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Abstract

Abstract

Many companies are revising their business operatiwhilst gearing their pursuit of profitable
growth to the assurance of environmental protectow quality of life for present and future
generations. Even when this adaption is not desihey are forced to it by economic necessity, ijoubl
opinion or by governmental pressure to decreasé& #mological impact. Based on this new
perspective, some companies are thus beginning ake nsignificant changes in their policies,
commitments and business strategies.

The cement manufacturing process consumes largdtitigs of non-renewable raw materials. This
process is also an important source of, @@issions. Many initiatives are already taken akenthe
cement production processes more sustainable. &fihert sustainability initiative is one example that
demonstrates the global effort of the cement inglust pursuing sustainable development. This PhD
study is elaborated in line with the cement susfaility initiative. It explores how the cement irgity
could integrate by-products or recovered matenatsof the building and construction sector in thei
Portland clinker process, which is a part of theneet manufacturing process. Indeed, different
producers and consumers within this sector coulth&xge materials or energy to pursue mutual
ecological advantage.

To determine the fitness of these by-products oyaled materials as alternative raw material, djgeci
material properties important for Portland clink@oduction were investigated in a practical and
objective way to not lose track with the real matdiring process itself. To determine this specific
fitness, a good evaluation of the physical, chehdcal mineralogical composition and variation of
these materials is necessary. Furthermore, theataimulations of alternative clinker compositions
or artificial made Portland clinkers on lab scabvd to be used to evaluate the impact of these
materials on the Portland clinker process.

It is quite difficult to realistically simulate clker production on lab scale because of the specifi
construction of a clinker kiln. The typical propeg of a kiln have to be taken into account while
imitating the production process to generate dficiat clinker. Therefore, a specific set-up wased

to make an objective evaluation of the fitness wfadternative raw material possible. Variations
specific for the simulation itself were identifieayoided if possible and included in the evaluatibn
the final results if necessary.

Three factories located in the Benelux were chdseact as a reference for the Portland clinker
process. By their different technical specificati@s well as used Classic Raw Materials (CRM), they
will deal in another way with these by-products m@cycled materials resulting in specific
mathematical simulations and the artificial prodlicknkers which will differ from each other.

Five specific material sources were investigategp@ssible alternative raw materials for Portland
clinker production. Their recycling in the Portlaclihker process could lower use of natural resesirc

and counter landfill. They were specifically chogenrepresent a wide variety of materials having

9



Abstract

their origin as by-product out of an existing protion process or as waste material from demolished
building or concrete constructions.

First, the impact of by-products out of porphyrydasolomitic limestone aggregates production on
Portland clinker production was investigated. Pgrptand dolomitic limestone aggregates represent a
group of raw materials which are used at a dailgeba many construction applications. The
by-products are generated in the processing steipgorove the quality of the produced aggregates. |
most cases, this improved aggregate quality waate an ecological benefit in the related appbeeti
such as concrete and asphalt. By avoiding wasposhid by landfill and a redistribution of the energ
required for the aggregates production process, herisation of these by-products is also
ecologically and economically beneficial for thegeegates manufacturing business itself. A recycling
of both aggregate types at the end of a life cgéla derived concrete or building material coulsioal

be a valid source for these types of materials.

Neither porphyry nor dolomitic limestone is up Umow used at regular base in Portland clinker
production. This is partly due to the presence ighHevels of MgO. MgO is avoided in Portland
clinker production due to the specific limitatiomgthin national and international cement standards
related to the risk of unsoundness of concretes viestigation, nevertheless demonstrated that, MgO
when cautiously introduced in line with well-defthémitations, should rather be taken into account
for its positive mineralogical influence on clinkéran avoided because of its possible periclase
formation and related unsoundness properties. igaliion of by-products of porphyry and dolomitic
limestone materials in Portland clinker producticould therefore be maintained as valuable and
realistic solution.

