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ABSTRACT

SYNTHESIS OF GREEN CALCIUM SULFOALUMINATE CEMENTS
USING AN INDUSTRIAL SYMBIOSIS APPROACH

Tanguler BayramtagrMeltem
Doctor of PhilosophyCivil Engineering
Supervisor: Prof. DKs mai | ¥zg¢r Yaman

September 202250 pages

Portland cement (PC), the main binder of concrete, is an enanglyemission
intensive construction materigalcium sulfoaluminate (CSA) cement can be seen
as a sustainable alternative to PC because its production usesdegpgnd emits

less CQ to the environmentA potential problem facing the production of CSA
cement is the cost and availability of alumisearing raw materials like bauxite.

this study, it was aimed to synthesemvironmentally friendlyCSA cement using

an industrial symbiosis approadh.addtion to the natural raw materials limestone
and gypsum, the wastesfpyoducts from different industries i.eSerox, ladle
furnace slag, ceramic waste, and glass waste were used as raw materials for CSA
production in the laboratory. The characterizatminthe CSA cements, their
hydration behavigrand longterm performance were evaluated by various test
techniques.As a result, three different CSA cements were successfully synthesized
using at least 40% wasteApyoduct and it was determined that themain
compounds were ye'elimite, anhydrite, merwinded fluorellestadite Ettringite
formation was detected as the main hydration product i€&/ cements and a



compressive strength of over 30 MPa was obtained within one day. The ettringite
that was fomed seemed to carbonate in the long témraddition, using Monte Carlo
simulation technique, the G@mission of CSA cements were compared with that of
PC, anctonsidering all CSA cemeniswas found out that the reduct®aop to48%

can be achieved.

Keywords: CSA Cement, Ye'elimite, Waste/Byoduct, Environmental
Assessment, Industrial Symbiosis
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CHAPTER 1

INTRODUCTION

1.1 General

While global warming threatens our present and future, a general environmental
consciousness has emerged, and the study of the sustainabitnstfuction
materials, in general, has become a priority. As concrki®ign aghe most widely

used construction materjand its main bindeiPortland cement (PCis known to

have a high energy and raw material consuming process, researchereia thie
cement and concrete technologye seeking solutions for alternative binders.
Calcium sulfoaluminate (CSA) cements are considered as one of such alternative
binders.However, a potential problem facing the production of CSA cements is the
cost and availability of aluminbearing raw materials like bauxit@herefore,

researchers are looking for alternative raw materials to produce CSA cements.

At this point, irdustrial symbiosis, which can be defined as the mutually beneficial
exchange of waste and4pyoducts between industries, allows materials to be used
in a more sustainable way and contributes to the creation of a circular economy. This
new economicmodel is identified as a novel approach to sustainability and has

rapidly gaining momentum worldwide.

The broad aim of this thesis was to utilize the wastegfbygucts of various
industries and to develop a novel and sustainable binder, namely acgteiem
sulfoaluminate cement. The wastesfiypducts used in the production of the CSA
cement vere obtained through the FISSAC (Fostering Industrial Symbiosis for a
Sustainable Resource Intensive Industry across the extended Construction Value
Chain) prgect. This Horizon 2020 funded project aimed to develop and demonstrate

a new industrial symbiosis model that steers the material process towards a zero



waste approach in the resouingensive sectors of the construction value chain,

leading to closed nterial loops and enabling the transition to a circular economy.

1.2  Objective and Scope

Theobjectiveof this studyis threefold as listed below

1 Synthesis ofan environmentally friendly CSA cement using an industrial
symbiosis approacin the laboratory

1 Evduation of the hydration behaviorand the longerm mechanical
performancef the CSA cementhrough paste and mortar testing

1 Investigation othe environmental performance of CSA cemasinga life

cycle perspective

This thesis consists of six chapters, the first of which is the introduction. In the
second chapter, the literature research on CSA cemedt®ndustrial symbiosiare
presented. In the third chapter, the CSA cement manufacturing process and the
experimetal methods are explainebh the fourth chapterhe experimental results

of CSA cements, cement pastes and cement mantagiven In the fifth chapter,

the environmental performance of the CSA cemen&valuatedwith a life cycle
perspectiveandthe CSA cement's energy consumption anc €Rissionresults
calculatedusing a Monte Carlgimulation ispresentedFinally, the conclusions of

the study and recommendations kistedin Chapter 6.



CHAPTER 2

LITERATURE REVIEW

2.1 General

Cement is a finely ground, dry material that has no binding property on its own but
becomes a binder as a result of its reaction with water known as hydration. A cement
is named hydraulic when its hydration products remain stable in an aquediusn
(Mehta & Monteiro, 2006)

The development of cement in histatgtes tathe 1800sJoseph Aspdin received
thepatent for the hydraulic binderltd "portland cementth 1824.This binder was
later developedfurther and kept the name"portland” In 1845 Isaac Johnson
produced mdernportland cementwhose physical and chemical properties have not

changed significantly since its manufactr€ hen, 2009 ;. Er doj an,

ASTM C219 defines portland cemefRC) as "a hydraulic cement produced by
pulverizing cinker, consisting essentially of crystalline hydraulic calcium silicates,
and usually containing one or more of the following: water, calcium sulfate, up to
5% limestone, and processing additio(STM C219- 20a, 2020)

Because calcium silicates are the main componem€ahe raw materialised for

its production must contaicalcium and silica in appropriate forms and amounts.
Calcium carbonate materials such as limestone and chalk arentimeonsource of
calcium, while clays and shales are the preferred sources of Jilhearawmeal a
mixture of calcareous and clayeyimerals in certairproportions is burned to a
temperatire of around 1450°C in a rotakimn, yielding clinker nodules.The clinker

is thengroundwith 3-6% of gypsumand portland cement is obtain@aylor, 1997,
Mehta & Monteiro, 2006)During the cement grinding staglee ement temperature

must becontrolled to avoid excessive dehydration of the gypsuihis can be

2



accomplished using a cold air ciratibn system and/or water diffusgiGarcia
Maté, 2014)

According to the 2019 Cement Industry "Getting the Numbers Right" database, the
annual worldwide PC production is about 4.1 billion tfW&88CSD, 2019) PCis
used ashe nain binder of conate and itis the product o&in industry which is both
energyintensive and asignificant emitter of CQ (Mehta, 2002) The cement
industry uses 125% of the worldwidendustrial energyAli et al., 2011)andemits
about 58% of global anthropogenic GO making it a significant source of
greenhouse gasélduntzinger & Eatmon, 2009; Ali et al., 2011; Flatt et al., 2012;
Salas et al., 2016Theaverage global C£emissions are about 0.8&sper ton of
PC clinker(WBCSD, 2019) CO. emissions in the cement industry gmemarily
caused by the combustion of fossil fuels anddeeompositiorof limestoneinto
CaOas a result of calcinatiohe combustion of fuels accounts for around half of
CO, emissions, whileéhe calcination of limestone accounts for the other (Adifet

al., 2011; Gursel et al., 2014)

Apart from these environmental drawbacks, PC is not the best binder for all
constructionapplications because of its durability issues, especially in aggressive
environmentgJuenger et al., 2011 addition,binders based on PC alone may not
wholly fulfill needs like rapid setting, rapid hardening, and dimensional stability
(PelletierChaignat et al., 2011; Bizzozero et al., 20143 a result, there is an
increasing interest in discovering, characterization and using alternative concrete
binders(GarciaMaté, 2014)In this scope, calcium sulfoaluminate (CSA) cetrie

one of the promising alternative to the ordinary PCconsidering its technical
advantages and lowe&zO, emissionsfrom the manufacturing proceg&artner,

2004; MartinSederio et al., 2010; Juenger et2011; Aranda & De la Torre, 2013)

This chapter will firsiook at the existing literature on CSA cements and later will

explainindustrial symbiosiso facilitate circular economy.



2.2  Calcium Sulfoaluminate (CSA) Cements

2.2.1 A Historical Perspective and the Types of CSA Cements

The calcium sulfoaluminatphase, als&nown asy€eelimite, was first synthesized

by Ragozina in 1957, but its correct chemmahpositionwasidentifiedby Fukuda

in 1961as 3Ca0-3Al0s-CaSQ (Fukuda, 1961; Andac & Glasser, 1994; Hargis et
al., 2014) In the 1960s, Alexander Klein defined the ye'elimite compound as a
cementitious phase and patented it as an expansion additive for cementitiouss binder
therefore, ye'elimités also referred to as KlégscompoundKilein, 1964; Juenger et

al., 2011)

Initially, CSA was mainly used asan expansivebinderto compensatehsinkage
(Mehta, 1973)and then, in theniddle 0f1970s,CSA cemens were developedoy
theChina Building Materials Academ(Zhang et al., 1999; Glasser & Zhang, 2001;

Shi et al., 2011; Telesca at., 2013)and launched as the "third cement series"
following the first cement series and the second cement series, PC and calcium

aluminate cements, respectivélpenger et al., 2011; Hargis et al., 2014)

In fact, thisthird cementseriesincludes two maintypes of CSA: sulfoaluminate
cements, "SAC", and ferroaluminate cements, "FAhe first standard for SAC
was published in China in 1981, while the one for FAC was published in 1987. Both
standards were revised in 1996 and tleame into effectin 1997. The related
standard show that different cement matriossreformedwith calcium sulfateand

other mineraladditive modifications inthe SAC and FAC serigss presentedn
Table2.1(Zhang et al., 1999)



Table 2.1 CSA types in Chin§Zhang, 2000)

Cement
series

Interground Content Other mineral

clinker . L
Cement type calcium sulfate additives

Rapid hardening| Gypsum or anhydrite| Low |Limestone or others

High strength | Gypsum or anhydrite| Low Limestone
SAC |CSA Expansive Gypsum Medium None

Self-stressing Gypsum High None

Low alkalinity Anhydrite Low Limestone

Rapid hardening| Gypsum or anhydrite| Low [Limestone or others

Fe-rich| High strength |Gypsum or anhydrite| Low Limestone

FAC —
CSA | Expansive Gypsum Medium None

Self-stressing Gypsum High None

Partly becaus of the main mineral phase in SAC and FAC clinkers:#:8 these

two types show mostly similar properties such as rapid hardening, high early
strength, and controllable expansion. However, due to the different content of the
ferrite phase, differencas their performance occur, e.g., timeir alkalinity. Since

the durability of glass fibers is affected by alkalinity, SAC is more suitable for use
in glass fiber reinforced cement products due to its lower alkalinity compared to FAC
(Zhang et al., 1999)

According to the last revision of the SAC standardin 2006 (GB/T 204722016,
2006) the SAC seriedis dividedinto three

1 Rapid hardening stdaluminate cement (8AC)
1 Low alkaline suioaluminate cemergt.-SAC)
1 Self-stress sdbaluminate cemer{s-SAC)

As can be seen from the cement designatif@ayressuch asapid setting high
earlystrength, low alkaliity, expansive oself-stressingcan be achieved with CSA
cements, depending on the calcium suléat®untground with dnker. Due to their

distinctive featuresCSA cementhave beemsal in various @plicatiors in China,



such as precasind prestressed concreteold weather applicationshotcreing
applications fiberglassreinforced cement productgoncrete pipeswaterproof
structures bridges, leakage and seepage prevention psof8tiarp et al., 1999;
Zhang et al., 1999; Zhang, 2000; Juenger et al]1RBlowever their useoutsideof
Chinahas beemelativelylimited to special cements and natructural applications

for many year¢Zhang, 200Q)

The total prduction capacity of 15 cement factories producing various types of CSA
cementsn Chinain 1997wasreported to baearlyl million tons per yeafZhang,
2000) And today, China's annu@lSA cemenproduction isthought to be ovet
million tons BesidesChina, CSAcemens are now commercially produceblothin
Europeand the United Statelm the United Stateshey aremostlyused foppavement
applications, thankw their rapid strength gairandlow shrinkagefeaturedThomas

et al., 2018; Bescher & Kim, 2019)

The cost and availability of raw materiaisn beconsideredsone of the barriers to

the widespread manufactuamd use ofCSA cemerd Calcium oxide and silca
deposits exist all over the world. ThiaC can be produced inexpensively in most
places using local resources. CSA cements, on the other hand, require a higher
aluminum content @#n PC. Bauxite deposits, mostly reserved for alunaind
aluminum productionare notextensive and alumina extraction can bestly. The
problemsin cost and availability of raw materials may hinder the widespread
productionof CSA cement®n an industal basis.On the other hand, the use of
alternative raw materials can offer an effective solution to overcoeseploblems

(Chen, 2009)

In recent years, CSA cements have once again attracted the interest of industry and
scientific community due to their lower C® emissionsand lower energy
requirementsompared to PC during productioms well as offeringgome special
technical advantagés the mortars and concretes made from tf@randa & De la
Torre, 2013; Hargis et al., 2014t the same time hie economic challengesave

promptedresearcton using industrial byproducsivaste mateals such as fly ash,



blast furnace slag, phosphogypsum, Hmage dust or scrubber sludge in the
production of CSA cemen{Juenger et gl2011) Thus, while trying to overcome
the economicssuef CSA cementby utilizing by-products/wastegnvironmental
benefits aralsoprovided

