 mM because the measured Al
concentratiorwas below the detection limit. Al/Si* = bulk Al/Si.
The solubility product®f the hypotheticalC-(A-)S-H endmemberschange slightly between
7°C and 80°C, and very slightly as a function of Al/Si ratio, but remaithin the error
bound of+1 log unit (Figure 9). These solubility producs (9 < logo(Ks) < -10) ae
comparable tadhose recalculated from reported Ca, Si and &dtubilities in laboratory-
synthesisedCa/Si = 0.83 tobermoritepecimes using eq.(6) 8.1 £0.3 at 25°C;9.3 +0.6 at
55°C and-9.6 +0.2 at 85°(58]), as expected for these structurallyda compositionally
similar phasesDespite the large uncertainty relative to the variation in the calculated
solubility products, the 80°C datdo show asmall systematic reduction ir©-(A-)S-H

solubility as the Al/Si ratio of this phase increaselich couldindicate that these phases are

slightly stabilised by the incorporation of Al at high temperatié furtherexperimental
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solubility dataare necessary to clarify this poinThe precipitation ofsmall amounts of
katoite, stratlingite and calci{d@able 1)is notexpectedo significantly affecthetrends in G

(A-)S-H solubility reported here, although the results depsigihtly on this factor.

Nonethelesshe weak dependenof C-(A-)S-H solubility on temperatureclearly shown by
these datg is an important result which will influenate development of thermodynamic
models forcemenitious materialsacross the temperature range of interest for the majority of

service conditions worldwide.

4. Conclusions

This paper has analysdtie structure and solubility of calciualumingsilicate hydrates,
with and without the inclusion &l, as a function of temperaturghe longrange ordeand
degree opolymerisationof the C-(A-)S-H productsand the type and quantity of secondary
phags formed in the equilibrated Cafl,03-SiO,-H,O systems studied herevere
significanty influencedby the synthesisemperatureThe supernatants these systems were
close to saturation with respect to stratlingite &h@H)3; productsat lowertemperatures
and higher Al/Si ratios, andquilibrium was attained more rapidlyt aigh temperatures
meaning that the Afree and 80°C systems contained the most ppase C{A-)S-H
products. The GA-)S-H phasesformed at 80°Cwere much more polymerisednd long
range orderethan those produced at 7, 20 and 50°C, &BdQA-S-H productin the 80°C,
Al/Si = 0.1 system waalso highly crosslinked However,no Q-type sites were evident in
the 2°Si MAS NMR spectra for the G-H formed in the Alfree sytem at this temperature

indicating that crosslinking in C{A-)S-H productsis promoted by the presence of. Al
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Solubility products for theC-(A-)S-H phasesformed here did not vary beyond the
experimental error bounds as a functioriteshperatureor Al/Si ratio, buta small systematic
reduction inC-(A-)S-H solubility at 80°Cas thebulk Al/Si ratio wasncreasecaould indicate
that these phases are slightly stabilised by Al at this temperateeefore, this studis an
important step towardshe developmentof thermodynamic models for -8-S-H and
advanceghe application ofthermodynamic modellingo C{A-)S-H basedcemens across
the temperature range80°C, whichwill provide new insight into the performance of these

materials inservice

5. Supporting information

Additional material is provided as Electronic Supporting Informatidetails of the
deconvolution method fahe ?°Si MAS NMR spectra is provided in Appendix $Hditional
details of the differential mass loss peak assignnmastshown in Appendix SEigures Si

S2) tabulateddata relevant to the thermodynamic modelling calculations, including aqueous
phase compositionsire presented in Append&3 (Tables S1S2) and detailed?°Si MAS

NMR spectrbddeconvolution resultare provided in AppendixS4 (Figure S3-S4and Table

S3) This material  can be accessed via  the journal website

(http://www.journals.elsevier.com/cemedarid-concreteresearch!
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Appendix A. Relevant thermodynamic data

Thermodynamic properties of the aguespeciesand solid phases used in GE3&lektor to

calculateSF and logg(Kso) valuesare shown imablesA1-AS.