Secondly, materials out of niche markets for cemmmmsumption in the form of non-asbestos
fibrecement and cellular concrete were investigatbése materials show a limited chemical variation
initiated by their specific production processetrécement as well as cellular concrete materials
could have their origin as by-product out of tteim production process or as demolition wasteat th
end of a life cycle. A small chemical variation tbe raw material mix is a very important process
parameter for Portland clinker production which stahtiates the choice of these materials.
Non-asbestos fibrecement is partly composed oudrgénic fibres as cellulose, polyvinyl alcohol
and/or polypropylene which replaced asbestos idieeaversions of fibrecement. Furthermore
fibrecement as well as cellular concrete contagaoic contaminations in the form of glues, plastics
paint etc. when recycled out of an end of life eyof a construction. Presence of organic components
in the raw material mix could provoke blockagetté tyclone tower as well as generate a crossing of
the TOC (Total Organic Carbon) emission limits la¢ tchimney of the Portland clinker process.
Nevertheless this investigation demonstrates thaiptesence of these organic constituents in a raw
material, although better avoided, is not insurntable if introduced at a specific point of the
Portland production process. Non-asbestos fibreoeowmuld for this reason be catalogued as a valid

raw material for Portland clinker production. Ore tiother hand, research on cellular concrete

10



Abstract

demonstrated that the presence of high levels afseoquartz particles makes it a raw material
unsuited for Portland clinker production. Finenasd particle size distributions affect the burrigbil

of the raw material mix. A sufficient specific sack area has to be created to facilitate the sigter
process and to decrease sintering temperature tZ(&60,) particles although having a quite high
mineral hardness have to be ground the finestt@mirobptimal burnability of the raw material mix.
Finally by-products out of common concrete produttin the form of concrete sludge and waste
materials out of demolished concrete in the fornfireds fractions were investigated as raw material
for Portland clinker production. Common concretpresents the biggest market as a function of
cement consumption and is therefore a logical &eiben investigating possible alternative raw
materials out of the construction sector. For thalieation of concrete sludge, eighty-seven samples
were collected to have a good overview of its cloamivariation. Out of this evaluation, it was
concluded that the big chemical variation makescoste sludge unsuited for Portland clinker
production. Also the possible presence of coarsetgparticles was investigated and demonstrated to
be a serious bottleneck although preparation pHagssreening allowed to successfully decrease the
presence of coarse quartz particles and to imptbeerelated burnability of the alternative raw
material mix. Nevertheless, these preparation phaseed out to be ineffective to improve the
chemical variation. Concrete sludge has therefol@tavoided for Portland clinker production.
Although fines fractions out of recycled concretw a&oncrete sludge originate both from the same
base material, the fines fractions out of recyatedcrete demonstrated to be different in terms of
physical, chemical as well as mineralogical comimsi when compared to concrete sludge. A
reduction in chemical variation of these fines fi@ts was obtained by the use of innovative
separation techniques. Fines fractions seem to \@dich raw material if generated by these specific
separation techniques. Nevertheless, more sampilksbev necessary to evaluate the chemical
composition, the related dosing potential as weth& necessity of a homogenisation phase.

The examination of the suitability of these fivaeahative raw materials for Portland clinker
production is also an effort to determine attenfioints and thus facilitate future evaluations thfen
materials than those investigated in this PhD stddhese attention points are related to specific
properties of a material such as its chemical tiariathe presence of organic constituents, itsaye
chemical composition, fluxing effects due to thegance of some minor components, its particle size
distribution as a function of its mineralogical qoosition, and possible material preparations phases
The fitness of a material as alternative raw malefor Portland clinker production will be a
combination of each of these points and their comdbimpact on the Portland clinker process and the
final Portland clinker quality. At the one handjngsan alternative raw material could improve the
environmental impact of its proper production psseand decrease waste disposal by landfill.
Nevertheless, on the other hand, it could be dladshs a non-sustainable solution if it has a tiega
influence on the Portland clinker process and falimker quality. Indeed, the environmental impact

analysis of the specific valorisation of an altéiwvearaw material in Portland clinker productiorstta
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be an objective evaluation of pro’s and con’s,dtednine whether it can be classified as a negtiate
the continuing sustainable development of the cémeaduction process, or better be avoided due to
the additional insurmountable energy expenditureafternative raw material valorisation or/and an
adverse impact on the Portland clinker processqaiatity.