2.2.2 Importance of CSA Cements: CQ Emissions andEnergy Savings

Concerns about global warming have maeeearch on cements with lower £0
emissions more attractive. In this regard, CSA cement can be seen as a sustainable
alternative to PCs because its production uses less energy and emits)léssheO
environmentln cement production, the primary sowscé CQ emissions are related

to the raw materials and production processes @flssions that come from the

raw materials can be theoretically computed by using the stoichiometry of the
chemical reactions that take place during cement production. Borpé, during

the formation of the €S and the @As9 phases, which are the main phases for PC
and CSA cement§ O is released as shown bel¢@randa & De la Torre, 2013)

3C+ SC¥% € 3 (1)
3C + 3AS%CMAS+ C3 )

The amount of C@emittedduring the formation of pure anhydrous phaseRC

and ye'elimite igivenin Table2.2

Table2.2 CO; emittedduringtheformationof clinker phases

Phase COyreleased
(t/t of phase

CsS 0.578

C.S 0.511

CsA 0.488

Ci.AF 0.3&

C4A3S 0.216




As seenn Table2.2 the amount of C@emissions from ye'elimite formation is less
than that of the PC phases. Moreowehijle the enthalpyof C3S formation is 1848
kJ/ kgof phasethe enthalpy of ye'elimite formation is about 800 kJ/okgphase
(Sharp et al., 1999; Glasser & 4itp 2001) That is the formation of ye'elimite
requires temperatures 2300°C below those required féorming CsS (Beretka et
al., 1996) Based on the raw meal compositione tourning temgrature ér CSA
clinkering is between 125€C and 150°C. This temperature is lower than the
temperature needed for PC manufacturiBparp et al., 1999)The decrease in
clinkering temperature results in a reduction in the enedgynand and
correspondingly lower O» emissions.Additionally, CSA clinker requires less

energy to grind than PC due to its more friatd¢ure(Beretka et al., 1996)

2.2.3 Production of CSA Cements

CSA cement production technology an industrial scale is rarely reported outside

of China. Chinese technology can be considered in three stages: raw meal
preparation, clinker burning, and cement finishihge main raw materials used in
CSA clinker production are bauxitmestone and calcium sulfateandthe raw
materials should meet some chemical requirentbatsvary withthe cement types
Gypsum or anhydrite can be added to the clinker to obtain CSA cesepending

on ther SQO; content. The fuel normally used in @S clinker production is
bituminous coal.The clinker burning and cement finishing processes of CSA

cements productiom China is given irFigure2.1 (Zhang, 200Q)
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Figure2.1 Clinker burning and cement finishing processE€SA cements
production(Zhang, 2000)

A formula has been developed in China for calculating the optimum sulfate content

for the different types of CSA cements, based on stoichiometric calculations.
A
Cr= 0. 3§3 M ( 3)

where G is themolarratio of gypsum/clinker, A is the wt.% gé€'elimite in clinker,
Qis thewt.% of SQ in gypsum and M is the molar ratio of gypsyeiélimite, and

0.13 is the stoichiometric factoglated to masmole conversion.

M value refers to the type of CSA cement. Cements show different properties
according to the M value. Rapid hardening or sgflength properties are achieved
with M=0-1.5, expansive properties are achieved with M=21% and selktressing
properties are achieved with M=268Zhang, 2000; Winnefeld & Barlag, 2010)
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2.2.4 Chemical Composition of CSA Cements

CSA cementistinctively hasa different chemical compositiowhen compared to
PC andothercommonsupplementargementitiousnaterials(SCM) as showrin a
ternary diagranfseeFigure2.2).

Natural

Pozzolans
Portland
Cement

Ca0 AL,

Figure2.2 Oxide composition oPC, CSAcementandotherSCMs(% mass)
(Thomas et al., 2018)

Compared to PC, CSA cemsgbntain morédl .0z and lessCaOandSiO,; they are
alsoricher insulfate These oxideare mostlyfound in the form of ye'elimite (£2\39)
belite(C.S), ferrite (C4AF), and calcium sulfatéCSH, or CS) (Thomas et al., 2018)
Different phases can also form based on the raw materials' composition, e.g., free
lime, calcium aluminates, perovski@ gehlenite(Juenger et al., 2011)The
terminology of CSA cements islightly confusing Throughout the yearsCSA
cementshave beenreferred to byvarious names and abbreviatignkading to
different classificationgOdler, 2000) For example, according tdranda & De la

Torre (2013), CSA cements can be classified based on the main compounds they
contain éeeTable2.3), while according toBescher et al2018) CSA binderscan

be classifiecaccording to their properties shown inTable2.4.

11



Table2.3 A classification proposed bAranda & De la Torr¢2013)

Main Secondary and other

Definition Acronym
compound compounds

Calcium sulfoaluminate

CSA CsA39 CoS (GAF, CS, CT
cement
Iron-rich pehteoalmum BCSAF oS CaAsS(CAA F | cT
sulfoaluminate cement
Aluminum-rich belite calcium BCSAA C,S C4AsD(CrA7, CA.

sulfoaluminate cement

Alite calcium sulfoaluminate

ACSA CaAs® CsS(GS, €)
cement

Table2.4 A classification proposed by Bescher et al. (2018)

CiA® CS  C9®  Other
) ) ") (%)

Type A - Accelerating additive 3545 0-20 1030 555

Type B - Belitic calcium 2030 4060 525 0-35
Sulfoaluminatecement

Type C - Expansive additive 1020 1030 4060 0-40
Type K - Shrinkage 1-10 3050 1-20 20-70

compensating cement

Based on the oxide compositions of the raw mateaadet oBBogueequationsvas
adaptedo estimatethe phase composition of the CSA clink®ftajling et al., 1993;
Chen, 2009)

%C4AF = 3.043(%Fg0s) (4)
% CaA39= 1.995(%Ab0s) i 1.273(%Fe0s) (5)
%C:S = 2.867(%SiQ) (6)
%C= 1.700(%S®) i 0.445(%AbOs) + 0.284(%Fe03) 7)
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%C = 1.000(%CaO)i 1.867(%SiQ) i 1.054(%Fe0s) i 0.550(%AbOs) i
0.700(%SGQ) (8)

However, these equations ignore the impurities present in the system and assume
that the cement phases are in their stoichiometric form, so the modified Bogue
equations may noapply toall types of CSA cementespecially CSA cements
containing wastglike this study.

While there are definite specifications for PC and its types (EN1)9this is not

the case for CSA cemenSince there is no standard other than Chinese standards
and its features are affectéy many factorsjt is not easy to establish a clear
framework for classifying this type of cemenittowever, the European Technical
Assessment Organization issutglo evaluation documents abol€SA based
cement (EOTA, 2017a)and"rapid hardening sulfate resistant CSA based cément
(EOTA, 2017b) According tothe European Assessment Document (EAD) related
to CSA based cement; CSA clinker generally contains more than 45 x9®,@nd

the remaining part is composed ofSCand other compound&ccording to EAD
related to rapid hardening sulfate resistant CSgebtaement; this cement has rapid
setting and sulfate resistance features. At least 50 wt% of the clinker consists of
CsAsz9and the remaining part is formed ofSCand other compounds. This type of
cement may additionally contain CEM | cement clinkeb0wt%). CSA cements
show a great diversity itheircomposition.There are several CS#inkerstements

available in the marketiong with many others synthesized in laboratory condition

2.2.4.1 Commercially Available CSA Cements

Commercial CSA cements with a high proportioryeklimitehave been produced
and used extensively in China since the 1970s for special applicgtiamsia & De
la Torre, 2013)In addition,there are CSA clinkers/cememtsmmercially available

in Europe and America, albeit in limited numbeffie ide rangesand phase
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compositios of the CSA clinkers in the marketompiled from the literaturés

summarized imMable2.5 andTable2.6, respectively.

Table2.5 Oxide composibn range of commercially available CSA clinkers

Oxide %

CaO 36.2%- 453%
Al203 27.30-47.4%
SIO, 3.6%- 11%
SO 6.5%- 13.9%
FeOs 0.9% - 8.6%
NaO 0.04%- 1.4%
K20 0.1%- 0.5%
MgO 0.3%-4.1%
TiO2 04%-2.2%

Table2.6 Phase eamposition of ommercially available CSA clinkers

Brand/ Phases Reference
Producer
CS10 72.3% GA3S 14.5% GS; 6.8% CT; 2.5% £AF; (GarciaMaté et
BELITH? 1.6% M; 1.4%C,MS;; 0.9% ® al., 2012)
ALIPRE 69.5% GA3S® 17.1% GS; 9% 3.5% CT; (AlvarezPinazo
(2009% 0.52% M et al., 202)
'\C"g;ef %‘iﬁth 69.4% GAS, 20% GS; 4.2% G:A7 3.8% CT;  (Jeong et al.,

' 1.5% GAS; 1% M 2018)
Korea
KTS 106 68.5% GA3S 15.9% GS; 9.5% GA7, 2.9% CT,; (Berger et al.,
Belitex 1.5% M; 1.2 % FgO3; 0.5% C3) 0.5% quartz 2011)
ALl PRE 68.4.5% GA3S 16.9% GS; 7.40% GMS; 3.67% (PadillazEncinas
GREEN M; 1.90% GAS; 1.75% GA et al., 2020)
No brand 68.1% GA3S 14.8% GAS; 7.8% CA; 3.6% CT,; (Pelletier et al.,
specified 3.4% GA; 1.2% CA; 1% M 2010)
ALIPRE* 65% CA3S 9% GS; 11% GoSsSEF2 ; 5% M; 3% (Trauchessec et

(O

al., 2015)
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Table 2.6Continued

Brand/ Phases Reference
Producer
No brand 64.3% GA3S, 10.6% GS; 7.4% GoSsF2; 3.8% (Martin et al.,
specified C/MS4; 3.3% M, 2.8% GMS;; 2.3% GoA7; 2% CS, 2017)
1.5% GS; 0.9% CT; 0.9% &\S
42.5R CSAC  58.68% GAsS, 28% GS; 13.35% GAF (2?)22)& al.
57.37% GAsS, 25.55% GS; 6.56% GAF; 1.92% f (Chang et al.,
R.SAC 42.8 SO 2009)
Rockfast 450 57% GA3S 16% CAS; 15% CA; 4% GAF; 4% (Zhou et al.,
CT,; 1% G2A7 0.5% 0.3% £fCaO 2006)
Chinese 57% GAsS 17% CS; 7% GAS; 7% CA; 6% CT; (Galan et al.,
CSAC 3% GoA7; 2% GA; 1% C9 2016)
S.A.Cemerft 56.2% GA39 31.1% GS; 6.3% & 3.5% CT; (AlvarezPinazo
1.9% CA; 1.1% M et al., 2012)
Grade 72.5 53.6% GA3S, 20.6% GS; 11.7% GAS; 4.8% CT;

belite CSACY

4.2%C3MS;; 3.3% G-A7

(Jenetal., 2017

(Cau Dit
TS-Belitex!! 53.5% GAzS 21.2% GS; 16.5% GAF; 9% CT Coumes et al.,
2009)
52.1% GA3S 23.8% GS; 9.4% GA; 4.9% C3 (Telesca et al.
ltalian CSAC 4.7% GAF; 1.6% GAS; 1.4% M; 1.2% GA7; '

0.9% GS9

2014)

I produced in China and marketed in Europe by BELITH S.P.R.L.
2 produced by Italcementi, Italy

Ssupplied by HeidelbergCement Hispania, Spain

4produced by Italcementi with recycled materials, Italy

Sproduced by Dengfeng Electric Power Group Cement Co. Ltd., Henan, China
Sobtained from Zibo Jinhu Highwater Material Co. Ltd., China
"provided bylLafarge CementUK

8obtained from Shenzhen Chenggong Building Materials Co. Ltd., China

9produced by Buzzi Unicem, Ital

Oobtained fronChina

Hproduced by Carrie'res du Boulonnais, Frafitéra & Ambroise, 2004)

As shown inTable2.6, CSA clinkers on the markebnsistmainly of ye'elimiteand
C.S. The Rockfast CSAclinker doesnot containbelite. Insteadit mostly contains
gehlenite(C2AS) and calcium aluminate (CA) phasétuorellestaditgC10S:SF),

merwinite CsMSy), bredigite (GMS.), akermanite €:MS,), periclase perovskite,

andcalcium aluminate phases suchG¥s, CA2, CA, C12A7, werealsoobserved
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The main oxide range for the products reportedamsmercialCSA cement in the
studies in the literature is as follovzaO: 40.5%49.5%, AbO3:14.7%34.2%, SiQ:
3.4%14.3%, S@ 11.02%19.5% The main phasesontents areCsAsS 27.4%
62.7%, GS: 19%48%, CS 4.8%- 22%.As minor phases, 8F, CioA7, CT, GA,
C2AS, andMgO phases can be founohe or more of them together.