TableAl. Standard partial molahermodynamic properties of the aqueous species used in the
thermodynamic modelling calculations. The reference state is unit activityyipaghetical
one molal solution referenced to infinite dilution.
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Species \3/0 AH° AG® s° Cp® Reference
(cm’mol) (kJ/mol)  (kIJ/mal)  (I/mol.K) (I/mol.K)
Al -45.2 -530.6 -483.7 -325.1 -128.7 [59]
AIO™ (+ H,O = AI(OH),") 0.3 -713.6 -660.4 -113.0 -125.1 [59]
AlO;, (+ 2H,0 = Al(OH)y) 9.5 -925.6 -827.5 -30.2 -49.0 [59]
AIOOH? (+ 2H,0 = AI(OH)) 13.0 -947.1 -864.3 20.9 -209.2 [59]
AlOH? 2.7 -767.3 -692.6 -184.9 56.0 [59]
AIHSIOs** (+ H,O = AISIO(OH)?) 0 -1634.3  -1540.5 -25.0 -215.9 [28, 29]
AlSiOs® (+ 2H,0 = AISiO;(OH),*) 0 -2014.2  -1769.0 -66.3 -292.2 [28, 29]
ca’ -18.4 -543.1 -552.8 -56.5 -30.9 [59]
CaOH 5.8 -751.6 -717.0 28.0 6.0 [59]
Ca(HSiQ)" (+ H,O = CaSiO(0OHy) -6.7 -1686.5 -1574.2 -8.3 137.8 [60]
CaSiQ’ (+ H,O = C&i0,(0OH),°) 15.7 -1668.1  -1517.6 -136.7 88.9 [9]
K* 9.0 -252.1 -282.5 101.0 8.4 [59]
KOH° 15.0 -474.1 -437.1 108.4 -85.0 [59]
Na -1.2 -240.3 -261.9 58.4 38.1 [59]
NaOH 35 -470.1 -418.1 44.8 -13.4 [59]
HSIOs (+ H,O = SIO(OHY) 45 -1144.7  -1014.6 20.9 -87.2 [60]
Sio’ 16.1 -887.9 -833.4 41.3 445 [30, 61]
Si0010" (+ 2H,0 = SiOg(OH),") 0 -4082.7  -3600.8 -253.9 -1123.2 [28, 29]
SiO (+ H,0 = SiIQ(OH),?) 34.1 -1098.7 -938.5 -80.2 119.8 [9]
OH -4.7 -230.0 -157.3 -10.7 -136.3 [59]
H* 0 0 0 0 0 [59]
H,0° 18.1 -285.9 -237.2 69.9 75.4 [62]
N,° 334 -10.4 18.2 95.8 234.2 [61]
0,° 30.5 -12.2 16.4 109.0 234.1 [61]
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TableA2. Standard partial motahermodynamic properties of tkelid phases used in the
thermodynamic modelling calculations. The referestege is 298.15 K and 1 bar.

Phase Ve AH° AG® S° Cp® Reference
(cm*mol) (kJ/mol)  (kJ/mol)  (I/mol.K) (I/mol.K)
_AlOH)s 320  -1265.3  -1148.4 140.0 93.1 [24]
(microcrystalline)
Gibbsite 32.0 -1288.7  -1151.0 70.1 93.1 [63]
Portlandite 33.1 -984.7 -897.0 83.4 87.5 [64]
SiO, (amorphous) 29.0 -903.3 -848.9 41.3 44.5 [11]
Katoite, GAHg 149.7 -5537.3  -5008.2 421.7 445.6 [24]
Si-hydrogarnet,
142.5 -5847.5 -5365.2 375.2 412.6 36
C3ASO.84H4.32 [ ]
Stratlingie, GASHg 216.1 -6360.0 -5705.1 546.2 602.7 [9]
C-SH solid solution, the ‘downscaled CSH3T’ model
TobH -
. 85.0 -2833.0 -2562.0 152.8 231.2 11
(Ca0)(Si0y)1.5(H20):.5 [11]
(Ca0) 5(;503' {H;0) 79.3 -2782.0 -2519.0 159.9 234.1 [11]
2 1.2 2\Y)2.5
T2C-
: 80.6 -2722.0 -2467.0 167.0 237.0 11
(Ca0) 5Si0,)1(H20), 5 [11]

TableA3. Dissociation constant reactions for the solid phases used in the dyaanac
modelling calculations.

Phase Reaction log:o(Ksg Reference
Al(OH); — - 7 24
(microcrystalline) Al(OH)3+ OH == AIO; + 2H,0 06 [24]
Gibbsite Al(OH); + OH &= AIO, + 2H,0 -1.12 [28, 29]
Portlandite Ca(OH) —= C&" + 20H -5.20 [28, 29]
SiO, (amorphous) Si0, (am) —— SIO(OH); - OH - H,0 1.476 [31]
Katoite, GAH, (Ca0)(Al205)(Hz20)s —— 3C&" + 2AI0; 54 5 [24]
+ 4H,0 + 40H
Si-hydrogarnet, (CaD)5(Al205)(SiOx)0.8{H20)a.30 ——
CAS 3C&" + 2AI0; + 2.32HO + 3.160H+ -26.70 [36]
0.84H4.32 2 . :
0.84HSIQ
Stratlingite,C,LASHs (Ca0),(Al05)(SIO)(H0)s &= 2C&"+ 19 79 [9]
2Al0, + HSIO; + 7TH,O + OH
C-SH, (CaO) A Si0y)1.24H:0)o.5s —2 -11.625 [11]

(Ca0) 2dSi0y)12H0): 5 1.25SiQOH); + 1.25CA&" + 1.250H
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