Although no sufficient data were available to perfcan objective LCA (Life Cycle Assessment) on
the use of each of the five investigated mateiiathe Portland clinker production or the produatio
processes where they originated from, an evaludtased on the normalised guidelines of the LCA

procedure was still possible.
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Abstract

Verschillende bedrijven herzien hun bedrijfsvoeriomm de bescherming van het milieu en het
vrijwaren van de levenskwaliteit voor de huidigeteakomstige generaties overeen te laten stemmen
met hun streven naar winstgevende groei. Zelfs emnme zich niet vrijwillig zouden aanpassen,
worden zij hiertoe verplicht door economische n@adz de publieke opinie of de druk van
overheidsinstanties om hun ecologische impact tenimeleren. Hiervan uitgaande, zijn sommige
bedrijven begonnen met het maken van significaeleidlsveranderingen en het wijzigen van hun
lange termijn verbintenissen en zakelijke stratgie

Het cementproductieproces verbruikt grote hoeveeheiet-hernieuwbare grondstoffen. Dit proces
is 00k een belangrijke bron van ¢g@missies. Er werden reeds veel initiatieven gemooma het
proces te optimaliseren. Het cement-duurzaamhdiidsief is hiervan een voorbeeld. Het toont aan
op welke wijze de cementindustrie, wereldwijd, daaamheid nastreeft.

Dit doctoraatsonderzoek kadert in dit cement—dwanmdeeidsinitiatief. Doelstelling ervan is om te
onderzoeken hoe de cementindustrie bijproductergestecycleerde materialen uit de bouw- en
constructiesector in haar Portlandklinkerproces kategreren. Het opzet is dat verschillende
producenten en consumenten binnen deze sectoriateteof energie uitwisselen om een wederzijds
ecologisch voordeel te bekomen.

Om de geschiktheid van bijproducten of gerecupdesenaterialen uit afvalstromen als alternatieve
grondstof vast te stellen, werden op een praktisad®e objectieve manier specifieke
materiaaleigenschappen onderzocht. Uitgangspuntbipievas het reéle productieproces van
Portlandklinker. Om deze specifieke geschiktheithdpalen is een goede evaluatie van de fysische,
chemische en mineralogische samenstelling en ierisin deze materialen noodzakelijk.
Theoretische simulaties van alternatieve klinkeesastellingen of artificieel gemaakte
Portlandklinkers werden gebruikt om de impact vamedmaterialen op het Portlandklinkerproces te
evalueren.

Het is vrij moeilijk om klinkerproductie op een fistische wijze op laboratoriumschaal te simuleren
vanwege de specifieke constructie van een echtd&étlbven. De typische eigenschappen van een
klinkeroven moeten in rekening worden gebrachthieij imiteren van het productieproces voor het
aanmaken van artificiéle Portlandklinkers. Om dezten werd een specifieke set-up gebruikt om een
objectieve evaluatie van de geschiktheid van etarratieve grondstof mogelijk te maken. In de
uiteindelijke evaluatie van de eindresultaten werdariaties, specifiek voor de simulatie op zich,
geidentificeerd en meegenomen of indien mogeliggmeden. Drie fabrieken binnen de Benelux
werden gekozen om op te treden als referentie webPortlandklinkerproces. Door hun verschillende
technische specificaties, en het verschil in deuykte grondstoffen, zullen ze op een andere manier
omgaan met bijproducten of gerecycleerde materialgih brengt met zich mee dat specifieke

simulaties en artificiéle klinkerstalen sterk vdlkaar kunnen verschillen.
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Vijf specifieke materiaalbronnen werden onderzoelld mogelijke alternatieve grondstof voor
Portlandklinkerproductie. Allen kunnen ze het gébruan natuurlijke grondstoffen beperken en
eveneens de mogelijke storting van afval vermijdenwerd gestreefd naar een grote verscheidenheid
van materialen; De materiaalbronnen werden spegja@libzen als vertegenwoordiger van een
bijproduct uit een bestaand productieproces oaBlalmateriaal uit een gesloopt gebouw of betonnen
constructie.

Vooreerst werden bijproducten uit de productie parfier en gedolomitiseerde kalksteengranulaten
op hun effect op de Portlandklinkerproductie ondeht. Porfier en gedolomitiseerde
kalksteengranulaten vertegenwoordigen een groep grandstoffen die op dagdagelijkse basis
gebruikt worden in verscheidene bouwtoepassingenomerzochte bijproducten komen vrij tijdens
verschillende bewerkingsstappen om de kwaliteitd@igranulaten te verbeteren.