2.2.4.2 Laboratory SynthesizedCSA Cements

CSA cements are not a commonly used cement type worldwhtteough
production on an industrial scale is limited, laboratecgle production studies are
not few.EXxisting literature demonstrates that CSA cements can be proolasithg
reagent grade cheaals such asCaO, AbOs, SiO;, FeO3, CaSQ2H20 (Chen &
Juenger, 2011, 2012; Galan et al., 20da4py using raw materials consisting of
bauxite, limestone and gypsum in different proportigdarroccoli et al., 2009;
Gastal di et al ., 2011; Tel esca et al
2021) Clay was also used theraw meal along witthese raw material@\lvarez
Pinazo et al., 2012; Telesca et al., 2020)

The availability of raw materialsand the high cost of bauxite form economic
challenges for theCSA cementsOne of the reasons for laboratory research in this
field is to reduce the cost of CSA cement production using locally available
materials By-productéwastesthat can be sourceof CaO, SiQ, Al20s, and SQ
needed for CSA cement productiamereoften utilized By-products/wastegsed in
CSA clinker productioncompiled from the literature can be listed as follovesl

mud (Senff et al., 2011; Wu et al., 2019; Canbek et al., 2080minum slagWu

et d., 2019) alumina powde(Marroccoli et al., 201Q)aluminium anodising sludge

201

(Pace et al., 2011; da Costa et al., 2pfig)ash( Gi vi c a, 2000; Mar roccoa

2010;Chen& uenger, 2012; Ma et al ., 2013;
2020; Canbek et al., 2020; Dolenec et al., 2020; Huang et al.,, 20a20llated blast
furnace slagBullerjahn et al., 2015klectric arc furnace sldtacobescu et al., 2013;

Ukrainczyk et al., 2013Qesulfurization gypsurtMarroccoli et al., 2010; Ma et al.,

16
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2013) phosphogypsun{Ukrainczyk et al., 2013)fluidized bed ash(Chen &

Juenger, 2012)luorogypsum water potabilization sludge (Telesca et al., 2019)
titanogypsum( Tel esca et a ét al,, 20200 Ooknec eB al.y 2p20n a

bottom as Mar r occ ol i et al ., 2010; .wR20;ai nczyl
Dolenec et al., 2020)arosité alunite precipitatéKatsioti et al., 2005)and pyrite-

rich cyanidetailings (Dong et al., 2020)

Table 2.7 shows the range of oxide and phase compositions for CSA clinkers
synthesized in the laboratomn addition to the phases listedthmat tableternesite,
periclase, calcium aluminate phases (CBA.;, CsA), bredigite, merwinite,

fluorellestadite, perovskite, free limendquartzphases weralsoencountered.

Table2.7 Oxideand phaseomposition range of laboratergynthesized CSA

clinkers

Oxide % Phase %

CaO 22.0%-56.8%  CiA39® 10%- 84%
Al20s3 5.7%- 37.4% CoS 1.2%- 72%
SiO, 4.7%-27.1% C/AF 0.0% - 42.7%
SGs 1.3%- 22.3% C9 0.0%- 22.8%
FeOs 0.0%- 10.0% CroA7 0.0%- 15.2%
NaO 0.0%- 1.0% C.AS 0.0%- 18.0%

K20 0.1%- 1.0%
MgO 0.1%- 5.6%
TiO2 0.1%-1.7%

Both commerciaind laboratory synthesized C8knkersreveal thaye'elimite and
belite aremostlythe two main phases of theslenkers Figure2.3 showsthe range
of CSA clinkers gathered from thiéerature In the same graph, the'elimiteand
belite contents of the CSA clinkers in the marketdse presenteds seenn Figure
2.3, there isa wide distributionfor CSA clinkers.While some of the synthesized
clinkers are close to thmommercial ones, some are quite differ&dhenthe main
phase, ye'elimite, has been replaced by hdhiese clinkers can be called beliteh
CSA clinkers.
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Figure2.3 Ye'elimite vs C2S content ofCSA clinkerscompiledfrom the literature

2.2.5 Hydration Behavior of CSA Cements

Zajac et al(2016)statal that he hydratiormechanisnof CSA cenentsis mainly
affected bythe composition of clinkefwinnefeld & Lothenbach, 2010; Bullerjahn
et al., 2015) the quantity and reactivity otalcium sulfateadded(Winnefeld &
Barlag, 2009; GarcidMaté et al., 2015)and production process parameters
(Bullerjahn et al., 2014)

The hydration of g'elimitedepend®nthe presaece ofcalcium sulfateand calcium
hydroxide(Odler, 2000) As seen in Equation 9, the hydratiohye'elimite alone
results inmonosulfate(CsASH12) and duminum hydroxi@ (AHz) formation. This

hydration kinetics is quite slow, and its dormant period takes several(daarger
et al, 2011)

C4AsS +1 8 H CJASH,; 5+2 A, (9)
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If calcium sulfate (gypsum or anhydritey presentogetherwith ye'elimite, the
hydration kinetics are accelerat&dirthermorethe products formed vagepending
on the amount of calciursulfate in the mediupfor examplejf the molar ratioof
gypsumto ye'elimiteis at leas, ettringite (CeASsHz2) and aluminum hydroxide
(AH3) are formedas shown in Ruation10. On the other hand, less gypsumthe
mediumcauses the reaction to preceas inEquationll; in this casemonosulfate
is alsoformed besidesettringite and aluminum hydroxid&/hen enoughgypsum
and calcium hydroxide are present togethibg reactionoccursonly to form

ettringite as shown irequation12.

CiAsS+ SHz+3 4 H CIAS:H3 o+ 2 A (10)
2 GA3S+2 GH,+5 2 H CAS;H5 s+ C,ASH; s+ 4 As (11
CsAsS+8 GH, +6 CH7 4 H GhAS3Hs » (12

In general, CSA cement®nsist of severdlydrauliccompoundsbut the reactios
are similar.C4A39 (ye'elimite)reactivty is higher comparetb other minor phases
such as €S, GAF or CA (Juenger et al., 2011Jhe mnor phases also react with
wateror calcium sulfate and contribuile some wayto rapid hardeningsgivenby
the following readbns(Equationl3, 14, 15). In the absence chlcium sulfatethese
phasesredirectly hydratedEquationl6, 17, 18) (Aranda & De la Torre, 2013)

CAAF  +SHB+C 3 0 BeASH; +F H+ CH (13)
CiA;+ 1SBG 113 BA%H4+ 0AH, (14)
3CA $8H,3 C32 BAS%H; + H2 (15)
CAF16 HCY A Fy s (16)
CiA7+5 1 H GhAH+AH; (17)
2 CA+11GAHE+ H (18)
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As seen from the above equations, aluminum hydroxide is also farmmedst of
the hydration reactionas a productSince AR is amorphous at first, itannotbe
directly identified with X-ray diffraction, but its existencecan beapprovedwith
thermogravimetric analysi$his amophous phasmaylatercrystallize and acquire
the gibbsite fornf{Aranda & De la Torre, 2013)

C>S hydration isof particularinterest especiallyin CSA cements with high &5

content. The coexistence oC>S with amorphous AH hydrates promotes the
formation of stratlingite(C2ASHs), as shown inEquation ®, which helps in
increadng the strength developmeitt AH zis totally consumeddirect hydration of
C2S, the same athat of PCmay occur at later agéEquation20) (Aranda & De la
Torre, 2013)

C,S iz 5 HCAS, (19)

C,S+ X +2H Y,SH,+ 2-y CH (20)

In summary, early-age hydration products are ettringite, monosulfate, and
amorphous aluminum hydroxide. Based on the clinker and cement composition,
different other hydrates such as strétlingite;S€l, monocarboaluminate or
hydrogarnet may also occur in later afdsnnefeld & Barlag, 2009; Zajac et al.,
2016)

Comparedo PC,CSA cements react fastandmostof the heaof hydration evolves
betweenthe 2" and 12" hoursof hydration(Zhang & Glasser, 2002Based on
isothermal calorimetry measurementthe typical valuesfor the 3-day heat of
hydrationarearound400 J/g of cemer{tura et al., 2010; Winnefeld & Lothenbach,
2010; Juenger et al., 201RAranda & De la Torr¢2013)reported a bat flowprofile
for an ironrich belite CSAcemeni{BCSAF)contaning ~45 wt% of C.S, ~27 wi%

of C4A3S), ~18 wt% of C4AF, and ~10 w®b of gypsum and with a 0.%f w/c (see
Figure 2.4
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Heat flow (mW/g)

Time (h)

Figure2.4 Heat flow curve of a BCSAF cemefffranda & De la Torre, 2013)

According to Aranda & De la Torrevhen water is added to cement, the ye'elimite
dissolution startscarespondhg to peak(1l). Due b the timeneeckdfor the mixing
processjust apartof the exothermic process generallyrecorded in a calorimeter.
Immediately aftewetting, ettringitestarts to fornby the reaction between ye'elimite
and calcium sulfatecorresponding tpeak(2). This peakis also associated with the
heat release of reactions wiinor phasesWhen calcium sulfates are consumed,

ye'elimite hydration results in monosulfate formation that corresponsat® (see
Figure2.4).

2.2.6 General Properties of CSA Cements

The properties of CSA cements are influenced by many factors, such as the chemical
and mineralogical composition of the clinker, the type and amount of sulfate source,
thewater/cement ratio, and the presence of other binders, e.¢ArB@la & De la

Torre, 2013) Depending on these factors, CSA cements can kaneld with

different properties such as rapid setting, high strength, expansive, shrinkage
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compensating and sadfressingdCau Dit Coumes et al., 2009; Winnefeld & Barlag,
2010; Juenger et al., 2011; Hargis et al., 2017)

2.2.6.1 SettingTime

The setting time of the cement pastéere to the beginning of solidification and
subsequent hardenirflyla et al., 2014)CSA cements have a faster initial and final
setting time than PCs. Ettringite, the hydration product of ye'elimite, crystallizes
rapidly, resulting in fast settingThomas et al., 2018)According to Chinese
standard, the minimum initial setting time should be 25 minutes and the maximum
final setting time should be 3 hours for rapid haidg sulfoaluminate cements
(Zhang et al., 1999)

Juenger et al. (2011) stated tisatting time is directly affected by the amount of
ye'elimite, the presence and quantity of other minor compounds, the amount of
calcium sulfate added and its reactivity, and the setting time values can range from
30 minutes to 4 hours. Increased water/eet{w/c) ratio and lower temperatures
can lead to an extension in setting time, just as with PCs. CSA cements can set in 10
minutes or less, especially at lower w/c rafibsomas et al., 2018l.i et al. (2018)
measured the initial and final setting times of a CSA paste containing mainly
ye'elimite (457%), anhydrite (19.7%), belite (11.9%85 minutes and 11 minutes,
respectively These measurements were mad®9a€ at a w/cof 0.29 In such cases,
workability issues may arise; however, this can be avoided by utilizing a specific
retarding superpléisizer (Zhang et al., 1999; Quillin, 2001Litric acid, tartaric

acid, gluconate, carboxylic acids, and borax can be used as rétandeg et al.,

2009; GarciaMaté et al.,2016; Zajac et al., 2016; Burris & Kurtis, 2018
addition, although chloride salts are effective accelerators in PC, they have a
retarding impact in CSA cements which dependtherosage anthetemperature
(Zajac et al., 2016)
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2.2.6.2 CompressiveStrength

Duringhydration increased precipitation of ettringite crystals foenteenser matrix

and considerable strength is attainedratarlyage.Compared with PC, the CSA
cements' earbage and lateage strengths are generally higflean & Glasser, 1996;
Zhang et al., 1999; Sharp et al., 1999; Glasser & Zhang, 2001; Quillin, 2001;
Winnefeld & Barlag 2010; Juenger et al., 201Thomas et al. (201&howed the
compressive séngth development of concretes cast with CSA cement, Type |
cement, and Type Hhigh early strength cement (degure2.5).
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Figure2.5 Compressive strength developmehCSA and PC concretes

(normalized to 2&lay compressive strengtfijhomas et al., 2018)

As seen inFigure 2.5, the strengttof CSA-based concretmcreasevery rapidly,

evenin comparisorwith Type lll-basedconcrete Within a few hours, CSAased
concrete samples reached almost half of their ultimate strength, and within the first
three days, they reached almost 90% of their ultimate strefgthrding to some
authors, the reason why a high early strength and relatively low or even no additional
increase irstrength ighatfree water isjuickly consumedandvoids are filled with

hydrates. Consequent)yconsiderable amounts of unreacted phases su3s
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C4AF, C3 and everC,As9remain as mixed components in the hydrated structure
(Bullerjahn, 2018)

The strength development is mainly influenced by the composition and the quantity

of the phases contained inetltement. At appropriate calcium sulfate levels, an

increasing proportion of the ye'elimite phase in the cement increases the early
strength. However, the belite phase has an impact on the later strength of the cement
primarily (Odler, 2000) In addition, the production parameters of cements, such as

burning temperature and residence time in the kiln, impact the clptkeses

significantly and thus the compressive strength of the cebatw/c ratio and the
admixtureusage such as retardare other relevant facto(€an bek & Er doj an,
2020)

2.2.6.3  Durability

Field and laboratory studies on the durability of materials made fromt2Sad
cements have shown that these materials generally perform well when compared to
the durability of PGbased material§Sherman et al., 1995; Zhang et al., 1999;
Glasser & Zhang, 2001; Quillin, 200Zhang & Glasser, 2005However, the
literatureis quite limited on this topi¢ and further studies are neededlitaw clear

conclusions about their lortgrm behavior.

