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RecentProgressin Low-Carbon Binders

Caijun Sht", Bo Qut, John L. Provis
! College of Civil Engineering, Hunan University, Changsha 410082, China

2 Department of Materials Science & Engineering, University of Sheffieleffislil S1 3JD, UK

Abstract:

The development of lowgarbon binders has been recognized as a means of reducing the carbon
footprint of the Portlandcement industry, in response growing global conceris over CQ
emissionsfrom the construction sectoiThis paper reviewsecent progress in the #& most
attractive lowcarbon bnders: alkakactivated, carbonateand belite-ye’ elimite-based binders.
Alkali-activated bindefmaterialswere reviewed at the past two ICCC congressedis paper
focuses on some key developmeotsalkali-activated bindefmaterialssince the laskeynote
paperwas publishedin 2015 Recent progress on carbonate #&edite-ye' elimite-based binders

are also revieed and discusse@s they are attracting more and more attention as essential
alternative lowcarbon cementitious materialehese classes of binders have a clear role to play

in providing a sustainable future for global construction, asypéne available toolkit of cements.

Keywords: low-carbon cementitiousbinders alkali-activated material carbonatedbindess;

belite-ye’ elimite binders; sustainability
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1. Introduction

Growing concers over thegreenhouse emissions profile of tRertlandcement and concrete
industryhaveled to a very high level of recent interest in the development ot&enbinders
as alternatives to Portlafithsed cement3his papereviewsrecent progress ithe three most
prominent classes of lowarbon binders: alkakactivatedor geopolymer, carbonagtand belite
ye elimite-based binders. Alkakctivated bindefmaterialswere reviewed at the past twia3"
and 14" International Congresson theChemistry ofCement (CCC) [1, 2], and in discussing
these materialshis paper focusson some of their key developments sitfeelast keynote paper
was publishedin 2015[2]. These include rheological properties, settingehavioy structural
characterizationdimensional stability, durabilityandtheirapplicatiors. However, this paper does
not aim to providea detailed overview with respect to akisting insights into thesmaterials
which can be obtained in other referenoetuding[3-5], but rather focuses on the most important
new information that has been obtained in the past 4.yieacent progressn carbonate and
belite-ye’ elimite-based binders wilalso be reviewed and discusséd detail, asthese are
attracting more and more attentiaa essentigbarts of the'toolkit’ of alternative lowcarbon

cementitious materials

2. Alkali -Activated Binders
2.1. Raw materials

2.1.1 Activators

As numerous workers have promoted akledliivated binders as a potentially loarbon
cementing system during the past decades $&®tion2.11 for more detailed discussion of
advances in thenvironmental assessment of thesserials), increased scrutiny has fallen on the
selection of the activator for use in these binders. This also has cosaitiopkc the activator is
usuallythe most expensive component of an allalivated binder, pacularly if it has been
produced at high purity for use in other industry sectors (which is the case focanmosercial
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alkali silicate solutions), where sudhigh purity may be less important to itssein alkali
activation. So, alternative routes tadi-activation that do not require the use of large volumes
of commercial sodium silicate solutiohave receivederiousrecent attention. The production of
silicate activators from olivings] or from waste glasg-10], andthe use obiomass astsas an

alkaline ativator [11], havebeenestablished with some success.

The use ohearneutral salts as activators has also seersiderableadvances in recent years.
This appears to be a pathway that is particularly attractive for productiomeht® based on
ground granulated blast furnace slag, which can be made t@rebicarden in a useful timeframe
by the addition of alkali carbonates or sulfates [12, 13]. In szaves, significant benefits can be
gainedby usinga calcined layered double hydroxide as a carbdpiatiing mineral additivgl4,

15], to accelerate the reaction sébme slags with a modest magnesia content which would
otherwise not react sufficiently pally with nearneutral salt activatorsThe combination of
calcium hydroxide and potassium carbonate has also been shown to give very goathpegor
as an activator fokaolinite [16], offering a potentially very lovearbon emissions route to the

production of affordable binders without needing a clay calcination step.

2.1.2 Precursors

The selectio of precursors available for use in alkadtivation has also broadened significantly

in recent years, with particular emphasis being placed upon the use of méterdisch there

is not strong competition in demand from utilization in blends wittida cement. For example,
calcinednonkaolinitic clays[17-20], palm oil fuel asij21, 22] or other mineral$23-26], have
been shown to yield alkadictivated binder systems with technical properties that are attractive in
given applicationsvarious industrial byproducts or wastes without current lasggale utilization

as supplementary cementitious materials hmen tested and validated for use in alkativated
binders, including red mu@7-29] and variouglassy wastes incatling slags, some of which can
benefit from thermal rprocessing or modification to improve their reactivity before[8e30

35]. Detfailed work is also ongoing to better understand the reactivity of fly ashes under alkali
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activation conditions [36-39], and to valorize kaolinitic clay resources which acé sofficient
purity for use in other applications such as ceramic whitewares or copltiirg2]. Common to
many of these types of materials, the role of iron in akkeiivation precursors (and in the
resulting binders) is beginning to be understood to siegeed19, 43, 44]. Howevem detailed
description of its ractivity andthe structural implication®f its inclusion inthe binding gel still
remain very much elusive. This is an area in which further advances are expaotedeeded

in the coming years.

Some of the potential precursors described here and in the broader literatongdy available in
commercially viable quantities in limited locationlutin the locations where they are available,
utilization in alkali-activated binders can be extremely attractive lasa solution tahe needs
of the construction industry. Thigbility to achievelocal specificity in materials design and
specificationhighlights one of the key strengths of alladitivation, which is its ability to make
use of a wide (and evgrowing) range of materials as presors. However, it also raises
challenges in standardization and specification, as it is almost impossible to pné&sceptive
recipebased standard that covers such a broad set of potential material chenlikiges.
highlights the need for performasmbased specification of alkadictivated binders rather than
relying on a prescriptive approach; discussion will return to this poireiction2.10 in

consideration of durability.

2.2. Rheology

An understanding of the rheological properties of alaetivated cement pastes, mortars and
concretes is essential to ascertaining their consistency and workamtityonsequently their
ease of casting or placement. In addition, the rheological properties ofaattehted cement
based materials have aatg influence on their microstructure, mechanigadperties,and
durability. The identification andmodding of rheological characteristics aflkali-activated

materals (pastes, mortars amoncretes) have been intensivetydied sincaghelast ICCC, as
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this has been identified as an area with major practical importance (and acsllEmghe field

application of these materials

The rheologicabehavior ofalkali-activated slagAAS) pastesactivatedwith NaOH alone om
combimation with N&COs, was similar to the rheology observedRortland cemenpastesand
could befitted by the Bingham modelConversely, the AAS pastes activatedh waterglass
(AAS-Wq) required description biyne HerscheBulkley mode] as shown irfrig. 1[45]. Moreover,
theirrheologydepend on both the SigNaO ratioof waterglassnd the NgO concentratiomof
the activatarThe earlyageformation ofa C-S-H type gel in silicateactivated AASdue to the
reaction between silicate species in waterglass afite€&dissolvedrom slag particlesandthe

effectof this gel formatioron thepasterheology,has beerconfirmedin several publicationfs,

4].
100 100
= AASH 4% Nag0 A 4% Naz0 B
80 1 80
2 e
L 60+ % 60-
72} o
0 @
@ =
£ g /
= 40 @ 40
2 2
5 W
20 20 -
0 T T T T T 0 L 1 T T
0 20 40 60 80 100 0 20 40 60 80 100
Shear rate (3’1) Shear rate (5"1)

Figure 1. Shear stress versus shear rate curvatiowing paste hysteresis cyclegA) NaOH-activated
paste (AASN); (B) waterglassactivated paste (SiGQNa:0=1.2 in the activator; AAS-WQ).
Reproduced from[45].

The high visceity of alkali silicateactivatedcemens, sometimes also accompanied by a high
yield stressis one of the critical challenges that hinder thgtte application Favier et al[46]
identified that thishigh viscositywas intrinsically due to the use of a viscous alkaline silicate
activating solution, not controlled by interparticle contactang et al.[47] focused on
ameliorating the rheological performance of sodgilnate activatedly ash/slag pastes using fly
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ash microspheras an inorganic dispersing ageRheology is also temperatudependent;
Mehdizadeh anbtllajafi Kani[48] determined afiapparent activation energgarameter from the
temperature dependence of the rheologlidli-activated phosphorous slag (AAPS) pasésed

on theArrhenius viscosity modeand determined an activation energy of 42 (kJjnolfor the
temperature range #D°C, which was of a similar magnitude to the equivalent parameter

determined for Portland cement pastes

The nature of thenixing protocol has been identified to be a kisgerminant in AAS mortar and
concreterheology.In a series of studies, the Bingham mogklea goodfit for all thePC and
AAS mortars anctoncrets tested49, 50] A longertime of mixing had an adverse effect on
rheology but gavea slightimprovement inhardened performance. In AASg concrete the
application of alonger mixing timecan enhancethe rheologicabehaviar andimprove the
mechanical propertiegs the input of mixing energy can partiallyeak down thearly-stage
microstructureto allow further reaction to continu& longermixing timeraised thedegree of
thixotropy inPCandin NaOH-activatedslagconcreteswhichcan be attributed to the formation
of fine particles induced by owvenixing, butdecreased flocculation anoweredthe degree of

thixotropyin sodium silicateactivated slag concrete

Alkali-activatedmateriak (AAMs) have also beeprovenas useful model systems for the testing
and validation of minslump [51]and creeping sphefé2] rheological measurementethods.
Each different approach to rheological testing, including but not limited to thésedagbrings
access to different shear rate regimes and different shear histories in phes $anch can enrich
the understanding of timgependent rheological processes in a complex findlerstandinghte
time-dependence of the rheology of alkaditivatedpastes isiot straightforward [53, 54fs these
materials tend to béhixotropic in addition to the reversible ndrewtonian aspects of their
behavior, but it is often challenging to distinguish true thixotropy from thergetsral evolution

that is also taking place during the rheological measurements.