In de meeste gevallen zal deze verbeterde granulaiditeit, een ecologisch voordeel creéren voor
de afgeleide toepassingen zoals beton en asfait. d® granulatenproducenten zelf, is de valorisatie
van deze bijproducten ecologisch en economischdedigr Het vermijdt stortafval en biedt de
mogelijkheid om de energie noodzakelijk voor hetductieproces te herverdelen. Recyclage van
beide granulaattypes op het einde van de levensyeln een afgeleid beton- of bouwmateriaal zou
ook een valabele bron voor dit type van materilemen zijn.

Porfier noch gedolomitiseerde kalksteen wordenomtvandaag op regelmatige basis gebruikt in
Portlandklinkerproductie. Dit is deels te wijtenaan de aanwezigheid van hoge gehaltes aan MgO.
MgO wordt in Portlandklinkerproductie vermeden oithevivan de specifieke beperkingen binnen de
verschillende nationale en internationale cementeor Dit met betrekking tot het risico op
betonexpansie. Door dit onderzoek werd echter daaogd dat indien MgO voorzichtig wordt
geintroduceerd volgens goed gedefinieerde beperkinget beter is om kleine MgO-concentraties in
de grondstoffenmix te behouden omwille van huntjma mineralogische invioed op Portlandklinker
dan ze te vermijden vanwege mogelijke periclaasaiimy en gerelateerde expansieproblemen op
verhard beton. Het gebruik van bijproducten uitfiporen gedolomitiseerde kalksteenmaterialen als
alternatieve grondstof in Portlandklinkerproduckien hierdoor dus beschouwd worden als een
waardevolle en realistische oplossing.

Ten tweede werden materialen uit nichemarkten veementconsumptie, zoals asbestvrije
vezelcement en cellenbeton, onderzocht. Deze rabrrbezitten een beperkte chemische variatie
dankzij hun specifieke productieprocessen. Eemé&lehemische variatie van de grondstoffenmix is
een uiterst belangrijke procesparameter voor Rulklinkerproductie. Vezelcement alsook
cellenbeton kunnen als bijproduct van hun eigemyctieproces of als sloopafval aan het einde van
een levenscyclus worden gerecycleerd. Asbestvrgeeleement is gedeeltelijk opgebouwd uit
organische vezels zoals cellulose, polyvinyl aldolem/of polypropyleen. Zij vervingen de
asbestvezels in eerdere versies van vezelcementlcément en cellenbeton bevatten eveneens

organische verontreinigingen in de vorm van lijmiumststoffen, verf enz. wanneer ze gerecycleerd
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worden op het einde van een levenscyclus van esstragotie. De aanwezigheid van organische
componenten in de grondstoffenmix kan echter vppsihg van de cyclonentoren van een klinkeroven
veroorzaken en leiden tot een overschrijding vaTf@Q€ (Total Organic Carbon) emissielimieten bij
de schoorsteen van het Portlandklinkerproces. éfiett bleek uit dit onderzoek dat de aanwezigheid
van organische componenten in een grondstof, hodstdr vermeden, niet onoverkomelijk is
wanneer de grondstof op een specifieke plaats birdret Portlandklinker productieproces wordt
ingebracht. Asbestvrije vezelcement kan om dezerr@dbrden beschouwd als een valabele grondstof
voor Portlandklinkerproductie.

Anderzijds heeft het onderzoek op cellenbeton daoge dat de aanwezigheid van hoge
concentraties aan grove kwartsdeeltjes, cellenbetmgeschikt maakt als grondstof voor
Portlandklinkerproductie. Fijnheid en deeltjesgtewérdeling hebben een invioed op de
brandbaarheid van de grondstoffenmix. Een voldoegamt specifiek oppervlak moet worden
gecreéerd om het sinterproces te vergemakkelijketheesintertemperatuur te verlagen. Kwarts (5iO
deeltjes die een vrij hoge minerale hardheid bmzittmoeten het fijnst worden gemalen om de
optimale brandbaarheid van de grondstoffenmix keinen.