Generally, during the hydration of CSA cements, the available water is consumed
within a short time. Furthermore, a high amount of hydration products is formed.
This provides a dense microstructurehadw porosity and permeabilifAranda &

De la Torre, 2013; Thomas et al., 201a)d this welmade microstructure can show
high resistance against freezitiawing and chemical attacks by seawater, sulfates,
chlorides, magnesium and ammonium s@Bsrnardo et al., 2006; Juenger et al.,
2011) The pore solution alkalinity of CSA cements is lower, compared to PC.
However, it isstill enough to form apassive layer on the embedded steel

reinforcement, anthis can protecsteelfrom corrosion. Due to both the absence of
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lime and the reduced alkalinity, CSA cements are advantageous in term of alkali
silica reaction(Juenger et al., 2011; Thomas et al., 20C8A cementsare also
shown to bdighly resistant to sulfate atta¢ilasser & Zhang, 2001; Aranda & De

la Torre, 2013; Thomas et al., 2018)

While some studies on carbonation have indicated thabd3€d and CSAased
concretes have similar carbonation raté¢asser & Zhang, 2001; Winnefeld &
Lothenbach, 201Q)some studies have shown that the carbonation resistance of
mortas and concretes made by CSA cement is lower than that of those made by PC
(loannou ¢al., 2010; Juenger et al., 2011; Aranda & De la Torre, 2013; Hargis et
al., 2017) The carbonation reaction of ettringite is as fokow

CeASsHs #3C Y 0CC AH; 3GH, ¢ o (21)

During carbonation, ettringite decomposes into gypsum, calcium carbonate, and
aluminum hydroxide, which leads to solid volume reduction. This could result in
strength losses, particularly in CS@ased products with higher wiklargis et al.,
2017)

2.3 Industrial Symbiosis

Industrial symbiosiglS) is anotionthat emerged by taking inspiration from nature.
The term "symbiosis" is based tre concept oé biological symbiotiaelationship

in nature(Chertow, 2000Q)It is described ashe associatiorof different species
providing mutual benefito each otherRegardingthe industrial environmentit
meangproviding mutualnetworking andnutualbenefis throughthe cooperation of
different sector¢Schwarz & Steininger, 1997)

Approaches to basingrganic relationships among industries on ecological science
date back to the late 194(&enner, 1947)Over time, theterm "industrial
metabolisti (Ayres, 1989)"industrialecosysterty and"industrialecology (Frosch

& Gallopoulos, 1989have beermput forwardby differentresearchers based on the
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similarity of industrial activities tdoiological or ecologicalsystemgZhang et al.,
2015)

Industrial metabolism represents ti@v of materias and energy in an industrial
system, from the extraction of resources to the disposal stewindustrial
ecosystem is a term based on the cyclical use of resources in biological ecosystems.
In an industrial ecosystem, the wastes of one industry process become raw materials
for another industrand formthebasis of industrial ecologyrosch & Gallopoulos,

1989; Connelly &Koshland, 2001)Industrialecology which wasfrequentlyused
synonymously with industrial metabolismtheearly dayshas overtakemdustrial
metabolisnover time(Johansson, 2002)ndustrial ecology is a concept that deals

with the working mechansm of the industrial systerhpw it is regulatedandits
interactionswith the environmerdnd the other industrial systeriidien it seeks how

it can be redesigngd harmonize with the way natural ecosystémsed orexisting
ecosystemknowledge (Erkman, 2001; Johansson, 20023)ith this concept, the

linear flow of the industrial system has been tried to transform into a more closed
flow similar to that of ecological systeni&arner & Keoleian, 1995)This flow

change in production systemwas defined by Braden Allenby as the exmn from

a Type | system to a Type Ill system, as indicatdeiguire2.6.
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Figure2.6 Types of production systenfadapted from Allenby1992)

A Type | system is a linear systemwhichraw materials and energy are consumed
products areananufactured, anthengeneratedy-products/wastes are releaded
the environment. This systesiepends oa large and continuous supjlfresources
because byproductéwastesare not recycled or reusekhis system is not sustainable
unlesghe supply of materials and energy is infinAelype Il system, which is more

visible inmost of today's industrial systemspresents a system in whigéart ofthe
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wasteis recycled or reusedand anotherpartis disposed ofHowever,a Type |l
system is not yet truly sustainaldieceresourceusages necessaryalbeitlimited.
A Typelll system, on the other hand, is a highly integrated, clegsteémin which
all materialsand energyare in a complete cyclén acompletelyclosed system, the
only thing coming fronthe outside ighe solar energyandall other materials are
continuouslyreused and recycled in the systeepresentingrue sustainabilityor

circular economyGarner & Keoleian, 1995)

Industrial ecologyhasthree focuses at different scalése firm level, the intefirm
level and the regional or global level (Sesble2.8) (Chertow, 200Q)Briefly, it not
only covers pollution and environmentailssuesbut also addressesqually at
technologies, process economics, businedsrrelationships, finance, general
government policy, and threlatedissues involved in managing businesserprises
(Erkman, 2001)

Table2.8 Industrial ecologyevels(Chertow, 2000)

Sustainability @

Industrial Ecology @

Facility or Firm InterFirm RegionalGlobal

Alesign for environmen| Andustrial symbiosis Abudgets a1

(eccindustrial parks) Amaterial s

Aproduct | i flflowstudies

Ai n d wectorinitisives (INdustrialmetabolism)

Apol luti on

Agreen acc/

As shown inTable2.8, industrial symbiosis is a subfield of industrial ecology that
includes the physical exchange of materials, energy, amtduucts at thénter-
firm level, where the firm operates in collaboration with other firms, preferably in

geographic proximity, rather than as a stafahe entityChertow, 2000; Ehrenfeld
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& Chertow, 2002; Martin et al., 2015; Zhang et al., 2015; Petrikova et al., 2016;
Fraccascia et al., 2017)ndustrial symbiosis closes loops by converting by
products/wastes into valuabieaterals that can be used as raw materials for another
product or process in an industrglstem to achieve a natural closed ecosystem
(Morales et al., 2019)

The reallife application aresof industrial symbiosis concepan be observed in
ecoindustrial parkf kenl i er & Al bayr ak,.A@ddngtpo Ver gu
the US Environmental Protection Agency (EPA) Fieldbook,

"an eceindustrial park $ a community of manufacturing and service
businesses seeking enhanced environmental and economic performance
through collaboration in managing environmental and resource issues
including energy, water, and materials. By working together, the community
of businesses seeks a collective benefit that is greater than the sum of the
individual benefits each company would realize if it optimized its individual

performance onliy(Lowe et al., 1996)

Evaluating the exampés of industrial symbiosis networksan reveal that
environmental, economic, businemsd social benefitkave beerprovided.These
benefits are listed imable2.9 (Mirata & Emtairah, 2005)
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Table2.9 Potential benefits of industrial symbiosis systéMsata & Emtairah,
2005)

1 More efficient use of resources
Minimization of the use of nomenewable
resources

1 Diminished emissions of pollutant

=

Environmental benefits

1 Lowering the cost of resource use
production
Economic benefits 1 Lowering the cost of waste manageme
1 Additional revenue thanks to high
values of byproduct and waste streams

1 Advanced relationship with extern
parties
Development of a green vision, ne
products, and new markets

Business benefits

1 Improving the quality of existing jobs

Creating new employment area

1 Obtaining a cleaner, safer, natural, ¢
working environment

=

Social benefits

2.3.1 Industrial Symbiosis Examples aroundthe World

The mostwell-known examplerelated tothe concept oindustrial symbiosiss the
Kalundborg Ecendustrial Park in DenmarfSchwarz & Steininger, 1997; Chertow,
2000; Jacobsen, 2006; Neves et al., 20I%e Kalundborg network evolved
spontaneously from a sedfganizedattemptof firms in the earlyl970sand has
grown over the years, both in terms of the number of symbioses and the number of
partners Todayit is still considered as succedsl-living example(Neves et al.,

2019) The main collaboratorsof Kalundborgarean oil refinery, a power plant, a
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gypsum board factory, a pharmaceutjgaint,and themunicipality of Kalundborg
Theyshare groundwater, surface water, wastewateagmand electricity, and also
exchange a variety of residues that serve as feedstock for other pr¢Césseswv,
2000) This symbiosisnetworkhasled to considerablesavingsof resourcesuch as
water, fue] avoidedwvastesthrough withexchangesandled tosignificant reductios
in SO and CQ emissiongEhrenfeld & Chexdw, 2002)

TheNational Industrial Symbiosis Programe (NISP), launched as a program in the
UK, has also beerone of the successful examples of industrial symhbio#iere

significantenvironmental and economiains hae beenachievedMirata, 2004)

In addition there arenanyexamples of industrial symbioses witirioussynergistic
networksin many countries around the warlsuch asEurope,Chinag the USA,
Canadathe United Kingdom,Japan,SouthKorea, Brazil, Australia, Algeria, and
Moroccq assummarized byNeves et al(2019)

2.3.2 Industrial Symbiosis in Turkiye

Studies on industrial symbiosis Tiiirkiye wereinitiatedwith "IndustrialSymbiosis
Projectin Iskenderun Bay Between 2011 and 2014, the implementation phase of
the project was carried out in tlekenderun Bayegion covering Adana, Iskenderun,
Mersin, and Osmaniy&.he generahim of the project was to introducedustrial
symbiosis in the Iskenderun Baggionas a mechanism to strengthewoperation
andunity betweerfirms in order to improve both the environment and the economy
in the region and to provide the background for a national industrial symbiosis
progran. The potentialenvironmentalsocial,and economial gains achieved with

the eight pilot projects implemented in Iskenderun &@gummarizedn Table2.10
(Alkaya et al., 2014)
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Table2.10 Potential gains of the industrial symbiosis project in Iskenderun Bay

Environmental

Landfill Water Natural  Workforce  Energy CO; Land
diversion saving resource saving saving reduction recovery
substitution

327250 6500 276 250 3500 33580000 36700 45000
tons/lyear mdyear tons/lyear manday kWhl/year tons/year m?

year
Socid
New New Organizations Universities
employment initiative participated contributed
21 6 27 5
Economic
New Amount of new  Investment Annual net Payback
product products cost earnings period
10 283 000 6 965 000 6 370 500 11
tons/year $ $ year

Otherreportedindustrial symbiosis projects iflrkiye are the"Trakya Industrial
Symbiosis Prograi(20141016), "Bursa Eskisehir Bilecik Industrial Symbiosis
Programi (20142015) and"Industrial Symbiosis and Eegfficiency Project in
Antalya Organized Industrial Zoh¢20152017),"Gaziantep Industrial Symbiosis
Program (20152016),"Green Organized Industrial Zone Framework Development
for Turkiye" (20162018), "Eco-Industrial Park Transformation in Izmir: Green
IAOSB" (2019), "Eco-Industrial Park Transformation Reat in Tire Organized
Industrial Zoné (20192020)(Dolgen & Alpasan, 2020)

2.3.3 The FISSAC Project

The FISSAC project called "Fostering Industrial Symbiosis for a Sustainable
Resource Intensive Industegrossthe extended Construction Value Chairs a
Horizon2020 reseach projectinvolving 26 collaboratorgrom 9 countriesincluding
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8 EU memberstates and Uirkiye. The general goal of the FISSAC project is to
develop and demonstrate a new industrial symbiosis model that steers the material
process towards a zeweaste approaclin the resourcentensive sectors of the
construction value chajteading to closed material loops and enabling the transition

to a circular economyThe targetednnovative constructionproducts within the
scope of the FISSAC project and the wastegifmducts of the various industries
usedin these productions aiéustratedin Figure2.7 (FISSAC, 2020)

SECONDARY RAW MATERIALS

LF Slag

{ r /}‘” J
»47
EAFSlag
STEELSLAG  ALUMINIUM OXIDE CE"AM*C MARBLE USED TIRES
BASED PRODUCTS  \ypsTE SLURRY

from Aluminium Salt Slag
| Valorization ’ |l

ECO-CEMENT NEW GREEN INNOVATIVE RUBBER WOOD
CONCRETE CERAMIC TILES PLASTIC COMPOSITES

INNOVATIVE MATERIALS AND CONSTRUCTION PRODUCTS:
WITH IMPROVED CHARACTERISTICS AND REDUCED CARBON FOOTPRINT

Figure2.7 FISSACindustrial symbiosis networEISSAC, 2020)

The collaborators the Turkish leg of th€ISSACprojectwere "TurkCimento" and
"Ekodenge."The materialsutilized within the experimental prograof this thesis
study were obtained via the FISSAC proje@&s part of the FISSAC project
industrial production of a blended cement vedso conducted which was later

utilized in aconcrete road.

Under the scope ofhis thesis, the followingvaste#by-products (which were

obtained through FISSAC project) were utilized to produce CSA cements under
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laboratory conditionsA general descriptiofor eachof these materials presented

in the following sections.