158 2.3.Chemical Admixtures

159 Related to the challenges of rheology control in AAMs, it has been idehtffat it is critically
160 important to improve the use and applicability of admixtures to improve rheology ukdkr al
161 activation conditionsDue to the verignificant diferences in surface chemistry, zeta potential
162 and dissolution mechanisms when comparing atketivation to Portland cement hydratif@®,

163 56], it is important to design organicatecular architectures that are specifically applicable in
164 alkali-activated binders. Recent effof7, 58] have demonstrated important progress in this
165 regard including demonstration of an allyl ethesmsed PCE with short side chains that gave
166 extremely effective plasticizing performance in an Na&itlvated slag paste at a dose as low as
167 0.05 wt.% [57]. Keulen et al.[59] also showedthat a proprietary PCE admixture could
168 dramatically increase both the slump and the slump retenti@kali-activated fly astslag

169 blended concretes, as showrfig. 2.

170
300 - _
6 min.
250
— M 30 min.
£ 200 - .
E
o 150 =l l: m6omin
.
» 100 = M: WE =o0omin
50
= - = =120 min.
O — = —
0 1 2 3 4 5
Admixture content (kg/m?3)
171

172  Figure 2. Slump and slump retention of alkaliactivated concretes (binder 73.7% fly ash, 25% BFS,
173 1.3% Na&SiOs-5H,0 powder; activator 3 M NaOH) as a function of PCE admixture dose.
174 Reproduced from[59].

175
176 There has also be@nportantwork aimed atmproving the open working time of alkalctivated
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concretes and grouts, which is problematic in some applications due to theeheledpid
workability loss that is shown by some alkattivated mixes (including in cases where
workability can be lost even though setting is not unduly rapid). This willdmeised further in
Section 2.4 Many chemical retarders for PC are not compatiota AAMs [60], but citric acid
[61], d-gluconic acid[62], borate and phghate[63] have all beerdescribedto give useful
retardation in specific cases. However, the appropriate selection of deredapends critically
on the role and content of calcium within the aHeadtivation process; higbalcium mixes tend
to be more effectively retarded by small organics that can compfé&a€i is released from the
solid precursor and thus delay the precipitation-&-6-H type gels, whereas lewalcium mixes
appear to be more amenable to the use of inorganic retakitbmigh care is required to select
admixtures that can give retarigat without loss of some percentage of the final strength

development, it is not always straightforward.

2.4. Setting time

The setting time o&n alkaltactivated material (AAM)s a critical performanceparametethat
affeds its practical application. e practical ability to control setting timef alkali-activated
binders candetermire the time windowavailablefor mixing, transportationand casting of
concrete. However, fasetting is a feature &AS-Wg based materialghe setting time of this
type ofbinderis oftenless than 30 mif64]. Settingbehavioris affected by many factors, such as
raw materiad, specimen preparation and process conditionsyell as the use aidditivesas
discussed in sectio.3. Lower-calcium alkaliactivated binders have been identified to set
through a gel percolation procd6®], distinct from the localized precipitation of&AS-H type
gels that characterizes the early stages of slag-@&blation. This distinction brings important

new abilities to understand and manipulate the setting processes of each binder type

Li et al.[66, 67]found that the setting tisef alkali-activated slagly ash andalkali-activated

slagmetakaolirpastesvereprolongedwvith increased fly ash or metakaotiantentsLi et al. [64]

8
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summarized theetting times of slabased AMs designedn the SiQ-Al>03-CaO system with

a singleactivator §odium silicate omodulus 1.4)as showin Fig. 3. They found aeneral trend
that thesetting time decreased with increasCaO content in the SgAI0s-CaO systemThe

role of Ca (and correspondingly also Mg) as a network modifier in the slaglgés to more
rapid dissolution of these precursors, whereas fly ash does not show the samefdegaivity

as itis a more chemically durable gladdswever, when comparing blast furnace slags of different
chemistry, the ability to use a single indexing parameter to predict reacteiic& (as measured
by isothermal calorimetry) remains elus[é8, 69} as it is becoming clear that many parameters
beyond simple glass chemistry play important roles in determining thefralag reaction under
alkali-activation. An indexing approacthatalso includes particle size distribution parameters has
been proposed for fly ash activatif@7], but this will also require further development before it

could be considered in any wasohdly applicable.

I: Initial (min)
F: Final (min

I: 136
F 151

06

0.2 04

CaO

Figure 3 Setting times of AAMs (color scale, in minutesjn the SiO.-Al0O3-CaO solid precursor

system[64]

Carefulselection and/or combinatiarf activatos is anotheway to manipulatéhe settingimes
of AAMs. Shi& Day [70] and Bernhet al.[13, 71]haveillustrated that a prolonged induction
period, which can take up teS3days in some slagased AAM systems;an be obtained when

sodiumcarbonates usedasthe activatarThey showed that the MaOs promoteghe formation
9



225 of calcite and mixed sodiwtalcium carbonategrior to C-(A)-S-H; andthatthe fairly modest
226 pH (between 11 and 18gneratedrom this acivator gives a low rate ahitial dissolution of the
227 slag[70]. However, highmagnesia blast furnace slags do react relatively rapidly witt Ggas
228 an activatorf14], andcanunder some conditiongive higher early strength with this activator
229 than with sodium silicatevhen using aufficiently highMgO slag[72].

230

231 Lietal.[66, 67]further investigatethe setting time of alkakctivated slag, and found thahe
232  setting timewas prolongedvith anincreasan the dose oNaCQOz as activator, especially when
233 considering thdinal setting timeanda slag oimoderate MgO contenas shown irFig. 4. The
234 initial setting time of NaCOs-AAS in that study wasnore than 300 minwhile the final setting
235 time wa about6 days.A wide range of setting timeesults werealso shownin the work of
236 Fernandezliménez& Puertas[73] (mortar setting time aboved, Kovtun et al[74] (concrete
237 setting time about B), and Atk et al.[75] (paste setting time abouh3. However, a welbalanced
238 mixtureof Na&eCOsz, NaOrSiO-nH20, andor NaOH can take advantagetbeinfluence of each
239 of therespective aniomgroupspresent leading tothe abilty to control and tailagetting time,
240 workability andmechanical propertig31, 76].

241

0.0 0.2 0.4 06 08 10 0.0 0.2 0.4 06 0.8 10
Na,CO, Na,CO,
24
243 Figure 4. Contours of setting time(min) of alkali-activated slag with NaCOs-NaOH-Na;SiOs

10
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activators: (a) Initial setting time, (b) Final setting time[66, 67]

Garg and Whit¢77] investigated how nandnO retard the setting of alkalactivated materiajs

by pair distribution function (PDF) analysis arsbthermal calorimetry. Fig. 5 illustratéise

reaction betweetetrahydroxozincat@ns (Zn(OH)?) and calcium ios(C&*) in the retardation

stage that can affect # nucleation/growth of the @%)-S-H typegel because Géis bound into

a calcium zincate phase. In the other hand, {Zar® does nosignificantly influence the alkali

activation reactiorof metakaolinbased binder[77], asinteractions involving calcium plag

pivotal rolein dictating the effectiveness n&dnoZnO in retardation of AAMs

Ao l{l:iﬂrda'[i:ﬂll_:

I
=
+E | ] - - -=" -
- -
=
= |
&
s |
b
e 2(Zn{0M)E™)
E ] + Ca(Zn{0H)y),. 2H.0
= La®* —> +
o ) + 20H

Vo A 2H,0
el - >
Time

Figure 5.A schematicoutline of the retardation process causedby adding nancZnO to alkali-

activation of slag, sketched based on the discussiansReference[77]

2.5, Structural characterization

2.5.1 Experimental approaches

In alkali-activatedbindersystens, as in Portlanttased cementshe disordered, complex and

multiphase nature of the reaction products thatrdmre to the mairstrengthgain means that it

is difficult to gain a fullunderstanding of theinder characteristics from any small subset of

11



263 common materials science technigy2s Therefore,cementitious materials (and AAMSs in
264  particular) provide fertile ground for the development and implementation of neaaapps to

265 the experimental characterization of complex malgri and the continued structad

266 characterizationf alkali-activated materials siill a key field of investigationThe GS-H type

267 gel (often represented as(N)-A-S-H) and layered double hydroxide (LDiHg@conday phases

268 that dominate higheralciumAAMSs, and the alkalaluminosilicate (NA-S-H) gel formed in

269 lower-calcium AAMs, are all highly complex in chemistry, but are becoming betteéerstood

270 through the application of both conventional and advanced exg@@ahanalytical toolsThe use

271 of newanalyticaltechniques as well as novelsearciroutes during the past yeahss provided

272 valuableinsight into the structuref alkali-activated binders, and there is no evidence to suggest
273 that major advances this area are likely to end any time soon

274

275 There has beemuchrecent focus othe factorsaffecting aluminum and alkali uptake irttee G

276  S-H structure by analysis of synthetels The full details of this work are beyond the scope of
277 the current refew, and an excellent overview was provided papempresented dhe 2015 ICCC

278 [78]. Alow Ca/Si rab favors the incorporation of Al(1V) into S-H gel, whereas &igh Casi

279 ratio results in mor@ctahedrally coordinated All) [79, 80] thatis predominately present in
280 “third aluminate hydrate( TAH) and inAFm phase [81]. High Al and alkalicontent asin the

281 case of many AAS binder¢gads toco-existence of €A-S-H and NA-S-H type products,
282 although these two gels can be very difficult to distinguish and isolate from éwrhuotess

283 detailed structural models are applied to aid in the interpretaitgpectroscopic daf82]. Cross

284 linking within the GA-S-H type structure has also been identified as playing a key role in the
285 structural description and understanding of the binding phases formed iG&i§AMs [82-84]

286

287 Nuclear magnetic resonance (NMR) spectrosaésmpw well knownasa keytechnique to track
288 the information on the local bonding environments of silicon and aluminum atoms. The structure
289 of C-(N)-A-S-H gel has been described by various groups [8885However, NMRhas a

290 limited capacity to assessedium range ordering€-ray andneutronpair distribution function

12



291 (PDB analysis are now well established as techniquesifderstanding the gel structure formed
292 in alkaliactivated bindersdue tothe ability of the PDF techniquéo probe the local amic
293 structure ofdisorderedmaterials[89], although the analysis of mufthase materials by this
294 technique remains very challengingong & White [90] used Xray total scatting and PDF
295 analysis to study the impact of chemical variability on phase formaticalkadi-activated
296 granulated blasiurnace slag (GGBS)Yhe primary reaction product after alkaktivation was
297 C-(N)-A-S-H gel with a highly disordered structure, alDF analysis revealed that atomic
298 arrangementsas shown irFig. 6 for the shortrangeordering < 5 Ain the G(N)-A-S-H gel
299 differed depending on the chemical compositieapecially the calcium contendf the raw
300 material.The gel connectivity of €N)-A-S-H gel increased withdecreasedaldum contentas
301 shown inFig. 6, representetb a first approximatiomy the intensity of thgpeak just above 3 A
302 assigned tdSi-Si/Al and Mg-Al correlations Magnesium in alkalactivated GGBS pastes is
303 primaily incorporated in the secondary reaction prodwttich is ahydrotalcitelike phase as
304 will be discussed in more detail beloim-situ X-ray total scattering measurements and PDF
305 analysisarealsostarting to be widelysedin the study ofalkali-activated bindetrsas one of few
306 techniques that can give timnesolved information about gel local structure during setting and
307 hardening [91-93].