Tenslotte werden bijproducten van een normale Ipetatuctie zoals betonslib en afvalproducten uit
gesloopt beton in de vorm van fijne fracties ondeht als grondstof voor Portlandklinkerproductie.
Beton vertegenwoordigt de grootste markt in funed@ de gerelateerde cementconsumptie en was
daarom een logische keuze bij het onderzoek nagelijfiee alternatieve grondstoffen uit de bouw- en
constructiesector. Voor de evaluatie van betonsébden zevenentachtig monsters verzameld om een
goed beeld te krijgen van de chemische variatiebedonslib. Uit deze evaluatie kon besloten worden
dat de grote chemische variatie, betonslib ongkschaakt voor Portlandklinkerproductie. Ook de
mogelijke aanwezigheid van grove kwartsdeeltjesdvarderzocht. Dit bleek een ernstig knelpunt te
zZijn. Een voorafzeving om de aanwezigheid van dgzsre kwartsdelen te verlagen en hierdoor
succesvol de gerelateerde brandbaarheid van deadltye grondstoffenmix verbeterde, bleek echter
ondoeltreffend te zijn om de chemische variatie viagbeteren. Betonslib zou hierdoor voor
Portlandklinkerproductie moeten worden vermeden.

Ondanks dat de fijne fracties uit gerecycleerd etn betonslib hun oorsprong vinden in hetzelfde
basismateriaal, werd toch aangetoond dat de fietiés uit gerecycleerd beton, in vergelijking met
betonslib, verschillend zijn op grond van hun fisiechemische en mineralogische samenstelling. Via
het gebruik van innovatieve scheidingstechnieligari deze fijne fracties wel een valabele grondstof
te zijn. Aanvullende monsters zullen echter nogdza&elijk zijn om de chemische samenstelling, het
gerelateerde doseerpotentieel en de mogelijke @addxan een homogenisatie fase verder te
evalueren.

Het geschiktheidsonderzoek van deze vijf altermatgrondstoffen voor Portlandklinkerproductie, liet
toe aandachtspunten te bepalen die de evaluatitogkomstige materialen, anders dan diegene reeds

onderzocht voor deze doctoraatstudie, te vergentigddie Deze aandachtspunten zijn gerelateerd aan
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de specifieke eigenschappen van een materiaal ziralshemische variatie, mogelijke aanwezigheid
van organische bestanddelen, hun gemiddelde cheenisamenstelling, mogelijke mineralogische
effecten door de aanwezigheid van bepaalde fludkemleeltjesgrootteverdeling in combinatie met een
bepaalde mineralogische samenstelling en mogelijkebereidingenstappen tot het verkrijgen van de
uiteindelijke alternatieve grondstof. De geschikdhean een materiaal als alternatieve grondstof voo
Portlandklinkerproductie zal telkens een combinaijie van elk van deze aandachtspunten alsook hun
gecombineerde impact op het Portlandklinkerprooedeeuiteindelijke Portlandklinkerkwaliteit.

Het aanwenden van een bijproduct als alternatieoedsgtof zou enerzijds de milieu impact van zijn
eigen productieproces kunnen verbeteren en tegsiljik het te storten afvalvolume kunnen verlagen.
Anderzijds zou het ook kunnen bestempeld wordeniatsduurzaam, mochten er negatieve invioeden
op het Portlandklinkerproces of de uiteindelijkinkérkwaliteit worden vastgesteld. De analyse van
de milieu-impact van de valorisatie van een spekéfi alternatieve grondstof in
Portlandklinkerproductie moet het resultaat zijm \een objectieve evaluatie zijn van alle pro 's en
contra's. Op die manier kan bepaald worden of dalarisatie beschouwd kan worden als een stap in
de duurzame ontwikkeling van het cementproductiegsp of beter vermeden wordt vanwege het
additionele energieverbruik en/of de negatieve thpap het Portlandklinkerproces en de finale
Portlandklinkerkwaliteit.