2.3.3.1 Aluminum Salt Slagand "Serox"

Aluminum isone of themuchusednonferrous meta obtained from natural ores
mining andused ina wide variety of producté.iu & Muller, 2012). Unlike most
other metalsgluminum can be repeatedigcycledinto new aluminum productin

other words, liminum can be obtainedin two different ways from primary and
secondanaluminumproduction dependingon the raw materialsused Bauxite ore

is used for primary aluminum production, while aluminum scrap is recycled and
remelted for secondary aluminum productidhe process of recyialg aluminum
consumesbout5% of the energy needed to produce primary aluminum and emits
scarcely5% of greenhouse gasdesm primary aluminum productiofit is obvious

that secondary productiomrings economic and environmental benefits both by
saving aw materials and energy, and recycling waste products instead of sending
them toa landfill (Tsakiridis, 2012; Tolaymat & Huang, 2015)

The aluminum production processes generate various typeastés. Oneof the

main wastes created in the production of secondary aluminum is salt slag, also known
as saline slag or salt cakBolaymat & Huang, 2015; Gil & Korili, 2016; Yoldi et

al., 2019) These salt slags come from salt fluxes used in smelting furnaces to lower
the melting temperature, preveoxidation, and promote the removal of certain
impurities suchas Mg, Ca, LiProprietary salt flux contains NaCl, KCI, and small
guantitiesof calcium fuoride (Cak). Up to 5% additional fluoride caalsobe added.

The salt slag consists of metallic aluminurariousimpurities separated from the
molten metaby flux, and large amounts of aluminum oxideseTable2.11). The
typicalcomponents of salt slag's insoluble, moatallic partarealso shown imable
2.12(Cusano et al., 2017)
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Table2.11 Typical contens of thealuminumsalt slag{Cusano et al., 2017)

Contents Typical Value (%) Range (%)
Al, metallic 6 4-10
Watersoluble salts 37 20-55
Metal oxides unrecovere: 55 35.75

metal,and insoluble salts

Table2.12 Typical contents of the insoluble nometallic part othe aluminumnsalt

slag(Cusano et al., 2017)

Contents Weight (%) Contents  Weight (%)

Al20s3 60-75 TiO2 0.515
MgO 3-14 MnO <0.3
SiOz 312 NaO <1
CaO 1.55.0 K20 <1.2
Fe0s 1.53.0 ¢l <0.8
Bound water -16

However, he chemical and mineralogical content of salt slag varies depending on
the type of aluminum scrap recycled and the recycling processes used, such as
furnace type, salt composition, eRasedon thesdactors,fluorides (Cak, NaF,

AlF3, NaAlFs, etc.) nitrides (AIN), carbides(Al4Cs), phosphideqAlP), sulfites
(Al2S3), etc. may be present in addition to metallic aluminum, mexades Al 203,

MgO, SiQ, CaO, etc,)and clorides(AlICl 3, NaCl, KCI)(Gil & Korili, 2016; Padilla

et al., 2022)

Because of its content, salt siagategorizedn the "European Waste Catalogue and
Hazardous Waste List" as hazardous waste requiringoper disposal methods
(EPA, 2002) Salt slag igegardedas "highlyflammable”, "irritant”, "harmful"and
"leachable; and improper disposat a critical issue thatcan leadto serious
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environmental problemdn such a casepxic metal ionsn its contentmay leach
into groundwater around the disposal ai®@ce their reactivitys high whenin
contact withwater orevenwith themoisture intheair, suchreactiongnaycause the
releaseof toxic, harmful, explosive, poisonguend unpleasargmelling gasesush
as CH, NHz, PHs, Hz, H2S (Tsakiridis, 2012)

Several million tons of salt slag are genedsannually, and this number is increasing
with the growing use of aluminum, especially recycled alumirAmestimated 95%

of thesearedisposed of, and the disposal costs amount to around 80 million euros
(Gil & Korili, 2016). The amount ofalt dag formed as well as its contentaries
depending on factors such as scrap mix, furnace typethliseoperation mode
(Tsakiridis, 2012; Gil & Korili, 2016) The 2012 review study bysakiridis states

that one ton of secondary production yields betweersBO0kg of salt slag, and the
2016 review study by Grill & Korili states that this ratio is 38@D kg.

Since landfilling of salt slagaisesan environmental concern, recyclingtssibg
instead ofits disposaleliminatesthe need for landfillsin this way, asignificant
environmental problem solved,andalsonew economic opportunities agenerated
(Yoldi et al., 2019)Partial recovery of aluminum salt slag, e.g., aluminum only or
KCI only, orfull recovery in which the threemain componentsre recovereds
possibleIn 2014, it was reported that one million tons of salt slagperduced and

processed annually in the E28 countrieg(Cusano et al., 2017)

The convetional recoveryinvolves three phasesgrindingsieving dissolution
reaction and filtration-evaporation First, the salt slag is ground andievedto
recover themetallic portion.In the secondlpasetheresidual paris treatedby water
leachingat room temperatui@ higher temperature and pressiordissolvethe salts.
In the last phase, the salt is recovered by fiiitba and evaporation technology
(Tsakiridis, 2012)

Salt slag treatmentvhich minimizedandfill challengesis generally carried out in
Europe, Canadand the USAThe nonmetallic oxide parbbtained from thesalt

slagrecovery which mainly contains aluminand minor amounts of other oxides
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can be used as an alternative alumina source in various industries such as ceramic,
cement, and constructigmsakiridis, 2012)Alumina,which turns into a commercial
by-product from waste with thigecovery is marketecas BFAor other brand names

such as SeroxandPaval(Befesa, 2019)Valoxy, Noval, and Oxitor{Gil & Kaorili,

2016) The salt slag recovery process at the Befesa Aluminio S.L. plant (Valladolid,
Spain) which is one of the partnedd the FISSAC projecis shown inFigure2.8.

It is seen thatacycling one ton of saltat) yielded 500 kg of ADs-basedhew by

product called Paval, in the market.

In this study, another commercial product of Befesa Aluminum Salt Slag Recycling
Plant(Spain) Serox, was used as the alumina souBegesareported that in 2020,
426 thousand tons afuminum salslag were recycled, and about 368 thousand tons
of aluminum oxide and others were obtaiiBdfesa, 2020)t should be noted that
Serox isone of therademark®f the alumina obtained in thiscyclingprocessand

that in this thesis, the term Serox was used instead of aluavinaaterial
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Figure2.8 Full recovery scheme of aluminum salt s(&gnt et al., 2020)
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2.3.3.2 Ladle Furnace Slag

The iron and steel industnyses twomain routes to produce steeprimary and
secondary steel productiofhe former route also known as integrated steel
production uses iron or@s the raw materigivhereas the latter uses stealap A
typical integrated steelaking planis blast furnace/basic oxygen furnace (BF/BOF)
based.Secondary steelmakingndhe other handmelts steel scrap directly in an
electric arc furnace (EARPardo et al., 2012)

Depending on the technology used in production, different types of slags are
generatechiswastegwhich arealso considerefly-product3, such asdlast furnace

slag, basic oxygen furnace slag, eleariarc furnace slagargon oxygen
decarburization slagnd ladle furnace slg@dolfsson et al., 2007)

Ladle furnace slagLFS)is formedduringfurther refirementof molten steethat has
gone throughnitial refinementin a BOF or an EAF. In the refinementstagesthe
fluxesusedto separte impuritiesfrom the steehffect the chemical composition of
the resulting slag&sShi & Hu, 2003) LFS is also known as white slag, reducing slag,
basic slag or refining sla@kaf et al., 2016)

The chemical composition &fFS might vary from batch to batchecause scrap
melting is done in batchekocal conditions, production processes, and scrap metal
differences can all have an impact on the chentuiealpositionof the slaggormed

CaO and MgO typically account for more than 60% of th& bl weight The
remaining &ss han 40% of the entire weight is compose&ia,, Al.0Oz andFe0s.

Other compounds, involving manganese and titanium oxides, sulfur from the steel
desulfurization stage, and calcium fluoride, ateo present at minomamounts
(Vilaplana et al., 2015)

Dicalcium silicate (GS) , generally 9 p 0sMg(Sia)1), p h , mer wi
bredigite (CaMg(SiQv)4), and periclase (MgO) are the primary minerals found in

LFS (Kriskova et al., 2014)During cooling, based on the temperature zoneS, C
undergoes a series of polyM@Br pgpSMdansf or mat
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f r o-@S b t-@S. Dhe transformation t o o pol ymor ph causes
of al most 10%, and the crystals to shatt e
in LFS can be as much as-28%(Shi & Hu, 2003)

LFS is usuallyarounda third of the slag produced in @BAF, and the annual
production in Europe ianticipatedo beabout4 million tons(Murri et al., 2013)A
significant amount of LFS is disposed of in déifls near manufacturing centers,
leading to environmental and visual iss(8kaf et al., 2016)The major problems
caused byhe landfilling of LFSarethe decomposingf LFS into a finegrained
material, causing dust to spreadd hexavalent chromium (Cr(VIBaching as well
as the release of some other toxic elemébesjun et al., 2015For every ton of
steel refined, around kg of LFS is recoveredifferent amounts of LFS are
frequentlyreintroducednto the steelmaking procetSkaf et al., 2016)LFS arealso
currently utilized in fields such as agricultusend environmental engineering
(Vilaplana et al., 2015)Unlike EAF slagswhich are widelyused in construction
applications the use of LFS is limitedspecially kecause of its high CaO content
which caugsvolume stabilityissuesuponhydraion. However, LFSappearso bea
promising alternative asraw maerial in cement manufacture due to its high CaO
content(40-50%) and comparatively high siliczontent(20-35%) (Mancio et al.,
2011)

Vilaplana et al.(2015) investigated the usability of LFS as a raw material in PC
production A raw meal with a limestoneshale/ LFS/ mill sludge content of 45%
[14.246/39.26/ 1.3% by weight was preparedormed intosquare platesand fired

in a laboratonykiln at 1550°C. The clinker waspidly cooledby blowing cool air
and goundwith 5 wt.% gypsumTheyrevealed thaadding LFS to the raw meal
affectscement propertiggositively, especially in terms of compressive strengtti an
dimensional stabilityHowever,theinitial setting timeof the produced cement was

measured to b&£20 minuteswhich is quite higlwhencompared to ordinary PC.

In another workNguyen et al(2019)indicatedthata binderbased on ettringitean

be developed as a result loydrations betweeian LFS, which hasselfreactive
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properties,and gypsum.Thus, they showed that LFS could bsed asa good
alternativeraw materialfor an ettringitebased binderthat could be employed in

variousconstruction applications.

In this study LFS was obtainedrom Ekinciler Iron and Steel Industas part of the
FISSAC project.

2.3.3.3 Ceramic Waste

In general, the term "cerangicrefers to inorganienaterials(possibly with some
organic contentxonsisting of normetallic compounds, which are permanently
hardened by firingThe ceramic industrgffers a widerangeof products ard it is
divided into subsectors such asicksand roof tileswall andfloor tiles, refractory
products vitrified clay pipes sanitary warge and inorganic bonded adhesive
depending orthe products manufacture@eramic products are manufactured by
firing mainly of clays and other raw materials such as quartz, feldspar etc. at high

temperaturegEuropean Comission, 2007)

According to the Cerami@orld Report, the global production of ceramic tiles
2019is about 12.67iblion square metegsandTirkiye ranks 16" among the leading
producing countries with 296 million square me(@RW, 2020) In the production

of ceramic tiles, a great deal of waste is generated at various stages of production
due to broken pieces or inferior produé&ssignificant percentage becomes unusable
due to changes in the composition of the ceramic material (swdicasand glaze)
during the production procef®oy a z & Y é |. Awayera et &.@20189jated

that proximately 30% of the materials used in the production of ceramic tiles end
up as wasteThe share of noestandard tiles in the total production of the ceramic
tile industry can b up to 7% andthey aremostly dscardeddue tothe high-quality
control(Meena et al.2022) In Turkiye, ceramictile waste aredisposedf directly

in landfills that areusually close tothe plants In addition, waste storaggeatesa
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significantenvironmental problenparticularlyin the cities where there is a lack of
disposakites (Elci, 2016)

On the other hand, ceramic wastes mayehproperties that make them suitable for
use as pozzolarsnce heatreated clays are known to have pozzolanic properties
(Sanchez de Rojas et al., 2009; Zimbili et al., 20A4)shownin the review study

by Meena et al(2022) many studiesevealthat ceramic wasgcan be used as a
cement or aggregate replacement matenatancreteTherefore, with the use of
ceramicwastes in the cement and concrete industry, a good alternative recycling

route forthesewastes can beobtained

In this study, the ceramic wastef wall and floor tileswere obtainedfrom

CanakkaleCeramicas part of the FISSAC project.

2.3.3.4 GlassWaste

Glass a highly transparent materjas generally manufacturdyy melting a mixture

of substancesuch as silica, soda ash, and Ca@0Ohigh temperatureand then
cooling it. During cooling, slidification takes place without crystallizatioBlass is
widely used in our lives imariousproducts such dtat glass, bottlegjlasswareand
vacuum tubegPark et al., 2004)Glass is not a biodegradable material. Therefore,
storing glass waste in landfills does not offer anvironmental solution.
Nevertheless, an environmental solution is achieved by evaluating the waste rather
than disposing iShao et al., 2000)

Due to its high silica content and highly amorphous structure, glass waste shows
pozzolanic properties:or this reason, just like the ceramic wastes, glass wastes ¢
also be used by the cement and concrete industry, which will be a good alternative
recycling rautefor these waste&ine and coarse aggregates, blended cement, bricks,
blocks, ceramics and concrete are listed as construction materiatsch glass

wastecan be use(Safiuddin et al., 2010)
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In this study, glass wastevere obtained from Trieya Cam, a subsidiary company
of ki aseartafithe FISSAC project.