308
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Figure 6. X-ray PDFs of pastes produced fromhydroxide-activated granulated blastfurnace slags

(slags from different sources as noted in the legendhowingthe short-range ordering (< 5 A ) [90].

A method toinvestigate the chemistry of aluminosilicabased cementitiousindersby alkalr
activation of highpurity synthetic amorphous aluminosilicate powder has been proposed by
Walkley et al.[94]. The phase evolution and nanostructure development of riregseialshave
beenexaminedafter activatior{95, 96] Using this information, aew structural model of alkali
aluminosilicate gel (NA-S-H) gel frameworks has been proposed based on data frorrstaikd
nuclear magnetic resonance spectroscof®, @Na, and?’Al) [97]. Fig. 7 shows part of the
proposed conceptual model for this gel structure, walitirgebalancingof the partial negative
charges on bridging oxygen assded with tetrahedral Al provided bgodiumand by extra
framework Al Aler). The alkali alminosilicate gel predominantly comprisiesly coordinated

(Q* or of) Si and Alunits. Aconsiderablgroportion of AF* in tetrahedral coordinatiogxistsin

14
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332

sites of lower symmetry, where some of the chdoglancing capacitin the gelis provided by
extraframework Al species which have not previously been observed in these maByeasr
et al.[98] conductecadvancednulti-dimensionaNMR analysis of NA-S-H gels derived from
various amorphous silica sources and also identified -&etm@ework Al sites, although
contended that their results were consistent with tetrahedsadifds as also noted by Brus et al.
[99] rather than theaahedral Adridentified by Walkley et a[97]. There is evidentlymportant
further work required to unravel the nanostructural details of tAeSNH gel structure, and mudti

nuclear and mukdimensional NMR techniques are expected to underpiméomn these efforts

in coming years.
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Figure 7. 2’Al and °Na MAS and 3QMAS NMR analysis forthe gel of alkali-activated synthetic
precursor (Si/Al=2), and a 3D representation of a polymerized section of the-N-S-H gel showing
various constituent environments as marked adapted with permission from [97]. Copyright
American Chemical Society.
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Scanning electron microscopy (SEM), together with eneligpersive Xray spectroscopy (EDX

has been widely used as a powerful thgl different scholars [91, 100, 101p track
microstructural evolutionn alkali-activated binders, including some important work on model
systems wherémicroreactors”were ionmilled into slag grains and the morphology of the
reaction products formed by their reaction with different alkaline solsitioonitored [102]Fig.

8 shows examples of the data that were obtained using this approach, where both theatoncentr
and the nature of the alkaline solution ledrémarkabledifferences in the appearance of the
reaction products formedhe large platlets of hydrotalcitdike minerals and the globular-§&-

H type gel are particularly evident at the highest concentration of K&etitebut there is a clear

progress of the alkali-activation reaction under all conditions depicted.




352 Figure 8(a) A microreactor ion-milled into a GGBS grain; and microreactors exposed for 2 days to:
353 (b) 0.1 M KOH; (c) 10 M KOH; (d) 1 M NaOH. Reproduced from [102]

354

355 The use ofSEM as an analyticaéchnique is very well established in the fieldcementitious
356 materials both for imaging and for determination of elemental compositiomasticBlarly
357 important information has recently been obtaireghrding the MeAl layered double hydroxide
358 (hydrotalcitelike) phase in alkalactivated slagsRichardson & Li[103] used SEMEDX to
359 determire the Mg/Al ratio in KOHactivated blast furnace slpgsteafter 18 years of curing; a
360 ratio of 2.6 was determined, in excellent agreement with calculations based odaxd&® that
361 binder.Ke et al.determinedVig/Al ratios closer to 2.0 for the correspondig-Al LDH phass
362 in NaCOs-activated slag binderfd4] and in NaSiOs-activated slag bindefd04], also using
363 SEM-EDX, and consistent with older literature includifi@5] and othersThis phasds often
364 described in the cements literature as being siffipjgrotalcité, but in a minertgical sense,
365 true hydrotalcitdhas Mg/Al= 3.0 and contains carbonate in its interld$€6], whereas the LDH
366 phases formed in many alkalctivated binders will be carbondtee Thecarbonatecontaining
367 member of the hydtalcite family with Mg/Al = 2 is correctly called meixn&rj whereas the
368 carbonatdree“M sAH13” hydrotalcitegroup composition, which is probably the most relevant to
369 most alkakactivated binding systems, does not have a formal mineral name. Sontineled
370 description of the M@Al LDH phase formed in alkafactivated binders ashydrotalcitelike”
371 seems satisfactory, but it does need talbarly identified that this is not true hydrotalcite in the
372 mineralogical sense.

373

374 Transmission electron microscopy (TEM) has also been applied to the analysai edctivated
375 binders with some succel93], but sample preparation for this technique remaindesigihg
376 andthe samples apeone to beam damage. Helium ion microscopy (HIM), a tecienwth some
377 resemblanceso SEM but potentially offering higher spatial resolution, was proposed by
378 Morandeau et a[107] for studying the nanoscatdructure of alkalactivated materialsHIM

379 involves imagingof sample surfacesy detecting secondary electrons that are exdrtad the
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samplesurfaceby bombardment withelium ions. Spatial resolution Isgh due to thespecific
nature of the bearsample interactiofl08]. Hence, in comparisowith SEM, this mdtod is
well-suited for resolving nanometscale surface morphologies and porosity present in rough and
irregular fractured samples, includinliali-activated binders. Fig. S$howsa selection oHIM
imagesof AAS obtained byMorandeau et a[107]. Hner heterogneous morphological details
havebeen capured. Two types of €N)-A-S-H gel have been identified, with thi@ner gel
showing a follike morphology while théouter gel appearingnore globularThe use of HIM

with EDX analysis caprovide new insight into the structuséalkali-activated materials as well

as other binder systems, and although the HIM instruments are still expensitechhigue is

becoming more widely available in the international community

i

g 190 I%Iﬂ

100 nm

Figure 9. HIM images (a) GGBS particle covered byfoil-like’ C-(N)-A-S-H gel; (b) the surface of

the concave spherical void: @N)-A-S-H gel. Reproduced from [107].

Scattering and diffracticbased techniques have been used to provide insight into AAMs during
the initial[109-111], mediumterm[112], and hterage[113] evolution of gel, crystallite, and pore
structure in AAMsThe combination of neutron andrgy scattering, applied in parallel to provide
different aspects of the required information, has also given important new ingigihe highly

connected nature of the pore structure in metakdalsed AAMH114]. The marked differences
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in pore geometry and its evolution with curiag a function of the nature of the alkali cation
present have also been examined usingdh#&mation of PDF, smaHlngle Xray scattering and
electrical impedance method@&15]: the structurdorming (kosmotropic) Naleads to a pore
network structte that evolvesonsiderablyver a Syear curing duration, while the pore networks
generated through the use of chaotropit ¢KCs) alkali cations are much more stable during

extended curing periods [115].

Another essential aspect of alkatitivated binder chemistry that has received attentiamd
answers to some key outstanding questioimsrecent years is the exact chemical nature of the
green coloation in alkaltactivated slag binders (and similarly in high volume Portisiag
blends). There has been much speculation in the past that this coloration ishéugrésence of
polysulfide speciegresulting from the release of sulfide by slag dissolution), but the previous
spectroscopic evidence was far from sufficient to fully substantigdeatijumentHowever,
Chaouche et al[118] have recently usedynchrotronbased Xray absorption near edge
spectroscopy (XANES)to demonstrateghat the blue/green regions of alkatitivated (and
Portland cemenrblended) slag binders contdine characteristic spectroscopic featunéthe
trisulfur (thiozonide) radical anions$the samepecies that gives colty ultramarine pigments.
Consistent with thid,e Cornec et a[119] have also recently applied vibrational spectroscopy to
the analysis of greening effects in 70% GGEBB6 PC blended cements, and identified
spectroscopic features consistent with the confinement of various sulfcalradis (S, S and

Sy) within the interlayer space of LDH phases, proposed to be of thefédity. They claimed
that all three of these polysulfide species were present at similariraties hydration products

of various slags tested, which modifies the characteristically blue pigihoanté the S radical
anion (which is the most prominesgpecies in their spectra also),imsteadgive a green color
[119]. This is clearly an important step forward in understanding the fundamergateabf
AAMs, but also has implications faunderstandinghe role of binder redox chemistry in

controlling steel corrosion processes.
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2.5.2 Modelling approaches

There have also beemtablerecent advances made in the modelling of AAM binder chemistry
by a variety of modelling approaches at different length scales. At an atolevsti, a number of
molecular dynamic@MD) studies have generated model structures claiming tegept NA-S-

H gels. However, the majority of these studies have not included water in icealisasonable
manner, and so have generated structures of anhydrous or pastdrifyed glasses rather than
anything representative of aAS-H structurethat could form by precipitation from an aqueous
solution.Features such as edglearing tetrahedra and extensiv& AD-Al"Y bonding, which are

not observed to any significant degree in hydrous aluminosilicate minerals, carwed ae
indicators of suclan unrealistic structurén exception to this trend is the work of Lolli et al.
[120], who usedMD to generate correctly hydratedANS-H gel structures based on three
approachesa*crystalliné structurebased on adjusting trs@daliteframeworkto the desired N
A-S-H stoichiometry a “defective” structure generatéy introducingdefects into the sodalite
frameworkand allowing thigo relax (in the presence of water) using MD, andamorphou’
structurebased or5i0; glassadjusted to the desired-N-S-H stoichiometryAmong these three
models, tle “defective structure (Fig. 1pgave the best match to experimental PDF data, and also
yielded predictions of nanoscale mechanical properties and porosity thanhargent withthe
available literature, while complying with the requirements for predominftlyonding, the
absence of edggharing tetrahedra, and agreement with Loeweristgninciple of AtO-Al
avoidance [121]This can therefore be considered to be a reasonably representativaastructu
model for NA-S-H gel at this length scale, and is consistent at a chemical level with the schematic

description of the potentiaite types that washown in Figure 7.
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Figure 10. Representation of part of the NA-S-H gel structure generated by application of molecular
dynamics to relax a defective sodalite framework. Reproducedavith permission from [120].