Hoewel er nog niet voldoende gegevens beschikbamerwom een objectieve LCA (Life Cycle
Assessment) -berekening uit te voeren op basiheagebruik van de vijf onderzochte materialen in
de Portlandklinkerproductie of op de productiepssesn waar ze vandaan komen, was een

beoordeling op basis van de genormaliseerde jjicdlivan de LCA procedure toch mogelijk.
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Chapter 1

General introduction

Architecture and civil engineering have always baenmportant part of human activity. In the course
of years, the materials out of which constructiame made have strongly evolved. Originally,
constructions were mainly build from natural subsé&s such as clay, rocks, sand, and wood, whereas
now they are more and more composed out of man-rpeatfucts. Concrete made with hydraulic
binders is by far the most widely used man-madesttoation material. It is indispensable for
infrastructure, industry and housing. Concreter@glpced with inert and reactive raw materials which
are easily available. Most of the concrete prodweeddwide today, is based on cement as a hydraulic
binder. Cement is composed out of raw materialscivldire present in nature, such as puzzolanic
materials, or which are formed artificially by armdustrial process, such as fly ash, blast furnkage s
and Portland clinker. Early versions of cement waready found in the third millennium B.C. in
Mesopotamia but it was only as of the time of theci@nt Macedonians that cement was used as raw
material in concrete and later on at larger scglRbman engineers. Cement in those days was a mix
of natural and artificial puzzolans as well as layeld non-hydraulic limgl]. It was only in 1824 that
the manufacture of Portland cement was patenteflsbgin and production of artificial cement based
on Portland clinker, a name derived from the ididPortland in Dorset, Englan®], was induced.
Based on this long history, it could be remarkeat there is not much to learn anymore about cement
production. Truth is that cement indusf8] currently is confronted with some ecological chadjes

that will be the central concern of cement manuiety for the next decadeBigure 1.1.).
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Figure 1.3.: C@emission per capita per year per country in 2007
(Ref. http://unstats.un.org/unsd/environment/air_co?2_siois.htmcited 2014 May 2])
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It has to be recognised that cement productionahsignificant impact on the environment, which is
related to the specific production process as wasglthe high market demand of derived building
products and associated production volunkégure 1.2.).
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Figure 1.2.: Annual production of concrete compacedther construction materials
(Ref. Introduction a la science des matériaux, Khtarcier, Zambelli, PPUR, 3rd ed 2002)

Much scientific evidence links climate change teggthouse gas emissions of which carbon dioxide
(CO,) ranks amongst the most important. It is estimdked the cement industry is responsible for
approximately 5 v% of the global manmade ;Cé@missions Figure 1.3.) [3]. For innovative

sustainable development, it will therefore be neagsto cope with these challenges.
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Figure 1.3.: C@emissions per year in billions of metric tons aftion
(Ref. http://zfacts.com/p/194.htnfitited 2014 May 2])
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Sustainable development is defined by the Worldirgss Council for Sustainable Development
(WBCSD) as forms of progress that meet the neetlsegbresent without compromising the ability of
future generations to meet their ne¢dls Within this context, adaptations in cement prdaiguncto
improve the ecological impact without degrading teenent quality should have priority on those
adaptations that would significantly decrease thmant quality in terms of strength development,
temperature sensitivity, durability, etc.

In the scope of this PhD study, measures are iigatetl to improve the ecological impact of cement
production in line with the Cement Sustainabilitytintive by adaptations to the production procafss
Portland clinker, the main constituent of cememisTCement Sustainability Initiatif®] is a progress
report to improve the impact of cement productiontbe environment that was undersigned by
sixteen cement companies under the auspices ofMBESD, which will further be explained in
section 4.2. By improving the ecological impact of Portlandng&er, also Portland clinker based
cements as well as their derived construction prtsdeould benefit.

The ecological impact of Portland clinker produstie mainly related to two important aspects of the
production process. Firstly, Portland clinker pretin needs high kiln temperatures to obtain ogtima
Portland clinker reactivity, which is highly energgnsuming and greenhouse gas emitting. The
burning of both traditional and alternative hydndx@an fuels is used to attain these temperatdies
use of alternative fuels based on recovered mégeasianon-marketable by-products is already well
established in the cement indusf6}. In Europe, the total fuel mix consisted already af 14 wt%
alternative fuels in 2003 which increased to 18 wi?®2009 based on their calorific value. More
locally in Belgium, even a replacement of approxigha70 wt% (CBR Antoing) is already attainted
[7]. The amount of required fuels to burn 1 ton oftlaad clinker is also directly related to the used
process equipment as will be further explainedclapter 2. Secondly, despite the significant
CO,-emissions related to the combustion of theserhakrials, more than half of the @emissions
generated by a Portland clinker process come frioenuse of limestone as main raw material.
Limestone, primarily consisting out of Cag®ill release C@during decarbonation and will deliver
CaO as main constituent of Portland clinker.