2.4  Point of Departure and Existing Literature Gap

As the literature shows, PC production consumes a large amount of energy and raw
materials and is a significant G@mitter Compared to PC, ttenteringtemperature

of CSA cements is about 200°C lower, d@nelimestone requiremeid lessDue to

less energy consumption and less>@missions, CSAeems to be& promising
alternative binder to P@n the other hand, the alability and high cost of the raw
material, bauxite, form economic challesg®r CSA cement.The economic
challenges have prompted research on using industrial sd@sproductsin CSA
cement productiarin this context, arious industrial wastésy-productshave been
usedtogether with naturalaw materialsin CSA cement production as summarized

in Section 2.2.4.2.

The starting point of this thesis is to produce CSA cement atlindustrial
symbiosis approach. In this symbiosis, ceramic waste frogetlaenic industry, LFS
from the secondary steel industry, Serox from the secondary aluminurfefnous
metals) industry, and glass waste from the glass indwdltrsimultaneously beised
asraw materials for CSA cement productidviore than 40% of the CSA cement
raw meal producedavill consist of waste/byproducts of fourdifferent resource
intensiveindustries One of the most important points is that instead of bauxite,
aluminum oxide (Serox) obtained from the recycling of alumirsath slag, which

is the waste of the secondary aluminum sector, will be U$er, a more sustainable
CSA production will be achieveldy consideringthe zerewaste approach in the

resourcentensive sectors of the construction value chain.
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CHAPTER 3

EXPERIMEN TAL PROGRAM

3.1 Materials

In this thesis, CSA cemeasweresynthesizedising an industrial symbiosépproach

i.e. the waste of onéndustry would bethe raw material of another indugtrAll
materials used in thexperimentaprogram were obtaineloy the FISSAC project
that was briefly mentioned in ChapterThe wasteswhich aretheraw materials for
CSA cement synthesis, come from the 4fiemous metals, steel, ceramic, and glass
industries.In addition to industrial waste aterials,some raw materialaere also
useddueto the lack of sulfate and calcium oxide requitedsynthesizéhe CSA

cement.

3.1.1 Natural Materials

Limestone and gypsunwere obtainedf r om Has anojlHeaonde r egi on
compositionsof the materialsveredetermined through Xay fluorescence (XRF)

analysisn TurkCimento Themainoxide compositioaof the materialaregiven in

Table3.1. The mineralogical composition of the materials was determined through

X-ray diffraction (XRD) analysis in METU Centrabboratory.The XRD patterns

of the natural resources are givenHigure 3.1. As seen inFigure 3.1 (a), the

dolomite phase (CaMg(G{3) was also identified besides calcite (CaL@

limestone.
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Table3.1 Main oxide composition ohaturalmaterialsused

Main oxides (%) Limestone Gypsum

SiO 0.99 2.02
Al O3 0.34 0.29
FeOs 0.19 0.29
CaOoO 50.59 32.22
MgO 4.06 0.29
Na:O <0.01 0.05
K20 0.09 0.08
TiO, - 0.04
MnO - 0.01
SGs 0.04 43.90
CIE 0.0086 0.0057
LOI 43.60 20.77
C
D
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Figure3.1 XRD patterns of natural materials uséa) limestongb)gypsum
(C: Calcite D: Dolomite, G: Gypsum)
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3.1.2 WasteM aterials

In addition to natural raw materials, Serox, ladle furnace slag (LFS), ceramic waste
and glass waste were used for the synthesis of CSA cements. Detailed information
on these materials is provided in Section 2.3.3efBr Serox is a byproduct of
recycling aluminum salt slag from secondary aluminum production. It is a
commercially available secondary mineral, primarily alumina, and has similar
characteristicso bauxite LFSis a wastehat can be alsconsideredisa by-product
generatedn the final stages of steelmaking this study, LFS from an EAF steel
production, ceramic waste from wall and floor tiles, and glass wasteffabgiass
production were used Serox wassupplied by Befesa, Spain, kile the other
materialswereprovided bylocal suppliers inTtrkiye; LFS from Ekinciler Iron and
Steel Industry, ceramic waste from CanakKadeamic,andglass waste fronirakya
Cam, a subsi di ar yThe @idepampgsitionof thekndugtredc a m
wasteswas analyzedwith the ICP-OES instrument (Spectro Ciros Vision)n

TurkCimento,andtheanalysisresults argresentedn Table3.2.

Table3.2 Main oxide composition ahdustrial wastesised

Main Ceramic Glass
oxides (%) Serox LFS waste waste
SIO, 8.62 22.40 63.29 71.46
Al203 66.40 6.34 19.63 0.84
FeOs 1.83 2.35 2.34 0.12
CaO 1.49 52.44 7.49 8.52
MgO 8.38 6.78 0.72 4.46
NaO 1.05 0.75 0.87 13.11
K20 0.72 0.09 2.82 0.40
TiO2 1.18 0.34 1.43 <0.01
P>0Os 0.13 0.03 0.23 0.02
SO 0.14 2.85 0.09 0.04
Cl E 0.470 0.0326 0.0152 0.0050
FE 0.30 1.16 0.39 0.03
Free CaO 0.03 2.43 0.05 0.16
LOI 6.90 3.49 0.62 0.13
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The mineralogical composition of the waste materialsdessrmined througkRD
analysis inTurkCimento The XRD patterns of the waste materials are given in

AppendixA. Theidentifiedphases as a result ¥RD analysis are as follows

1 Corundum (AbOs), spinel (MgALOs), tobermorite CasSisO16(OH)2), quartz
(Si0y), boehmite (AIO(OH)), and calcium titanium oxide (Ca(3)idor
Serox

1 Larnite (-C.S), calcioolivine (1-C.S), mayenite (CaAl140z3), bredigite
(CaaMQ12(SiOs)s), pargasite (I§.1Nao.oCa.7Mgz 65Ti0.2Fe1.6Al 25Si6.2022) for
LFS

1 Quartz(Si0), albite (NaAlS§Og), and mullite (Ab.3:Sio.6604.84) for ceramic
waste

1 Anamorphous structure onfgr glass

3.2  Synthesis

After the chemical analysis of the raw materials, different formulations for the
production of CSA cement werereatedconsidering the C& cements in the
literature and preliminarytrials were carried oytandaccordingly three different
formulations with high waste conte(#40%) were formed The mixtures were
labeledasMix A, B, and C.The percentageof raw materials in thenixturesare
shown inTable3.3. As seen in Table 3.8e total percentage of waste mateneds
45%, 42%, and 52% for Mix A, Mix B, and Mix C, respectively.

Table3.3 Composition pecentages of raw meals

Ceramic  Glass

0 ,
(%) Limestone Gypsum  Serox LFS waste waste

Mix A 28 27 23 14 7 1
Mix B 29 29 16 19 4 3
Mix C 12 36 16 33 15 15
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The raw materials were ground iTheraw | abor

mealswere preparedaccording tathe ratios given ifrable 3.3 andhomogenized
using a mixer. For the uniforntlinkerization the raw meals were mixed with
distilled waterwith a waterto-cementratio (wkc) of 0.30 in the mixerAfter
preparation of the raw meal paste, it was formed into small rods, ptaced
refractory plate andurnedin an electric furnacérotherm Mo$B 160/8) All the
manufacturing stepareshown inFigure 3.2, and the burning process is illustrated

in Figure3.3 (Arjunan et al., 1999)According to this process, the temperature was
first increased to 800 °C in one hour (~13 °C/min) and kept constant at 800 °C for
30 minutes. Then, the tenmagure was raised to 1250°C (5 °C/min) in 90 minutes.
After keeping it stable at this temperature &mother90 minutes, the process was
terminated. In order not to damage the furnace heating elements, the clinkers were
taken when the furnaceemperature reached room temperature without rapid

cooling All clinkers were ground in a ball mill to pass through gué0sieve.

Figure3.2 Manufacturing process of CSA cements

a7

~
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1250°C

90 min

Room Room
temperature temperature

Figure3.3 Theburning procesasedfor CSA cemerd

3.3 Analyses

The analyses performed were divided into three groapayseon CSA cements
pastes, and mortar&irst, chemical,physical, mineralogical, andnorphological
analyses were performed on the synthesized CSA ceriiéets, cement pastes and
mortars were preparedand te hydrationdevelopmentof the productswas
investigatedoy various test methodrinally, the environmental performance of the
cemens was evaluated using thBlonte Carlo simulation techniqueThe

environmental assessmeasultsare presented in Chapter 5

3.3.1 Analyses on CSACements

3.3.1.1 Chemical Analysis

The demical analysis was performed on both raw mealsesulintcementsX-

ray fluorescenc€XRF) spectrometry was used for the quantitative determination of
the elemental major oxideomposition usinghe XRF device(ZSX Primus 2)in
TarkCimento
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3.3.1.2 PhysicalAnalysis

DensityandBlaine finenessaluesof thesynthesized CSaements werdetermined
according to EN 196. The particle size distributions (PSD) of cements were
determined using Malvern Mastersiz&000 laser diffraction equipmenn

TuarkCimento.

3.3.1.3 Mineralogical Analysis

The quantitative mineralogical composition of the synthesized CSA cements was
determined by Xay diffraction (XRD) analysis. The anas were made with the
Rigaku Ultima IV XRD deice in TurkCimento. PDXL software with Rdfdatabase

was used to identify minerals. Before analysis, the samples were pulverized and
sieved through a 45 um sievihe analyses were performiedthe angleangeof 3°

t o 7 B&sided,dhe ground CSA centswereinvestigated by scanning electron
microsco with energy dispersive Xay spectroscop{SEM-EDX), "Quanta 400F

Field Emission SEM"atthe METU Central Laboratory.

3.3.2 Analyses on CSACementPastes

3.3.2.1 Setting time andSoundness

The initial andfinal setting times and the soundnesfsthe CSA pastes were

determined according to EN 136

3.3.2.2 Isothermal Calorimetry

The heat evolution of the CSA cement pastes was measured through TAM AIR
isothermal calorimeter, anéhannel micrecalorimeterocated aMETU Materials

of Construction Laboratorfach channel consists of two inner channels, one for the
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sample and one for the reference. For each mix, 4 g of cement and 2 g of distilled
water were used. As the reference material, silica sand was used svisartie
thermal mass as the sample tested. Asitin mixing procedure in ASTM C 1702

was applied. In this method, the sample and water are kept in temperature
equilibrium and mixed inside the calorimeter channel. Since thgtunmixing
method is used, ¢hheat of hydration data can be measured from the first mixing
moment. The mixes' heat flow and cumulative heat curves were obtained for 72 h at

a temperature of 23°C.

3.3.2.3 X-ray Diffraction Analysis

Cement pastes containing 4 g of CSA cement and 2 g dfetistiater were prepared

to monitorthe products othe hydratiorprocessesThey were kept in a moist room

for the first 24 h. After that, the samples were cured in wat#l testng day. The

gualitative XRD analysis afnhydratedCSA cemens andhydrakedcement pastes at

hydration ages of 1 h, 3 h, 6 h, 24 h, 3d, 7 d, 28 d, 90 d, 180 d, and 360 d were
performed at METU Central Laboratory. Before analysis, the samples were
pulverized and sieved through No0:100 sieve, excepth®il-hour samples. The

XRD device used was the Rigaku Ultima 1|V
(40 kV/30 mA) in METU Centralaboratory. Samples were scanned in the range of

3A to 70A 2d. Qualitative information of
X'Pert HighScoreoftwae.

3.3.2.4 Thermogravimetric/ Differential Thermal Analysis

Thermogravimetri€ Differential Thermal Analyses (TGA/DTA) were performed
simultaneously on the hydrated pastest@stigatethe products of the hydration
progressof the CSA cementsSetaram Labsys Thermogravimetry Analysis and
Differential Thermal Analysis System at MIB Central Laboratoryvere used for

analyses. Measurements were made in the temperature between 25°C and 1000°C
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with a 10°C/min heating rate. Analyses were made on the samples at the hydration
agesof 7 d, 28 d, 90 d, 180 d, and 360 d.