Copyright American Chemica Society.

At the mesoscale, Valentijb2] adapted an established code designed for Portland cement
hydration simulations to describe the activation of metakaolin by different aksdilutions,

while Yang & White[122] advancedhe use obnattice coarsegyrained Monte Carlsimulations

to describe activation of different aluminosilicate precursors. Modalapgoaches such as these
are computationally intensive and need care in parameterization and spenifica@nsurehat
atomicscale interactions are replicated as accurately as possible on the mesoscakn but al
provide unparalleled access to mechanistic and microstructural information orthadeaig of

up to hundreds of nanometers, which is very difficult teas@xperimentally in reéime.

Thermodynamic modeling of phase assemblages in AAMs has been an are#icafagsr
important recentlevelopments, where the application of a detailed ideal solid solution model for
the G(N,K)-A-S-H system[123]supported by thavailability of improved solubility dat§l124]
has significantly moved forwarthe state of the arfThis hasenabled advances iphase

assemblage predictions for alkalkitivation of blast furnace slg§j25-127] including prediction
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471 of phase diagrams for a wide range of slag and activator composjfiaBs Solubility

472 information forN-A-S-H gels[129], andimproved information for aqueous species in M-

473  A-S-H-Cl systen1130], are bringing the opportunity for modellingsdimelower-calcium binder

474  systemdq131], althoughmuchwork is still required to develop and validate the necessary range
475 of model constituents to enable full description of the pla@semblages in these binddrs.

476 particular, the database of zeolite phases availablen€lusion in models of the (N,KA-S-H

477  system requires expansion, as there are significant gaps in the litbeatjralthough constrained
478 to some degree by issues of metastability and difficulties in actually dgfsotubility” in many

479 instances.

480

481 2.6.Microstructure and mechanical properties

482 Thedevelopment of a detailed understanding ofrtierostructure and mechanical properties of
483 AAMs is obviously key to the application of these materials in civil and infrastructureatppis.
484 In particular, it is essential to understand whether the engineering desigjors)tieat have been
485 established for conventional concretes are also broadly applicable to AAMetEmEk detailed
486 review of the mechanical properties of AAM concretes has been provided recebilygogt al.
487 [132], and the full scope of that review will not be repeated here. However, it shoulctehait
488 in many cases, the genefahctional forms of relationships that work well in describing the
489 characteristics of Portland cemdaaised concretes also appear valid for AAM concretes, but some
490 refitting of parameters seems necessary.

491

492  Analysis of the stresstrain characteristics of AAM concretes hasdi&d to show that these
493 materials show a higher tensile strendtiwer modulus of elasticityynd lower Poissds ratio
494 than conventional Portland cement concresassreported by.g.[133-135] andmany others.
495 Thomas and PeethamparfiB6] also showed that thepecimen sizeeffect in compressive
496 strength testing of AAM concrete cylinders was well described by thblisbied models for

497 Portland cement in the case of AAMs based on GGBS, but observed an unexpectedlyzgrong si
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effect in AAMs based on fly ash. This was atttdmito microcracking effects in the fly aslased
binders; microcracking of AAMs is certainly an area requiring more detaialysis, and will be
revisited below (section 2.8) in the discussion of dimensional stabiliy. creep of AAM
concretes also qaires further attentioriThere are indications that although the eaxg creep

of these materials resembles that of Portland celves#d concretes, the deceleration of creep
over extended timeframanay beless dramatic in AAM concretes, meaning tr@igerterm
creep processesustbe taken into account in structural design procedafg.AAMs have also
been observed to have a higher fracture energy [138, d39]a more compact interfacial
transition zone [138, 14@han comparable Portland cemdatsed material@nd undergo a more
localized cracking proceqd441]. The strong aggregagaste bond also gives relatively high

fatigue resistancgd 42, 143].

An important finding underpinning much of the analysis of AAM properigrostructure
relationships was the identification by Winnefeld e{&8] that the degree of reaction of the blast
furnaceslag precursor appears to be a characteristic parawéieh controls strength, across a
range of slag sources and activators. It is quite probable that this rehgtide critically
dependent on the pore structure of the AAM binder; Ranjbar ft44d] obtained strengths of
over 130 MPay hotpressing fly as-based AAMs to reduce porosity, while Rouyer e{45]
showed a clear relationship between Yosnmgodulus and pore volume of a range of metakaolin
based AAMs.Blyth et al. [146] also showedordes-of-magnitude differences inintrinsic
permeability between hydroxidactivated and silicatactivated slag binders, but without a
corresponding difference ithe Youngs modulus, which was attributed to a very marked
reduction in the characteristic pode&ameter upon silicate activatioBernal et al.[147] also
reported a surprisingly low dependence of mechanical properties opdotavolume in alkali
activatedslagmortars, where water/binder ratios of 0.40 and 0.44 gave simiday8trengths
and identical 5@lay strengthBabaee and Cast§l48] usedwater vapo sorptionas a sensitive
probe of pore structure in blended fly adagAAMSs, distinguishing the very fine pores which

dominateslagrich pastes from the mesoporous nature ofaBftrich binders.Hu et al.[149]
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526 reportedhat the comressive strength of alkadictivated slag/fly ash mortarnsainly affected by
527 total porosity and porosity of capillary psrevith sizes rangng from 10 to10* nm. The change
528 of pore structure in the mortar was strongly influencedhieyactivatorsilicate modulus, alkali
529 dosage and fly ash content.

530

531 2.7.0ne-part alkali-activated binders

532 Oneypart (just adl water) alkali-activated materials can be treatsdaimportant step towards
533 to the commerciakcale development of these kmarbon binders. A new review on epart
534 AAMs has been publishgd50] which includedsystemati@analysis of the available literature, so
535 the current paper will not attempt to repeat the full scope of that review, whiatedowne-pairt

536 AAMs in respect of raw materials, admixtures, optimoafcination, composition, curing
537 condtions, and mechanical strengtig. 11 illustratesthe general procedure to prepare-paet
538 AAMs by addng waterto adry mixture of solid alkatactivator and a solid aluminosilicate
539 precursorincluding a calcination stejp necessaryThis technologyhas been considered as a
540 method to face some technicélallenges related tmwnventional (twepart)AAM s, in particula

541 the question ohow to handle large amounts of activator solutions which mayidmous,
542 corrosive, anfbr hazardouson sitein a construction application. It should be noted that the pH
543 of most alkaksilicate activators is actually similar to thatfidsh Portland cement paste, but the
544 fact that these may need to be stored and handled in large quantities by personnel wato ar
545 specialized in chemical handling is nonetheless an important reason to drivedfahea
546 development of onpart AAMS.

547
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549 Figure 11. The general procedure of ongart AAM ( geopolyme) preparation. From [150].

550

551 In onepart alkaltactivated binders, any substance that dissolves sufficiently rapidlyfiznsl
552 alkali cations and provideshigh pH environmento facilitate dissolution of the aluminosilicate
553 precursor,can in principle be used asan activator[151]. Sodium metasilicate powdes
554  (Na&SiOs-xH20,0<x<5) has been studiegs asolid activator in ongpart alkaltactivated binders
555 [152-154] Anhydrous sodium metasilicate was reported to contribute to higher compressive
556 strengh and better workability than its hydrous counterpatten used to activatity ash and
557 blast furnace slabasedinders and is available commercially in the form of spdaed powders
558 that appear quite amenable to use in allalivation processes amh acceptable cast

559

560 Hybrid alkaline cement, where Portland cement and an alkaline activatadded in parallel,
561 can also beegarded astype of onepartAAM binder The nanostructuravolutionof these
562 cementshas been presented by Garcéaleiroet al.[155] viaa descriptive model. Fetndez-
563 Jiménez et al.[156] investigated the hydration mechanisofsfly ashbased alkaline hybrid
564 cement as &nction ofthenature of tle activatoras it was supplied idifferent forms (solid and
565 liquid). When solid sodiunsulfate was used ahe activatorin hybrid binder systems, slightly
566 higher mechanical strength and less AFt ARth phases were obtainédan when it was added
567 as a liquid Both early age reaction kinetics and the nature of reaction productinfieeaced

568 by the form of addition of thactivator.
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Various different precursors, and combinations of precursors, have been ddidatse in one-
part AAM binders. In addition to the more commonly used GGBS [157, 158], flj189h 160]
andcalcined clayg161], there has also beemeaningfulwork dedicated to the development of
onepart AAMs from industrial waste silicas and NaAl62][163], and red mud [164, 163h
many of these binder systems, a careful balance needs to be drawn betweenuditicieng s
alkalis to enhle rapid strength development, aanvbiding the excessive alkali levels that may
lead to efflorescence. Ongoing work to understand the causes and iropdaatiefflorescence
in both onepart and twepart AAM binder systemEL66-168]is certainly necessary to underpin

the development and deployment of gaet AAMS.

Qu et al. [169] produced greiindustrial hybrid alkaline cement, manufacuii@ a Latin
American plant on a scale afound 2Gons. The proportions used were 30 % Portland clinker +
32.5 % blast furnace slag + 32.5% fly ash + 5% solid activator (the main salS&Narhis
hybrid alkaline cementvas showedto react with watemat ambient temperature and readra
compressivetsength around 32 M#Pat 28 dayswith acceptablesetting time and early strength.
Further,the cementpastewas tested atip to 1000°C, and showebetter hightemperature
resistance than Portland cemehte to the recrystallization of new poorly hydraulighases
mainly ingehlenite-and rankinitetypephase$170, 171] Velandia et al[172] alsodemonstratd

the production of concretes with good performance using a hybrid fif@aslandNa,SQu binder,

and provided extensive data about the durability performance of these concretesngncludi

correlations between key durability parameters and compressive streagésaitup to 1 year.