By-products of other industries are already usegpiace the Classic Raw Materials (CRMs) for the
production of Portland cement clinker. In 2009 dsample, about 5 wt% of the raw materials used in
the production of clinker consisted out of alteivetraw materials, totalling about 14.5 Mt/yddj.
Examples of alternative raw materials include caonated soil, waste from road cleaning and other
iron-, aluminium-, and silica-containing materiatgich as coal fly ash and blast furnace slag. It is
expected that this ratio of alternative raw matsndll grow in the next decades when other makeria
than those quoted above will be valorised.

In spite of these replacements, reduction in, €Missions is limited because the foregoing desdrib
materials rarely contain enough CaO to replacefgignt amounts of limestone. Blast furnace slag is
an exception but unfortunately this material is tioh in Al,O; [Wt%] and/or SiQ[wt%] to be dosed
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in large quantities to the Cold Clinker Meals (CQMgich are fed to a clinker kiln. Instead, blast
furnace slag as well as fly ash could preferentiaél used as raw material in cement productioredas
on their latent hydraulic or puzzolanic properti@sjs already common practice.

Nevertheless, the replacement of limestone cowdae CQ emissions, energy related and therefore
environmental effects of quarrying, as well as iowgr the environmental impact by energy reduction
on the kiln. Also the replacement of the other aiiynraw materials could have ecological advantages.
When investigating the fitness of these alternatawe materials for Portland clinker productionisit
very important to not lose track with the real micturing process itself. Nevertheless, it is not
possible to perform all investigations immediately industrial scale. Therefore, a good theoretical
and artificial simulation, imitating the specifiedronment and properties of a real clinker kilg, i
necessary and is definedahapter 3. Furthermore, the possible ecological beneficestduhe use of
these materials have to be objectively framed. Whilsbe further explained ichapter 4. Based on
these preceding chapters, the objectives of thx $2dy could clearly be defined chapter 5.

Five main Alternative Raw Materials (ARMSs) soureesre investigated within this PhD study. They
all have potential to decrease the use of natesgurces and to counter landfill. They were chdsen
represent a wide variety of materials that haver thegin as by-product of an existing building
material production process or as demolition wastmnstructions made up out of building materials.
In chapter 6, by-products out of the aggregates production werestigated which are normally not
used in Portland clinker production because ofrtieeécific nature, but which nevertheless originate
from a natural source. The related aggregatessae in a wide variety of applications as concret a
asphalt production but also as ballast and armmumes. This means that they could also returneat th
end of life stage to the Portland clinker procegsaeding possible sources from which it could be
recovered.Chapter 7 and chapter 8 deal with materials that represent niche marketscément
consumption. Indeed fibrecement as well as cellatarcrete do not represent a big market share in
function of cement consumption. Nevertheless, #ut they show a small chemical variation by their
specific production process, could render themablétas raw material for Portland clinker produttio
The production as well as demolition waste of thasgerials could be recycled as ARM. The biggest
market share for cement consumption is neverthéessl in common concrete. One by-product and
one demolition waste material out of concrete wewvestigated and are presentedcivapter 9 and
chapter 10: the first, concrete sludge out of ready-mixedarete plants or at the beginning of the life
cycle of common concrete, the second, fines fractigparated out of a recycled concrete aggregates
production stream or at the end of the life cydleamnmon concrete.

The goal of this PhD study is to use these ARMshatit altering the specific characteristics of
Portland clinker which could compromise specificne@t properties; a goal which is in line with the
definition of sustainable development. The focugrimarily set on two key performance indicators of
the Cement Sustainability InitiativeClapter 4) specific for Portland clinker production: climate

change management as well as fuel and materialpexifically for climate change management,
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efforts are made to decrease £missions by a lowered Cag{Wt%] use and to provoke a reduced
energy consumption related to a lower required tecetion energy (MJ/Ton).