3.3.2.5 ScanningElectron Microscopy

The microstructure of the CSA pastes was investigated by scanning electron
microscope with energy dispersiverXy spectroscopy (SEMDX), "Quanta 400F
Field Emission SEM", in the METU Central Laboratory. Analyses were made on the
samples at thlydration age of 28 d, 90 d, and 360 d. Before aps)ysamples in
small pieces were kept in a vacuum oven at 40°C and then coated with gold

palladium

3.3.3 Analyses on CSACementMortars

The compressive strength of the mixes was determined according tdl the6e
standard. The prismatic samples of 40*40*160 *nwere casted usinthe CSA
cementtap water, and standard sand, with a waierementratio (wkc) of 0.5.The
compressive strength measurements were done at the hydratsmf 8de 6 h, 12

h, 24 h,3d, 7 d, 28 80 dand 180 dThe mortars to be tested before 24 hours were
cured in a moist room with a temperature of 23£2°C. They were demolded just
before the test hour. Other mortar samples were demolded at the end of4drt
cured in water at 23+2°C until the test day. The compressive strength of the mixes
was measuredby a universal testing machin@JTEST UTCM-6420) located at
METU Materials of Construction Laboratowith a loading rate of 2.4 kN/s.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Characterization of the Raw Meal

Thetheoreticabxide compositions of the raw mealsrecalculatedusingthe oxide
composition(Table 3.1, Table 3.2) and theweight percentagerable 3.3) of each
raw materialare given inTable 4.1. Table 4.1 also includes the experimentally
determined oxide compositiomd raw mealsConsidering the oxide compositions

found by both method#,can be said thahe rawmeals prepared are homogeneous

Table4.1 Main oxide composition aheraw meals

Ox i d Theoreticadly computed Experimentdly determined
( %) MixA MixB MixC Mix A MixB MixC
SiOz 1099 1118 11.64 10.13 10.28 10.53
Al203 17.74 1282 13.17 16.64 13.48 13.74
FeOs 1.05 0.98 1.23 1.15 0.90 0.92
CaO 31.27 34.77 35.45 33.63 34.67 36.79
MgO 4.21 4.05 4.25 3.57 4.23 4.21
SG; 1228 13.31 16.77 11,2 1315 16.24
NaO 0.55 0.76 0.64 0.39 0.95 0.71
K20 0.42 0.31 0.23 0.25 0.50 0.37
LOI 19.89 20.46 14.98 2002 20.16 16.04

4.2 Characterization of the CSA Cements

4.2.1 Chemical Properties

The oxide compositionsf thethreeCSA cementbtained after the burningf raw

meals and the grindirgrepresentedh Table4.2 It should be noted that theCSA
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cementscalcium sulfate was not added during the grinding stagkke ordinary
portland cementt canbe seerirom Table4.2thatthe principal oxides of th€SA
cementsaareCaO, AkOs, SG;, andSiOz. As mentioned in Chapter 2, CSA cements
have a wide range of oxide compositio@emmercially available CSA cements that
are reportedn the literature have the following oxide compamig CaO: 40.5%
49.5%, AbOz:14.7%34.2%, SiQ: 3.4%14.3%, SQ 11.02%19.5%.Considering
theseranges specifiedfor each oxide, the cements produeggeaicompatible with
the commercially availabl€SA cements reported in the literaturegardingthe
chemical compositionThe AkOs content of Mix A, which contains a higher
proportion of Serox, and the $@ontent of Mix C, whichincludesa higher

proportion of gypsumseem to beslightly higher when all three cementsare

considered.
Table4.2 Main oxide composition ahe CSA cements

Oxi de Mi x Mix Mi x
Si20 13. 13. 12.
Al20s3 20. 17. 16.
FexOs 1. 1. 1.°:
CaoO 43. 44. 42.
Mg O 3.8 5.0 5.0:
SO 15. 16. 19.
NaO 0.« 0.7 0.0°
K20 0.: 0.0 0.
TiO> 0.« 0. 0.0
P20s 0. 0. C 0. (
LOI 0.: 0.:¢ 0.

4.2.2 Mineralogical Properties

The XRD patternsf thethreeCSAcements are presentedrigure4.1 In addition,
guantitativeresults of theidentified mineral phases aralso listed in Table 4.3.

PDXL software with Pd# database was used to identify minerals.
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Figure4.1 XRD patterns otementgY: Ye'elimite A: Anhydrite, M: Merwinite,
F: EllestaditeF)

Table4.3 Quantitativephasecomposition othe CSAcements

Minerals (%) Formula Mix A Mix B Mix C
Ye'elimite CauAl6SOrs 48 35 33
Anhydrite CasQ 12.7 13.5 25.3
Merwinite CaMgSixOs 21.4 20 21
EllestaditeF Ca(SiOs)1.5(SQs)15Clo2Fos  16.6 24 17.8
Belite CaSiOq 0.1 2.8 2.1
Perovskite CaTiOs 1.2 4.7 0.8
Rwp 9.31 13.63 7.42

Table 4.3 also includes thdrwp value of the analysed.he weighted profile R,
denoted Rp, is an index indicating the reliability of the agreement between the
observed and calculated patte(Bsellings, 2016; Tsubota & Kitagawa, 201&n

Rwp value below 15% generally means that the analysis results are rétiaialeg

et al., 2017; Chang et al., 201 Based on the g values of the quantitative XRD
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analysis of the mixes, it can be said thatghantitative phase compositianalysis

results are reliable.

In all mixes, ye'elimite phaseasclearly detectedMix A, whose alumina ishe
highesthas the highest ye'elimite content at 48%, while Mix B and Mix C coatain
similar amountof ye'elimite at 35% and 33%, respectivelAnhydrite phase,hie
other phaseexpected to be presenwvas alsoidentified in all mixes. While the
anhydrite content of Mix A and Mix B is close to each other, Mix C contains about
twice as muclanhydriteas the othersThe other phases identified waresrwinite,
ellestadite belite, and perovskiteContrary tothe literature higher amounts of
merwinite and ellestadite phases were detected in aksnBaO and SiQ@ two
important oxides required for the formation of belite, were seen to be involved in the
formation of the merwinite and ellestadite phasEse amount of belite and
perovskite phases was quite lawall three mixesPerovskite can be considerad

hydraulically inactivamineral(Juenger et al., 2011)

Merwinite, a Ca, Mg-, S, and O-bearingmineral, has beemregarded as non
hydraulicor hydraulically less active minerat ambient temperatu®ian et al.,
1997; Wang et al ., 2011,; Kr .iKaskovavehal. et al
(2014)tried toincrease the hydraulic activity sf/ntheaic mervinite by mechanical

and chemicahctivation. As a result of mechanical activation by increasing the
finenesgdoo< 4 € mthey obtained strength of 1.9MPaat 7 days, 2.4 MPat 28

days and5.3MPaat 90 daysThe main hydration products formed weeportedas

crystalline andamorphous €5-H and brucite (Mg(OH). Portlandite was also

observed as a result of chemical activatiam, alkali activation.

On the other hand)lestadite is a mineral belonging to the mineral group of calcium
silicate sulfate apatites, whose vagstare distinguished by their end members, e.g.,
F (fluorellestadite), CI (chlorellestaditepr OH (hydroxylellestaditeYRouse &
Dunn, 1982) Ellestadite detected inll three mixes ighoughtto be Cl-bearing
fluorellestadite(Avdontceva et al., 2021}t is also referred to as-éllestaditeor

EllestaditeF. In manufacturing?ortland clinker, mineralizers and/or fluxes are often
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added to the raw mixes to accelerate reactions and improve combustitshign
the mineralization pair CafcaSQ is used instead of the traditional fluxes such as
FeOs3 and AbQOg, this can lead to the formation fidiorellestaditeduring the clinker
phase(Pajares et al., 2002Haha et al. (2019also stated that the presence of
fluorellestaditein CSA clinkers might be due to the use of a fluowoataining
mineralizing agent or fluorireontaining raw materials such as fluorogypsum.
Likewise, Isteri et al.(2020)statedthattheformation offl uorellestadite in the CSA
clinker they synthesized was due to the fluorine contentargbn oxygen
decarburization (AOD slag from stainless steel productiomne of the raw
components of CSAlinker. Similarly, the formation of ellestadite in the produced
CSA cements is thought to be related to the fluorine (F) and chlorine (C) sontent

the raw materials usatlringthe productio stage.

In the literature,@me studies statedatfluorellestaditehas nqPdllman,2002; Isteri
et al., 2020)or poor hydraulic propertiegisteri et al., 2021)Trauchessec et al.
(2014) detected thafluorellestaditewas nothydraulically activebased on XRD
analyses performed owmnemonth hydrated cement blends containing/%
fluorellestadite In white OPC, it was observed to be unreactive during 90 afays
hydration(Trauchessec et al., 201%)n the other handome other studies stated
that fluorellestaditephase is hydraulically activéMartin et al., 2017; Haha et al.,
2019) Haha et al. (2019ktated that silicatbearing phases like belite and
fluorellestaditedissolve much more slowly anih a lesser extent, resulting in
stratlingite formation.Martin et al. (2017)also observeda decrease in the
fluorellestaditepeak intensities in XRD analysis of 3@@y hydrated CSA cement
containingfluorellestaditeand estimatedhe fluorellestadités hydration levelto be
80%.Theyalsonoted thathefluorellestaditereactionsareexpectedo be similar to
those of beliteand provideadditional sulfatdor the ettringite and/or monosulfate
formation.Considering this informatiorfiluorellestaditeappears to be reaet in the
long term, even if it is hydraulically activen view of all this fluorellestaditeanay
be consideredsa phase to bminimized oravoidedin the clinkerbecause of iteao

or low hydraulic character. The binding of the valuable oxidethe raw materials
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such agCaO, SiQ, and SG; with F prevents the formation of hydraulically more
active phasefsteri et al., 2020, 2021)

4.2.3 Physical Properties

Some physical properties of tlereeCSA cements are givein Table4.4 and he

particle size distributiongPSD) are shown inFigure 4.2. In terms of physical

properties, it can be said that they are similéwe cementfave a faster initial and

final setting time than PCsnd their stting time values are close to each other.

Soundness values are the same

Table4.4 Some physical properties thfe CSAcements

Property Unit Mix A Mix B Mix C
Density glcm®  2.94 2.99 3.00
Blaine cné/lg 4600 4510 4900
Normal consistency % 23.5 22.3 23.3
Initial setting time  min 12 15 11
Final setting time  min 25 30 26
Soundness mm 1 1 1
5100
c 90
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2 70
s 60
a 50
S 40
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Figure4.2 Particle size distbutions ofthe CSA cements
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The do, dso, and do sizesobtainedrom the PSD analyses of th@xesarepresented

in Table4.5. According to the results, 10% of the cement particles are smaller than

1le mand50% of the particles atessthan abou8e m. Wher eas 90% of t |
in Mix B and C are small er tehmbomMixAbout 60

Table4.5 SomePSD parametersf the CSAcements

d Unit MixA MixB MixC

dio em 1.09 1.19 1.14
dso em 7.99 8.55 7.32
doo em 6881 5835 60.11

4.2.4 SEM Imagesof CSA Cements

Figure4.3, Figure4.4, andFigure4.5 showthe SEM imagesf Mix A, Mix B, ard

Mix C, respectivelylt should be noted that these SEM images were obtained on the

ground CSA cements during the COVID pandemic, where our access to the

| aboratory was gui te l i mi t ed. valuabeer ef or ¢
information other than validating the presence of the oxides by EDX andljsis.

EDX analysis results of MiA, B, and C taken from theenterof the imagesare

listed inTable4.6, Table4.7, andTable4.8, respectively.

(b)
Figure4.3 SEM imags of Mix A (a) 1000 X (b) 4000 X
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Table4.6 EDX quantitative analysis resulté Mix A

Element (wt%) (@ (b)
O 35.92 36.59
Ca 35.91 27.24
Al 11.17 16.63
Si 10.39 5.44
S 3.40 5.15
Mg 2.82 1.59
Fe 0.89 1.68
C - 5.68

(b)
Figure4.4 SEM imags of Mix B (a) 1000 X (b) 4000 X

Table4.7 EDX quantitative analysis resulb$é Mix B

Element (wt%) @ (b)

@] 36.60 39.04
Ca 26.85 29.39
Al 13.79 11.05
Si 5.05 7.09
S 6.51 6.30
Mg 2.29 1.93
Fe 1.62 0.89
C 7.30 4.30
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METU CENTRAL LAB

Figure4.5 SEM imags of Mix C (a) 1000 X (b) 4000 X

Table4.8 EDX quantitative analysis results of Mix C

Element (wt%) @ (b)
O 35.70 37.53
Ca 29.86 30.87
Al 11.22 9.29
Si 6.91 6.85
S 7.36 8.83
Mg 2.73 2.87
Fe 0.86 0.93
C 5.37 2.82

4.3  Characterization of the Hydration Behavior of the CSACements

4.3.1 Heat Evolution

Themeasuredumulativeheatprofilesof theCSA cement pastes during the 72 hours
and the calculated heat flow of thastesareshownin Figure 4.6andFigure4.7 for

10 hoursand48 hoursrespectively.
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As seen irFigure4.6, Mix B and Mix C revealed a similar cumulative heat profile.
Although Mix A showed a higher cumulative heat at the end of 3 days, it evolved a
lower cumulative heat until the 20th hour of hydration. At the 20th hour, the
cumulative heat value @l three mixes was approximately 226 J/g. The total heat
evolution after 72 h of hydration for Mix A, Mix B, and Mix C is 287, 262, and 261
J/g, respectively.