2.8.Dimensional stability

The dimensional stability of argementitious binder is a critical factor in determining its use in
engineering applicationgs concretes are required to neither shrink nor expand excessively in
service. he relatively low level of bound water present in AAMs, particularly thosle haw
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596 calcium content, has been observedcénise somausceptibility to drying shrinkage, as has
597 recently been reviewed by Mastali et[al73]. This area has attracted a high degrattention
598 in the literature in recent years, as the importance of understanding and icgnstoiinkage has
599 become more and more evidebbw-calcium AAMs do not seltlesiccate during curing in the
600 same manner as does Portland cement during its lyu{a74], as there is not such a strong
601 chemical driving force withdrawing water from the pore fluid into solid phasesetkmwtheydo

602 undergo autogenous shrinkage which can lead to-agdyracking if not appropriately controlled
603 [175].

604

605 Highercalcium AAMs such as sodiusilicate activated GGBS can sal&siccate, in part due to
606 the formation ohydrationproducts, and also because the high ionic strength of their pore solution
607 redueswater activity b draw the relative humidity below 100p476]; this latter effect is likely
608 to be the cause of any observed -gei§iccation effects in lowaralcium binders that do not
609 chemically incorporate water of hydration. Ye & Rashia [177] proposed that the drying
610 shrinkage of alkalactivated GGBS involves densification of th€NX))-A-S-H as its structure is
611 damaged by reductions in relative humidity, as neither the moisture loss noritigesthiynkage
612 were reversible upon soaking of dried specim8hankage mitigation strategiesmilar to those
613 that are implemented in comweonal Portland cementhave been evaluatetecently for
614 applicationin AAS {Ye, 2017 #741}.Chemical shrinkage of alkadictivated GGBS and GGBS
615 rich blends has been studied experimentd§8] and also identified through thermodynamic
616 modeling[125, 127] Thomas et al[179] identified a beneficial role for heat curing in reduction
617 of drying shrinkage, while Gao et §L80] applied a particle packing model at paste scale to
618 optimize blends of GGBS and fly ash for minimum porosity and shrinkBge shrinkage
619 properties ofalkali-activatedbinders based oifferent blendd precursordhave also been
620 reported[181, 182] Shrinkageeducing admixture$183-186] and superabsorbent polymers
621 [187-189]have also shown some effectiveness in reducing drying shrinkage, as has the tailor
622 design of blended activatdre90]. While shrinkage control in AAMs does remain an area of open

623 research, with many quest®et to be answered, the fact that this broad range of approaches
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have all shown some potential for success is a strong indication that this is nacabigrissue.

2.9. Durability

The durability of alkahactivated binders, and concretes produced from them, has been reviewed
in various publications [151, 19193]. In most cases, AAMs have been tested according to
methods devised and validated for the testing of Portland cdrasatl binderghere are ongoing
discussions around whether this is entirely appropiiatjding through the work of a RILEM
Technical Committe§l94, 195] and it appears that in the majority of cases there are details of
the standard testing methodologies that will require modification if they are to giye tr
meaningful results for AAMs. Sample preconditioning has been highlighted asaarequiring
particular care when designing tests for AAMs, as some of these materibks damaged by the
preconditioning reignes that are often applied to Portland cenfi#ed materials before testing,
particularly when very vigorous drying is applied [93, 1198] A performancebased
specification designed specifically for application to AAMs has been releéasked UK, based

on minimal adaptations to established Portland cemestihg methodologield 99], and efforts

are also ongoing in other countries and through multinational collaborative progtaisis

expected that this will be an area of rapid development in the coming years.

It has long been identified thbindercarbonatiorunder exposure to G an area fodurability

that requires careful consideration when designing and specifyingsAAarly accelerated
testing at high Ceypartial pressures appeared to show that ali@lvated binders would be very
susceptible to carbonation, but this was not directly matched by observations undal nat
conditions. The reasons for the sometimes very poor performance of AAMs uneleratec
carbonation exposure is now understood to be related to specific changes in the esarbonat
bicarbonate equilibrium of the AAM persolution at elevated C@artial pressureR200]. This

can give an unregpsentative reduction in pH compared to natural carbonation exposure, which
has been shown to give a much less marked reductions in pH [20IR2R&(ve humidity cotrol
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during carbonation testing has also been shown to be highly influential in determining the

observed rate of carbonation [203].

The carbonation of AAMs has been shown to be strongly dependent on binder microstructure, and
particularly the degree of microstructural evolution and pore network medinieachievegbrior

to the start of carbonation exposure, which can be influenced by curing, as welbas waix
design parameters such as the activator [2%207].The presence of hydrotalcitgpe LDH
phases has been identified as being @aerly crucial in enabling carbonation resistance, whether
these are produced directly as a result of activation of acdvitpining precursor, or due to the
addition of a supplemental Mg source (or calcined LDH as a seeding/templg¢int)208] [15,

209, 210]. The mechanisms of carbonation shrinkage in -@ktliated slag bindetsave also

been identified[211]. Together, these new aspects of insight provide essential steps toward
designing AAMs that can approgtely resist cdyonation in service, and also umderstanding
theconnections between accelerated and natural carbonation mechanisms to enaligntbé des
appropriate laboratory tests for the prediction of field performdfieetrochemicaéxaminatios

of carbonated AAM concretshowed that the binders have been capable of keeping the
reinforcement ina passive condition even with the leved pH caused by the accelerated

carbonation [212, 213], but this dagscessitate further investigation.

In many steeteinforced concrete applications, the service life of a structure or element is
governed by the ability of the concrete to protect the steel from chioddeed corrosion. The

rate and mechanisms of chloride transport in AAMs have beeawedliin detail by Osio
Norgaard et al[214]. Thomas et al[215, 214 have provided aomparison of chloride test
methodsas applied to these materidth et al [144] found that some alkali could leach out during
specimersaturation before the electrically accelerated chloride transpqraneishatthe water
to-specimen ratio could have aitical effect on the passed charges, but not on the chloride
migration coefficient of the specimen$his is an active areaf work in international

organiations ircluding RILEM and the European Federation for Corrosion, who have established
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679 working groupsto investigate chloride transport and corrosion initiation in AAMs, with a
680 particular view toward the development of more appropriate testing methods. NamnshCastel
681 [217]have recentlgliscussed the development of performabased criteria for AAM concretes
682 based on chloride ponding and electrochemically accelerated wdsth is an esential step
683 toward performancbased standardization of AAMBor electrochemical testing, it also appears
684 likely that the proportionality constants applied in the relationships that ama@ogused to
685 obtain material parameters from polarization cuiMegel slopesjor Portland cement will need
686 to be reassessed for AAMs, as there appear to be significant deviations from thieatlas
687 electrochemistry of Portland cement when considering the particular [paiechiemistry of
688 AAMs [218].

689

690 Chloride binding, particularly by hydrotalcitgpe LDH phases, has been identified by some
691 authos to be very influential in determining chloride transport through AAMs [219,,220]
692 although other authors did not identify stromgdence for chloride bindinop alkali-activated
693 slag concretef215, 221] There is a clear need for further developments to resolve this open
694 question, which is of fundamental importance to service life prediction for reidféws&s

695 under chloride exposer

696

697 Ma et al[222]linked chloride diffusivity, electrical resistivity, amdrrosiontesting of reinforced
698 alkali-activated concretes, and highlighted the importance of sulfide (provided byuslizstd
699 slag when used as a precursor in AAMSs) in defining the corrosion ratenjiiaéion. The role of
700 sulfide has also been identified in studiésteel corrosion isimulated alkatactivated slag pore
701 solutions [223-225] [226]and in various types ahortar specimen27-229] The very high
702 pore solution pH of some AAM binders has also been shown to generate unconventional
703 thresholdlike relationshipsn chloride initiation, and also to give chemical protection of steel
704 reinforcement even at high chloride concentrati@3§-232].Mundra et al[226] also developed

705 aclassification scheme for alkalctivated and slaglended binders as shownkig. 12.
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Figure 12. Overview of the classification of cements, particularly of AAMs, based onternal
redox conditions, and the parameters influencing the onset of steel pittinghd the service
life of these binders. AAFA = alkaltactivated fly ashes, AAMK = alkalactivated metakaolin.

Adapted from [226], under Creative Commons license conditions

Questios aroundalkali-silica reactios, analogous to those which can lead to damaging
expansion in Portland cement binders with reactive aggregates, alseguisely in discussions

of AAMs because of thaigh levels of alkali present in these binders. However, the results of
testing with a broad range of binemggregate combinations have shown tabdali-silica
reactions do not appear to be particularly problematic in AAMs with aggegdtnormal
reactivity [233]. It is possible to induce alkadilica reaction expansion under accelerated
conditions and with thase of a reactive aggreg@®34, 235] but in the majorityf cases, AAM
mortars show less expansion than plain PC mortars with the same reactegategt34, 236

238]. The relatively high Al concentration in the pore solution of AAMs, and in s@sescalso
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the lack or neaabsence of dissolved Ca, appears ¢oiraportant in restricting alkasilica

damagqd234, 237, 239].

The freezehaw and froskalt resstance of AAMs do appear to merit further attention, as the
literature on this topic contains many case studies but lacks congisteygtematic analysis
across the class of materials in general. Sulfate attack on AAMs has also bezhastodrding

to a number of test methods, largely because such testing is often requestedflarspr end

users as sulfate attack can be problematic for Portland cérased materials. However, the
fundamental mechanism of Portland cement sulfate attack, with expansivespsore®lving

the monosulfatFm phase, is not possible in most AAMs as this phase is absent from the hydrate
productsSulfuric acid attack on AAMs is, however, a relevant mechanism related 1o sseer
infrastructure and other highly aggsese environment$240, 241], and the perforance of
AAMs (particularly those with low Ca content [242, 243]) under such conditions has been
observed to significantly exceed that of most other cementitious binders [242084&4ic acid
resistance has also been reported to be a strength -chloiwm AAMs, as small organicas
damage calciuanich binders through complexation and removal of*@ms, but this mechanism

is much less significant for AAMs that do not rely on calcium as a key bindertocens[245,

246].

Testing of AAM durability in the field has generally shown results that ansistent with
laboratory trials under neaccderated or minimallyaccelerated conditions; the materials that
have been put into service under varying conditions have in many cases served Iery we
including concretes dating back to the 1950s [151, 247, 248], and more recent demonstration or
full-scale infrastructure projecf249-252]including an airport in Australia that was constructed
largely from alkahactivated concretg253]. Such projects are essential in building stakeholder
acceptance of AAM technology, and in using the experience gained to guide standards
development, to ensure that the materials selected, specified and used are farllgurpose

[254].
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2.10. Applications of alkali-activated materials

Alkali-activated binders are filing rapidly increasing uptake in a growing range of applications,
and this section will provide a very brief overview of some of these. The primary oauegket

for these materials in the short term will almost certainly be as a binder inetas)cad
increasingly sophisticated approaches to the design and use of AAM colfiattes than just
directly applying protocols used for Portland cement concretes) are hdilighed for concretes
based on alkalactivated GGB360, 255257], fly ash[258-260] metakaolif261], and various

blends of these materigd359].

AAMs, including particularly the lowecalcium“geopolymer’type materials, are also attracting
attention as matrices for the conditioning and immobilization of radioactive wastes)ility of

these materials to host, and bind, radioisotopes of cesium and strontium has been dethonstrat
and analyzed in some det§il62-264] The effective immobilization of cesium in Portland
cemertbased matrices is well known to be challenging, and so the availability of atoegmne
system that can restrict its movement is highly desirable. There have beerairh recent
investigations of the potential for compatibility of AAM matrices with compleste/agtreams
containing multiple radioisotopes [265, 266], with oily wastes [267,,26B8h ion exchange
media[269, 270], andvith graphitic or metallic wastg§271-273] AAM matrices have also been
demonstrated to show generally good stability under irradid2@4-276] and a hydrogen

radiolytic yield that depends on water content and pore structure [274].

The ability to produce lightweight AAMs has been investigated by numerous groupeieaged
recently by Bai & Colomb{277]and by Zhang et dl278]. Successful approaches have included
various types of templating by organic foams or emulsions [160, 267, 268, 279-281], foaming by

peroxide addition [282)r by metal powderf283] and the use of lightweight aggregates [284]

AAMs have also been testedand in some cases validatedin a broad range ofniché

applications in recent years; a non-exhaustive selectitresé includes:
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- Well cementing in hydrocarbon and geothermal industries [285-287]

- Chromatographic substrates [288]

- Manufacture of composite$289, 290] including straiFhardening and/or ductile
“engineered compositanaterialg§291-293]

- Repair mortar$294]

- Materials for additive manufacturing 68D printing’ through various extrusiebased
and powder bed processes (Fig.13 [295]) [296-298]

- Moderatetemperature refractories or firesistant construction materigz99-302]

Figure 13. Additive manufacture of a vase from a metakaolirbased AAM, by extrusion. Reproduced

from [295].

2.11.LCA and environmental aspects

When considering any type of cement as a potentiattgfriendly’ or “low-carbori’ alternative
to established technologies, it is essential that the actual environmentaintoofpooth the
conventional and innovative materials are sufficiently well understood and qurttifienable
a fair comparison to be made. However, this is an area in which most currerdhrgssmication
practice in the field of alternative cements falls well shopro¥iding the information rexded for
informed decisiormaking. This is potentially in part because of the trend for technical authors to
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justify the importance of their work (to funders, editors or other stakeholderajbgrtisingthe
class of materials they prefer to study, and in part because the rigoroparativeenvironmental
assessment of two construction materials is actually a highly special@etialenging research
task in itself. In the specific context of AAMs, Habert & Ouefdéamondon [303have provided
some very insightful discussiondassessment of data souraasd highlighted in particular the
importance of understanding and controlling the environmental footprint of thé atkiahtor

when designing and specifying an AAM mix design.

Another critical aspect of the assessmentuetanability is the need to conduct a locapecific
determination of energy supply and transport options, and their costs and environmepriatdéoot
as these will differ very strongly between locations worldwide. This st it is impossible to
conduct a valid, generic assessment of the emissions footprint of an AAM auhblexseif of
precision, without knowing where in the world it will be used. The emissions attribmted t
electricity generation differ widely from (e.g.) hydroelectric to nacte coal sources, and AAMs
are much more dependent on electrical energy in production than is Portland démsenpens
some attractive possibilities when considering binder production using a decadbelaecity
supply [304],which may be a strong point in favor of the use of AAMs in regions where low

carbon electricity is available.

The trend in the academic literature recently has therefore been toward reegpealfic (or

very localized)assessments of AAMs for use in particular applications or concrete/mortar
products in the America805-307] Europe[308-310] and Australasi§311, 312] The general
trend observed in these studieshiattAAMSs offergreenhouse emissions savings compared to a
Portland cement baseline, and usually on the order €040, butsomewhat increasetthe
environmental impadh othernon-geerhousecategoriessuch asabiotic depletion, ozone layer
depletion fresh and marine water ecotoxicigndhuman toxicitythat areconsidered in the life
cycle assessmeptocess. It has also begtentified thatthere is a tsongneedfor more refined

and updated lifeycle inventory data for activator constituents ulithg sodium silicat¢303,
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305, 313], as the currently available international databases do not reflect puodunttion
practice or processe3he assessmermtf recyclability [314, 315] and releaseof potentially
problematic elements (toxic or naturally occurring radioactive matef&il§)318]from AAMs

in service has also received some attention as an essentétuent of a full cradko-grave or
cradleto-cradle environmental assessmeélitis will doubtless gain further importance as nhon
carbon emissions become more of a focus in material and product assessments waovldigide
the sources and characteristics of waste materials used in AAM productionebegenmore

diverse.

The other critical aspect that needs to basatered in environmental analysis of AAMs is
durability (at both material and element/structure scale), and this wass#idcimSection 2.9
above. Considering all of these aspects together, and to conclude the discussidvispfitAA
should be identified that AAMs are becoming a mature class of material®e watsre and
properties are increasingly well understood, and which offer numerous aétraggiortunities to
exercise their desirable technical and environmental characteristics for thedfestefiety. They
should not in any way be viewed as a panacea for all problems in the constructioalsnsctor,
and nor are they likely to beniversally suitable as a replacement for Portland cetressed
binders across the full range of applications in which cements are used, for botbaleghdi
logistical (materialsupply) reasons. Howeveas a constituent of the future toolkit of censgn

AAMs do bring very significant value.

In the following sections, the focus of this review will turn to some other typesnenting
systems, which are not yet as widely deployed as AAMs, but which can also formlealua

components of the cements llab

3. CarbonateBinders

The concept otarbonatable bindelis basedon the fact that some raw materials can harden
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through carbonationCarbonated cementitious binddrave attractedwide attention in recent
years attributedto ther rapid strength gain artle sequestration of CQOvhen exposed to@0»
rich environmen{319, 320] This section willdiscusscarbonated calcium silicate, carbonated
Portland cementylgO-based cemerdnd @rbonated wastderived bindersThesefour binder

types react withwater andCO, yielding strong cementing materials
3.1. Carbonated calcium silicate binders

Tricalcium silicate (GS), B-dicalcium silicate(-C.S), y-dicalcium silicate(y-CzS), tricalcium
disilicate (GS;) and monocalcium silicate (CSarcreact with CQ and form strong monolithic
matrices[321-323] Ashraf& Olek [324] reported that the carbonation of pure calcium silicates
consists of two distinct processem initial phaseboundary controlled procesand then a
subsequenproduct layer diffusion controlled proce3$e reaction rate constawbs found to
vary based on the calcium silicate phage€>S has the highest reaction rate, followed B$,C

v-C2S, GS and finally CS.

The carbonation products of puralcium silicate are calcium carbonate andn@alified silica
gel or silica ge[323, 325, 326]The calcium carbonate crystaésulting from carbonation @3S,
C2S, GS2 andCS include the polymorplezlcite, aragoniteandvaterite[326, 327] The presence
of aC CP/MAS NMR signal in carbonate€, GS, andCsS; phases can be attributed to the
additional formation oamorphous calcium carbong#CC), asshownschematicallyn Fig. 14.
However, ACC is not formed icarbonated CS under the same environmental condifan$4
[326]. The presence of poorly crystallized forms of Ca@nds to increase the strength of the
carbonated calcium silicate mats [328]. Furthermore, the values tie elasticmodulus of
CaCQ-rich binderscan vary over a relatively widerange due to the presence of different

polymorphsof CaCQ crystak [327].

37



877

878
879

Inter-cluster  —2
pores, diameter:
<2nm
Gel pores,
diameter:
2~10nm
Ca-modified
silica gel
& clusters

‘3

Amorphous
CaC0,(ACC)

Small gel pores,
diameter: 2 ~4 nm

— —

Tntercluster
pores, diameter:
<2 nm

|
F

Large gel pores,
diameter: 4 ~10
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amorphous calcium carbonate (ACC) adapted from [319.

As shown in Fig. 15the degreef polymerization of Canodified silica ge(which is essentially
defined by the inverse of the Ca/Si rai®hearly the same for all titarbonatedalcium silicates
discussedexcept for the carbonate@d%; which has slightly lower degred326]. However, all
the calcium silicateseach a similar overall carboration level dueto the retardation of the
carbonation reaction after formation of neahg same amounts of CaG(Fig. 16), indicating
that effectis related to blockage of the surfaces of potentially reactive particle Ipyehipitated

carbonates

1.00

0.75 1

0.50 -
0.25 4 i
0.00

B -C,S 1-C,S G,S,

Ca/Si atomic ratio of Ca-modified silica gel phase

Figure 15.Average Ca/Si atomic ratios of Camodified silica gelphase formed during the

carbonation reaction of the calciumsilicate sampleg321].
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Figure 16. CaCOscontents (by mass, %ps a function ofcarbonation duration for different

calcium silicate phase$326].