As seenin Figure4.7, the heat flow curvesf the pastefiavethreedistinct heat
release peak®ll the mixes showed a very rapid heat release peak around the first
five minutes of hydration. The first heat release peak is due to wetting and a
dissolution of anhydrous phases such as ye'elimite and anhpdfim@efeld &
Barlag, 2010; Bullerjahn et al., 2019he second heat release peak occurred at about
one hour of hydration for Mix A and B. Mix C showed similar heat flow curve as
Mix B, but its hydration ate was slower than Mix B. The second peak was located
at about two hours for Mix CThe seconcheat releas@eakis associated with
nucleation and growth of hydrate phases, mostly probably ettrifgite.is also
formed in addition to ettringit@Vinnefeld & Barlag, 2010; Chen & Juenger, 2012)
Depending on thenolar ratioof calcium sulfatdo ye'elimite in the mediur(if less

than 2),monosulfate may also forms aproduct, andhethird heat release peak is
associated with the formation of AFtype phases after sulfate deplet{gvinnefeld

& Barlag, 2010; Aranda & De la Torre, 2013he molar ratio of calcium sulfe to
ye'elimite was calculated from XRD quantitative anaykata anevas found a&.2,

1.7, and 3.4 foMix A, Mix B, andMix C, respectivelySince the calculated molar
ratio of calcium sulfate to ye'elimite for Mix A and B was less than 2, the
monoslfate formationi.e., another peakyas expected. In contratte monosulfate
formationwas not expected for Mix C due to its molar ratio being greater thian 2.

is thought that the third peak may also be related to the ongoing ettringite and AH
formaion. The rate of heat of hydration of Mix A slowed down after the second heat
release peak and showed a less intense and broad third peak at abdutel®ind

peak occurred at 2.6 h and 4.3 h for Mix B and Mix C, respectively, after which heat

releasggradually decreased up to 24lthhas been reported that in the absence of a
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source of calcium sulfate, ye'elimite hydration is s{@Minnefeld & Barlag, 2010;
Juenger et al., 2011Jhus, ompared to Mix B and Ghe slower hydration kinetics
of Mix A can be attributed to it®latively highercontent ofye'elimite and lower
content ofanhydrite.

4.3.2 X-Ray Diffraction Analysis

The hydration progress of tl&SA cementswas qualitatively monitoredby XRD
analyesof the pastefrom 1 hour to 360 day$igure4.8 shows the XRD pattens

of Mix A pastest different curing times water The figurealsoincludesthe XRD
pattern of the unhydratedix A. The patterns given iRigure4.8 indicate that the
primary hydration product of Mix A is ettringitdlonosulfate is hardly visible in
XRD analysis due to its low crystallinityWinnefeld & Barlag, 2010) Also
considering its overlap peak with the ettringite peiéks difficult to infer the
presence of monosulfate as a hyraproduct. After one hour of hydration, the
intensity ofye'elimite and anhydrite peaks began to decrease, while the ettringite
peaks started to be seen simultaneously. At the end ofittiesitith, and 2% hours,
further reductions irthe intensity ofye'elimite and anhydrite peaksd further
increases ihe intensity ofettringite peaksvere observedYe'elimite appeared to

be extensively hydrated after three days and was almost emtyptiepleted after
seven days ohydration However, aminimal ye'elimite peak still existedn the

360" day of hydrationAs a result of the reaction of ye'elimite with anhydrite,
aluminum hydroxide is also formed together with ettringite. Duetgoinitial
amorphous nature, AHnay not be directly identified by XRD; however, it may be
crystallized as gibbsite latéAranda & De la Torre2013) Traces of gibbsite were
found from the seventh day. The rate of ettringite formation decreased from the
seventh day of hydration. A slight increase was observed intdresity ofettringite
peaks up to the 18aday, and a decreasetime intersity of these peaks occurred on
the 360" day of hydration. This decrease is thought to be related to the carbonation
of ettringite, as CaCQpeaks were observed in the samples frorf @ay. In
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addition, no significant change was detected when the méewpgaks were
followed. Regardingfluorellestadite when its two main diffraction peaks were
followed, it was observed to have a slight reduction in the intensity of the peaks on
the 360" day. However, this observation alone does not necessarily indicate
fluorellestadite has hydratedaha et al. (201%tated that the hydration reaction of
fluorellestadite might lead tstratlingiteformation. Martin et al. (2017) also noted
that they expedthe hydration reactions dfuorellestaditeto be similar to those of
belite and to provideadditional sulfate fo the ettringite and/or monosulfate
formation. Althougha slight decrease irthe main fluorellestaditgpeaks was
observedno new product formation was detectedhe XRD resultof Mix A at
360" day.
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Unhydrated

Figure4.8 XRD patterns of Mix A at different curing times (Ye'elimite andA:
Anhydrite, M: Merwinite, F: FluordlestaditeE: Ettringite, Ms: Monosulfate, C:
Calcium carbonate, GGibbsite)
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Figure4.9 shows the XRD patterns of Mix B pastes at different curing times in water.
The figure also includes the XRD pattern of the unhydratedpounds oMix B.

The patterns shown iRigure 4.9 confirm that ettringite forms while consuming
ye'elimite and anhydrite with time. Ettringite peaks, which started to be seen from
the first hour of hydration, became cligarisible at the end of the first day, and the
decline in the intensity of ye'elimite and anhydrite peaks contir@@asidering the
gypsum peaks observed in the XRD analysis performed afthed13® hours of
hydration, it can be said that gypsumasiied as an intermediate hydration product
because ofanhydrite conversion to gypsum. However, no gypsum peaks were
observed at the'Bhour. Accordingly, it can be said that gypsum is consuntat
ettringite is formedThe ye'elimite phase, highhydrated at the end of the third day,
seems to be almost completely consumed by the end of the seventh day. Traces of
gibbsite were found from the seventh day. Since the seventh day of hydration, the
rate of ettringite generation has decreased. There slighaincrease in the intensity

of ettringite peaks until the 18alay of hydration, and a drop was observed in the
intensity of these peaks on the 8afay. As with Mix A, CaC@peaks were also
observed for Mix B from day 90. Hence, the decrease énetlringite peaks is
thought to be related to the carbonation of ettringite. In addition, no significant
change was detected when the merwinite peaks were followed. Regarding
fluorellestadite, a similar behavior to Mix A was observed. There was a slight
reduction in the intensity of two main diffraction peaks of fluorellestadite on the
360" day. However, a new hydration product formation was not detected in the XRD
results of Mix Bat 360" day.

Figure 4.10 shows the XRD patterns of Mix C pastes at different curing times in
water. The figure also includes the XRD pattern of the unhydsgpounds of

Mix C. Similar observations made for Mix B were also made for MiRi@erently,

a small anhydrite peak was still identified in Mix C after about one year of hydration.
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Figure4.9 XRD patterns of Mix B at different curing tim€g: Ye'elimite and A:
Anhydrite, M: Merwinite, F: FluordlestaditeE: Ettringite, Ms: Monosulfate,
C:Calcium carbonate, G: Gypsum, Gi:Gibbsite)
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Figure4.10 XRD patterns of Mix C at different curing tim€g: Ye'elimite and A:
Anhydrite, M: Merwinite, F: FluordlestaditeE: Ettringite, Ms: Monosulfate, C:

Calcium carbonate, G: Gypsum, Giibbsite)
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4.3.3 TGA/DTA Analysis

The hydration progressf the CSA cementsvas also monitored with thermal
analyes.The DTA andTGA curvesof Mix A pastescuredin waterfor 7, 28, 9Q

180, and 360 days arandicatedin Figure 4.11. Figure 4.11-a shows thatthree
endothermic peakat around 100 °Cin the range of 200 °@ 300 T, and650 °C

to 700 °Cwerefoundon alltestdays.In addition,atiny endothermic peawasseen
ataroundl115°Cat 180 d and 360 d of hydration dain cementitious systems the
masdoss up to about 600 °C is generally due to the loss of water, and over 600 °C,

mostly with the release of GQ@Scrivener et al., 2016)

The first endothermic peak at around01°C in the curves is associated with the
decomposition of ettringitdduring the hydration oye'elimite, AR is alsoformed

in addition toettringite and monosulfate may also be formed depending on the
amount of calcium sulfate in tmeedium While it is difficult to detect the presence

of AHz and monosulfaten XRD due tatheiramorphous structuréheirpresence can

be detected through thermal analygdsnorphous AH loses its bound water at
around 25e280 °C and monosulfate at around 170(Y@nnefeld & Barlag, 2010)
Consistent with this information, the endothermic peak betweer8200C can be
associated with weight loss due to AK clear peak was not observed at around
170 °C. From the'7day of lydration,a peakassociated with the decomposition of
CaCQ was seen at around 700 °Although this peak is not very evident for the
first 90 days, it is clearly visible on the 88nd 368" hydration days. At the same
time, avery small peak around 11% was observed in the analyses performed on
the 180" and 36 hydration days, which can be associated with weight loss of
gypsum(Song et al., 2015} urthermorethe ettringite peakslightly decreasean

the 360" day compared tahe 180" day. All of this has been associated with the
carbonation of ettringitevhich leads to the decomposition of ettringite into gypsum,
calcium carbonate, and alumindipdroxide, aseenin Equation 21.
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Figure4.11(a) DTA and (b)TGA results of Mk A pastesat different curing times

The DTA and TGA curves of Mix Bnd Mix Cpastes cured in water for 7, 28, 90,
180, and 360 days askownin Figure4.12 andFigure4.13, respectively Similar
observations made for Mi& were also made for MiB and Mix C It should be
noted that 1 day results for Mix B and C were obtainfedm air-cured specimen

and he presence of a small amountpafakcan beassociatedvith weight loss of

gypsum
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Figure4.12 (a) DTA and (b) TGA results of Mix B pastes at different curing times
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Figure4.13(a) DTA and (b) TGA results of Mix C pastes at different curing times

434 Carbonation Issue

As mentioned earlieCaCQ peaks were observed in the XRD analyses performed
from the 98" day of hydration in all three wateured CSA cementsvioreover,
especially on the 360day, a decrease in the intensity of the ettringite peelkite
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an increasan the intensity of CaCg@peakssignaled occurrence afarbonation
during CSA hydrationSimilar carbonation related observatidre/e also been made

with TGA/DTA analysesBesidesthe CaCQ peak, avery tiny gypsum peak was

also detecteduringthermalanalyseson 180" and 366" day. It is believed that the
reason why gypsum could not be detected in XRD analyses is because of its small
amount. At the same time, the m&aCQ peak at about 280 °2d and a gypsum

peak overlapmaking a clear distinctiondifficult. Thesephenomenahave been
associated with the carbonation of ettringite, which is accompanied by the formation
of calcium carbonate, gypsum, and aluminum hydrgxadeshown in Equation 21

presented in Chapter 2

Therefore, m addition to watecured CSA cementghe air-cured pasteswere
analyzedy XRD and TGA/DTAon the 18t and 368 day of hydratiorin terms of
carbonation behaviofrigure 4.14, Figure 4.15, and Figure 4.16 show the XRD
patterns of akcured paste samples fora.8nd 360 days for Mix A, Mix B, and Mix

C, respectively As can be seen from the diffraction patterns in the figures, the
gypsum peakare clearly visible in the atcured samplegynlike the watefcured
samplesComparing the hydration results of 180 and 360 days, we can see that the
intensity ofgypsum peakslightly increasswhile the intensity of the ettringite peaks
slightly decrease®n the 368 day. Since the main peak of calcium carbonate
coincides witha peak ofyypsum,a preciseobservatioraboutthe calcium carbonate
couldnotbe madeHowever, it can be stated that carbonatibettringiteincreases
relatively from the 180 day to the 360 day. The results show more clearly that
ettringite is carboatedwith timein air-cured samples a more noticeable amount
whencompared tovatercured sampledt should be noted that the samples analyzed
were quite smal having a circular plate geometry with an average diameter of 30

mm, andathicknessof 5 mm.
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Figure4.14 XRD patterns ofir-curedMix A pastes ail80 and 360 daysf
hydration
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Figure4.15 XRD patterns of aicured Mix B pastestd 80 and 360 days of
hydration
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Figure4.16 XRD patterns of akcured Mix C pastes at 180 and 360 days of
hydration

In addition to XRD analyses, TGA/DTA analyses walsoperformedfor the air
cured pastes on the 18and 368" day of hydration.Figure4.17, Figure4.18, and
Figure4.19 show theDTA and TGA curve®f air-cured paste samples for 180 and
360days for Mix A, Mix B, and Mix C, respectivelAs seenn thethreefigures,
there ardour distinct endothermic pealks the range of 90 °C to 100 ;€00 °C to
115°C, 200 °C to 300 °C, and 65°C to 700 °Cwhich can be associated with
dehydration ofettringite, gypsum, aluminum hydroxidend calcium carbonate,
respectively.Therefore, he XRD results are the confirmed by thermal analyses
results. In additionthe presence of aluminum hydrd&i wasrevealedin thermal
analyses, wich could not be detected in XRD anaysdue to its amorphous
structure In other wordsthe carbonation products of ettringjtealcium carbonate,
gypsum, and aluminum hydroxide, wadentified with thermal analyses fall three
mixes as shown irEquation 21 According toTGA dataof the mixes, the weight
losses above 600 “@ere calculated as 6.4%, 5.3%, and 6.7% for Mix A, Rjx
and Mix C on the 180day, respectively. On the other hand, the losses on thie 360
day were found as 7.5%, 7.5%, and 7.9% for Mix A, Mix B, and Mix C, respectively.
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