Amongthese calcium silicatesarbonation of €S has attracted more attention due to the different
crystalpolymorphs that it can takearticulaty p-C.S andy-C»S, asy-C.S can beyroduced at
much lower synthesis temperatures than the conventional hydraulic caldicate phases
Chang et al. founfl-C.S andy-CzS to absorb 9.2% and 18.3% thfeir theoretical levels a0z
after 2h of carbonation, respective[828], butp-C.S showedhe twice the compressive strength
compared ta-C>S.A similar result wareported by Guan et al., who fodithat the compressive
strength ottarbonated-C,S was 52.4MPa after Zh carbonatiorf329]. Calcite and aragonite are
the main crystals foned by carbonation atC,S, and amorphouSamodified silica gelacking
long+ange ordewas also formed329-331].Mu et al.[327] proposed a conceptual model of the

carbonation process ofyaC,S particle, as shown in Fig. 17.
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Figure 17. A conceptual carbonation model diagram of-C,S patrticle. From [327]

3.2. Carbonated Portland cement (PC) binders

It is well knownthataccelerated eardgigecarbonation oPortland cement bindecanresultin
rapid strength gain andwer permeability.This is because the carbonation reaction leads to
reduction in total porosity through the formation of carbonation prodlb@tccupy more space
than the portlanditthatthey are replacingShi et al[332] proposedhe use ofpre-conditioning
to improve theacceleratd carbonation oPC bindersthe compressive strength carbonated
concreteafterproper preconditioning ther2 h of CO, exposurés similar to that of the concrete
after 24 hof steam curing. Furthermore, the carbonated concrete exhibits a similaressimg
strength to that of steagured concrete duringinter weathang exposure [333]Shi et al [334,
335] suggestd that preconditioning environments have the mostucial effect on the
effectiveness of C&curing. Additionally, the temperature of the sampisssvery quickly once
the samples are exposed toLthiscould reacla peakvalue of 70°C duringthefirst 15-20 min,

then goes down gradually with time.

Kenward et al[336] studiedhydration of aroil-well cement in the presence ath@ absence of
pure CQ gas The carbonatdormed was initially amorphous calcium carbonakat wasnot
detectableby XRD, butthis changed to crystalline calcite detectable by XWithin 24 h The

addition of carbon dioxide did result in performance benefits.
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933 Shah et al[331] have suggested that the precipitation of the three polymorphs of calcium
934 carbonate (calcite, vaterjtand aragonite)takes place itarbonated PQOwhile Castellote et al.

935 [333] only detected calciten carbonated PCCaCQ polymorphism is sensite/to pore fluid

936 chemistry, carbonation conditions and duration, and may also involve amorphous phases as noted
937 in Section3.1, so this is a complex area requiring further analigsised orthermogravimetric

938 analysis themain mass losgérom carbonated P@astedakes placéetween 600°C and 950°C.
939 The poorly crystalline carbonates, preferentially associated wghH&arbonation, decomposed
940 at a temperature mv 600°C, while the decompositidgamperature of well crystallized CagO
941 isabove 600C[320, 337, 338]The carbonated PC was strongly decalcified to fimese CaC®

942 phases along with@a-modified silica gelidentified via the decreasd the G andQ’ sites and

943 increa® in Q% and d sites,according t¢°Si MAS NMR analysis?’Al MAS NMR spectroscpy

944  confirmed that the aluminwinearing phasegontainingmainly AlOe (ettringite andAFm) and

945  AlOg4sites (CA-S-H) were dissolved to formnaluminosilicateamorphous gelith Al asAlO ),

946 characterized by broadesonancéhatwas always positioneat the samehemicakhift (55 ppm)

947 [339].

948

949 3.3. Magnesiumbased cement (MC) binders

950 Inrecent decades, the use of reactive magnesium oxg@) M PC haseceivedmore and more
951 attention. Carbonation of magneskimh cemens improves the compressive strengthtloése

952 cementitious materials, which is attributéal the densification of materials caused by the
953 formation of nesquehonite (MgG@HO), dypingite (Mgs(COz)4(OH)-5H0) and artinite

954 (Mg2(OH).COs-3H0) [340, 341]. Mo et al[342] suggesidthatalargeamount of calcite and

955 relativelysmaller amount of aragonite are the calcium carbsfat@ed while magnesianalcite

956 is formeddue to the incorporation of Mgin the carbonated phase, and nesquehonite is formed
957 only in pastes containirgf least 40% reactive Mg®lesquehonite has been identified as the key
958 binding phase in other potent@drbonateanagnesiebased binders [343].

959
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Figure 18 showsthe maphology of carbonad magnesiacement[344]. The needldike
nesquehonite and disk/reBke hydromagnesite/dypingite, which are thainsources of strength
development in these cement formulations, are observed. The didkeose
hydromagnesite/dypingite crystals that formed due to the carbonation promass be
distinguishedrom the hydromagnesite seeds included within the initial mix, which possesses a

ground ball-like morphology.

Figure 18. SEM images of HO samples after carbonation: (a) HO- SO, (b) HO-S0.5 and (c)

H20-S1.0 From [344].

The area of ngnesiabased cements is very diverse, and includes cements which harden and gain
strength by various combinations of carbonation and other chemical reactions, weddanie
detail recently by Walling & Provig345]. These cements are proposed for use in many

applications ranging from laregeale construction to nuclear waste immobilization, and in some
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975 cases offer the possibility fowotableCO, emissions savings compared to conventional Portland
976 cement. The supply of MgO is constrained in some ateatocost or resource availability, but
977 this is not universally the case, and materials of very good technical and erentahm
978 performance canectainly be produced using this chemistry.

979

980 3.4. Carbonated vastederived binders

981 Steel slag is road classification for severgfpes of industrial byproductsproduced during the

982 steel making process, whichay beregardedas a wastelerived bindemprecursor[346-348].

983 Generally, the compamts of steel slag include hydraulic calcium silisdtesS, B-C2S), non

984 hydraulic calciumsilicates(e.g.y-C2S, CS) and free CaQeach of which cameact with CQ.

985 Formation of calcium carbonate in the foahcalcite and aragonite in the carbonated steel slag

986 binders causes microstrucalidensification associated with a reduction in the total porosity, and

987 hence impoves the compressive strengthcabonatedteel slag bindewas observed to shoav

988  shiftin its dominanpore diameter from 0-3 um before carbonatigmo <0.1um in the carbonated

989 pasteg349]. The freeCaO inthesteel slags partially or completly consumedlue to the reaction

990 with COy, which improves the volume stabilibf the binde350, 351] Calcium carbonatéas

991 calcite and aragonités the main carbonate proddotmed, andgortlanditeand calcium silicate

992 seem to be more carbonatimractive than the Heearing phasethat are also presefi349].

993 Monkman et al[352] reported the possibility of using a carbonated ladle slag as a fine aggregate

994  After carbonationgalciumcarbonateand spurrite were detected as newsglsay XRD, together

995 with the consumption of hydrogarnet and calcium hydroxide. Mortars madehgitlag sand

996 demonstratedtrengths comparable to mortars made withventional river sand.

997

998 High calciumfly asheshave an attractivecapaciy to be used for mineral sequestration of2CO

999 undercontrolled conditions [353, 354A recent study show that €@&h fly ashes react readily
1000 with gasphase C@to produce robustlcemented solids which can achieve a compressive

1001 strength of around 35 MPa and take9% CQ underoptimizedconditions [355]Mahoutian and
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Shao[356] implemented a low temperature process to produsader material from blends of
fly ash and ladle slagcO» gas(99.5%purity) was usedor carbonation of the synthesizeshtent
for 2 hours and showed that the early egdoonation curing increased the subsequent hydration

strength.

4. Belite-Ye'elimite Binders

Ye'elimite, or calcium sulbaluminate (CgAleO12SQy), is the maimmineral in CSA cement clinker

and has a crystallographic structir&onging to the sodalite famil357]. CSA cementshave

been developed on a commercial basis and used in real applicatioraily in Chinag since the
1970s [358] Thesecementsare normally used as components in specialty applications because
of their higher price comparead Portland cementHowever, as lovwcarbon binders, the interest

in these binders from the cement industigtinuedo increase because it is closer to the objective
of ‘ecofriendly thanmany of theother lowcarbon binder systesrthat are still under&D [359,
360].The highly innovative production of yaimite-containing clinkers burning waste elemental
sulfur as fuel, meeting both energy and materials supply demand in a sipgleast@lso been

demonstrated in a fuleale kiln[361], with the potential for further scale-up.

Ye' elimite reacts very quickly with watandcontributes to the development of early strength of
this binder, formingmonosulate ettringite, and amorphous aluminum hydroxi@s major
hydrates Various other reaction productsarc be obtained such as strétlingite,
monocarboaluminat@ndgibbsite dependingnthe minor phases in the CSA cem362, 363]
Normally calciumsulfatesare used to adjust the binder hydration reactions,targromote the
formaton of ettringite rather thamonosulate[364, 365] Dicalcium silicate (beliteand ferrites
are present asdditional main mineralogical componentsf CSA cements In this paper, the
authorswill focus on soméelite-ye’ elimite binders containinghorebelitethanye’ elimite, which

is differentfrom CSA cemerd that contain morge’ elimite thanbelite Bothbeliteand yeelimite

are lower energy minerals compared with tricalcium silicadkte), which are suitable for low
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energyand low-carbon clinker cement production and applications.
4.1. Belite-ye’elimite-ferrite binder s

Belite-ye’elimite-ferrite (BYF) binders,also known as calcium sulfoaluminata sulfobelite
cemen{359, 360] havebeliteas the main phagéd5-75%), and yéelimite as a second component
(20-45%).This approach to manufactuririglY F bindes allowstheuse ofless expensive Alich
raw materialsdue to the loweye’ elimite content in the clinker compared‘tonventional CSA
cementsavhich require a highepurity Al source The recent main research interestis type of
binderis related tathe understanding of yelimite hydration,thatshould be carefully controlled
to achieve desiretheology and setting time, and also on achieving meaetivity of the belite
component that contributes to tla¢ergrowth in strength. BYF binders are not yet in lasgale
industrial productionbut have been develop#al pilot scaleby some cement companies under

certainnational and multi-nationglrojects.

A study byCuesteet al.[366] on the early hydration mechanisms of synthetic ye'elimite revealed
that the polymorphism of yelimite (orthorhombic stoichiometric and pseudobic solid
solutionye’ elimite) influenced the hydration kineticegethexvith the w/c ratio and the solubility

of the additional suéftesources.

Recently new data on the hydration of BYtfementshave been published by Alvar®inazo et

al. [367]. ‘Non-active’ clinker (containingB-belite and orthorhombic y&elimite) and‘active
clinker (containing o’ 1-belite and pseudaubic yeelimite) have been studied with different
calcium sulfate sources.The finding of this study showed thatthe activeclinker mortar
developed higher compressive strengths thanauotiweclinker mortars, independent dhe
choice ofsulfate source,and itformed higher quantities of ettringite during hydration and less
AFm compared to no-active cementsAnother interesting findinghat should bementioned is
that thepaste withbasanite (CaS£0.5H0) as the sulfate sourahowed the highest viscosity

values anda hysteresis cycle attributed to fast settingore sothan gypsumand anhydrite
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containingpastesthis behaviorcan be adjusted by addingsaall amount ofpolycarboxylate-
based superplasticiz€8P) (0.05wt%) without changing the phase assemblage [368, 36§]
19). This offers a possibility tadda superplasticizer normally used imfland cemenbinders

to control the rheological behavioof BYF cements

—— 10% wt gypsum + active clinker
—— 10% wt anhydrate + active clinker
50 - —a— 10% wt bassanite + active clinker
—o— 10% wt bassanite + active clinker + 0.05 wt% SP

W
o

Shear Stress (Pa
N
o

=
o

o

Shear Rate (3‘1)

Figure 19. Flow curves ofdifferent BYF clinkers with different additional sulphate sources (re

drawn based on367])

Morin et al. [370] studied five different BYFcementsby experimental analysisand
thermodynamic modelingp track the hydration kinetcand phase assemblagehich were
influencedby the quantity of anhydritethe w/c ratia and the clinker fineness. The results
indicated that with increasingaddition of anhydrite, belite hydration was delayed which
contributedto the formation of a strength plateau between earlglipeite hydration andater

belite andferrite hydration Also, ahigher fineness of cement together with increased w/c ratio
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leads to highébelitehydration kinetis. Those authorpropo®d thathe question oivhether there
is enough wateprovidedto form all hydraibn products strongly influencéise hydration obelite

and ferrite phases.

4.2.Belite-alite-y€e elimite binder

Becausesomebelite-ye' elimite-ferrite cementgpresent quite low mechanical strength due to the
high content obelite with slow reactivity methods to improve early strength have been sought
One such approach icbnkering methodiming to introduce reactivealite phase intahebelite-

y€ elimite binder systenmas an alternative way to improve the mechanical streRigtever the
temperature incompatibility betweeanlite formation @bove ~1300 C) and yeéelimite
decomposition (between 1300 and 1360 brings difficulty in achievinghe cexistenceof alite
andye elimtephases irclinkeringprocessedHowever, his problencan besolved and controlled

by addition of minoquantitiesof Cak [371] or other oxidessuch as ZnOB.0s3, or N&O, in the

raw meal372].

Chitvoranund et al.373] prepared a clinker by firinlgnestone tuff, gypsum and calcium fluoride
(used asnineralisey in a laboratory furnace at 130C for 45 min which requiresa synthesis
temperaturel50-200€C lower than traditional PC clinkeFhe minerals present in the clinker
includedalite (48.3%),belite (1.5%0’-C>S + 10.3 ¥3-CoS + 2.2%y-C,S), yeéelimite (9.6%),
andferrite (12.9%).Later, the ground clinker was mixed with 5% anhydrite to make-called
alite-calcium sulfoalumirate cement.The hydration prducts were mainly GS-H, ettringite,
monosulate and portlandite, antlydration ratesre rapid Thermodynamic modeling revealed
thatthe cementeacted strongly withitthe first10 daysof hydration thenthe reaction process
slowed down anevasalmost completed by 100 day=errite exhibitedreactivity in the presence
of CsS,and was consumed to gimeonosulfoalurimate and katoite. The compressive strength of
mortars devebped quite rapidly, from 10 MPa at 1 day to 35 MPa at 28 days. The release of CO

from this appoachto clinker productionis estimatechat about11-12 % lessthan conventional
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Portland cemenwithout the consideration of other factors.

In anotherstudy byLondonoZuluaga et al[374], a novel clinkering procesgo prepare belite
alite-ye’ elimite (BAY) bindershas been optimized (900 °C/30 miri300°C/15 min) and scaled
up to 2 kgscale This process involveds aw meala mix of naturallimestone, sand, iron oxide
(a byproduct of the sulfuric acid industrygypsum and kaolin. The main mineralogical
composiion of their final scaledup BAY clinkerwas 60.6 % belite, 14.3 % of alisnd 10.4%
ye' elimite, on a mass basBAY cements were prepared by mixing the scalpclinker with 12
wt.% anhydrie. The analysis of hydration higglited that the main reactioproducts are
ettringite, AFm phases rhonosulfoaluminateand stratlingitg, katoite and GS-H. Ye’'elimite
reacted withanhydrite to be completly consumed within 1 dawlite and ferrite almostully
reacted after 7 daysandbelite showed a typicaslowerhydrationbehavior Portlandite was not
detectedn the pastes at testing ages of 1, 7 and 28 dayasispeculated to be consumed to form
katoite, At phases omonosulfoaluminate. fe compressivestrengthof BAY mortars was
recordedo behigher than that of a BYF bindprepared byhe same groumt any testing age,
most likelydue to thepresenceof alite. The influence of fly ash blending BAY cements has
been also reported by the samgthas [375]: with the addition of fly ash, the compressive
strengtls of mortas increasedto 68, 73 and 82 MRdor mortars with 0, 15 and 30 Wb
replacement of BAY cement Hly ash respectively, at 180 days. The main hydration products
were AFt, AFmphases, katoiteand GS-H for all systems studiedltilizing a smallamount of
superplasticizer makes it possible to prepare BAF pastes with low visealsigs.The reactivity
of beliteappeared to haueeen inhibited byhehigh addition of fly ashand other than the strehgt
increase, nalear evidence of pozzolanic chemical reaction with fly asBAY systens was
obtained.These do appear to be a promising class of cements for futurestaigeutilization.
Zhou et al[376]investigaed the influence otheferrite phasen asimilar binder systeron its

hydration and mechanical properties.
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4.3. Belite-yetlimite-ternesitebinder

Belite-ye elimite-ternesite binderhavebeen treated asotheinterestingalternative materidbr
reducing CQ emissios. The HeidelbergCement Technology Center (HTC) has worked for
several years tdevelop new and innovative techniques of production approaches for this binder,

and have publishesbme patents related to this type of cement imtegeas.

TernesitgCsS,S) was first found in Germany asiatuil mineral in the 1990s. It is also found in
the crust covering the areas of Portland cement kilns where the temperiwes ithan 1250C.

The advantages of terntscontaining clinkers are quite clear due to the lowelinkering
temperatureFor a longtime, this phase has been regarded asrhydraulic materialuntil it

was recentlfoundto be reactive witlaluminum hydroxideAccording to Ben Haha et dB77],
aluminumhydroxide can be used to activate ternesite to form ettringite, stratlingite-8adl i€
different proportions, depending on the reactigityg reaction degre®/ork by Montes et a[378],
focusing on howother calcium aluminates actate the hydration ofternesite hasalso been
published recently. Synthetics&, C12A7, CA ard CAsS (ye elimite) phasesvere blened with
ternesite separatelyhen the hydration reactions of the blends were studied through various
techniques. Ternesite was activated in all the blends with aluminatds descending
effectiveness orde€i2A7 ~ CA > GA >>> C4A3S. Also, the presence of ternesite changes the
hydration product®f these aluminates. However, ternesite was tesmsumed in the samples
mixed with y€e elimite due to thesulfate commonion effect. Even thoughin this study some
calorimetic evidence ofan activating effectwas recorded, ternesite could not be regarded as
having been activated by yimite as nostratlingitewas detected’he characteristics of ternesite
as a component delite-ye elimite (sulfobelitio binderswas later discussed by Blanco and
Carmona [379who nated that yéelimite and ternesite can -&xist in the CaO-SiO;-Al03-

CaSQ system.

A singlestage process to produce terteesontaining clinkergbelite and ternesiteich calcium

sulphoaluminatelas been proposed by Hanein e{280], based on some important new work
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in determining and defining the higbmperature thermodynamics of Ifsue-containing
clinkerization processg881]. The clinkemwas obtainedh a pilot plantwhere the partial pressure
of Oz and SQwas contrtled in the kiln. The target operation temperature was set up to £260 °
in order to make the process to reach ststdgrapidly,corresponding with their thermodynamic
calculationgthatthe upper limit stability temperaturerfternesite is~1290 C. The results also

clearly confirmed that ternesite can be synthesized in a dry atmosphere.

5. Conclusions andFinal Remarks

The development and use of lma&rbon binders as an alternative to Portland ceivased
materials aiming to reduce the carbon fpoint associated withconstruction and other

applicationshas mad&otable progress in recent years. In summary:

a) Alkali-activated binderarevery important andhigh-potential alternative materialghich
are now deployed on a commercial scale in seveations in the world. Recently the
developmenbf understanding on the rheologidahavior,setting properties and structural
characterization of alkahctivated binders has advanced rapigtggress in formulation of
onepart alkaltactivated binders has further approachledgescde production and
application.However the development and optimization of mix designs based on different
raw materials and activators ha®t yet been systematicallyunderstood.Durability
performance appears very good in most areas but needs more detailed worknathedt
validation and standardizatioBnvironmental assessment of these matesiadsildalso be
improved.

b) Carbonatable binders, regarding as a new approach to addnessis over CQ emissions,
still are in a developmembute. The technology has been advanced recesggcially in the
understanding of accelerating and controlling the carbonation hardening probess. T
limitations for these binders in applitn are also becoming cledor instance the C&xich

atmospheresequired for curingand the pH reduction that means that use in reinforced
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elements will be challengingiowever, theebinders whiclmayoffer very high CQsaving

if a circular CQ ecanomy develop$360] still deserve serious attention as alternative-low
carbon materials.

Belite-ye’ elimite binders: this is a relatise new approach to produce alternative
cementitious materials compartmthe conventioal CSA cementstargeting a high belite
content in the clinkerlthough beliteye elimite-based binders are stilhder development
and have not reached the full secafe stage, the clinkering process, understanding of
hydration, andhe formulation of binders has developed dyeatot onlyin the scientific
community but also irthe cement industry. Good mechanical strength was obtaiged b
hydrating this type of binder. The contafl the rheological behavior and setting time have
also beeinvestigatedHowever, this binder system and technology is natgeimercialized

or standardized. Thdigkering processwhich dependen different raw materialJshould be

optimizedfor largescale production.
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