Also lower kiln temperatures induced by mineraliediects coming from alternative sources are
investigated which could have a positive impacti@energy consumption of a Portland kiln. On the
other hand, some ARMs could also increase clingactivity at a fixed kiln temperature, which could
decrease clinker/cement ratio in the derived cenpotiuction. Some of these alternative raw
materials make it also possible to increase biomelaged to the presence of some organic fibrels suc
as cellulose.

Still, most of the materials are investigated beeaa possible valorisation in the Portland clinker
process instead of a waste deposition as landblile already create a big ecological benefit. By
investigating these five specific alternative rawtenials from different origins, an attempt is also
made to determine basic rules and attention péanthe use of recycled materials or by-products as
alternative raw material for Portland clinker protian. Worldwide, different alternative raw matdsia
could be available, but based on this PhD stuayr fitness for Portland clinker production coulel b

interpreted faster.
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Chapter 2

General literature study

2.1. Outline

Concrete compositions worldwide, in contrast to Benelux, are based in most cases on Portland
cement as hydraulic binder. Portland cement canalstost completely out of Portland clinker ground
together with a few percent of calcium sulfate. Alsther blends are possible, in which Portland
clinker always plays an important role.

Economically, Portland clinker producers are pushediuse raw materials found locally, which
differentiates and specifies their production pescelo produce Portland clinker, a wide variety of
technical equipment is available, which still impes significantly each decade. Because it is
impossible to simulate all these different equipttechniques and raw materials, it was decided to
use three local clinker factories in the Benelua asference for this PhD study.

The chosen factories are CBR Antoing and CBR Lildwmated in Belgium and ENCI Maastricht
located in the Netherlands, all belonging to thédellergcement Benelux group. CBR Antoing has
the most recent kiln, ENCI Maastricht the oldese.oBoth the kilns of CBR Lixhe and ENCI
Maastricht were revamped in time to fulfil the pres demands and modern standards. By their
different technical specifications as well as u€daksic Raw Materials (CRMs), these three kilng wil
deal in another way with the five investigated Alitive Raw Materials (ARMs) by which the
specific mathematical simulations and the artificlanker production will differ from each other.
Clinker production is based on some basic rulestgpidal restrictions, which will be discussed liret
next sections. The literature specifically for eamffividual ARM will on its turn be discussed ineih

assigned chapter€lapters 6-10).

2.2. Portland clinker [1-2]

Portland clinker is produced by heating a mixtufgomarily limestone and some additional raw
materials as loam, sabulous clay, fly ash, aréfigi produced Fg; sources, etc. in a kiln to a
temperature of about 1450 °C. The heating of s materials mix changes the characteristics of the
mixture turning them into oxides, mainly lime (CaQl)lica (SiQ) and to a lesser extent alumina
(Al,03) and iron oxide (R£;) as can be noticed table 2.1. and combines them to hydraulic phases.
The objective of the kiln operation is to make k#inout of this raw materials mix, further calledi€
Clinker Meal (CCM), at the maximum rate that theesiof kiln will allow, while meeting
environmental standards and hydraulic reactivityha lowest possible operating cost.

The most important used raw material is limestomesisting essentially out of CaGQvhich will
deliver almost exclusively all of the CaO and an#igant amount of Si@to the CCM. It is

specifically for this reason that Portland clinkgoduction plants are located near important s@urce
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of limestone. The limestone is intimately groundhamhe other raw materials, which are used to
optimise the composition in terms of $j@Al,0; and FeOs. Based on the chemical analyses of the
raw materials, their dosages will be constantlyrexied to attain the desired and specific chemical
composition of the Portland clinker. A clinkerindhgse up to 1450°C will deliver the potential
reactivity that could be expected out of the chafmiomposition of the Portland clinker.

Table 2.1.: The average chemical composition oféfierence clinker of each clinker factory

Clinker Antoing Lixhe Maastricht
Average Average Average
CaO (Wt%b) 65.90 65.87 64.92
Sio, (Wt%) 21.42 21.42 20.40
Al,O, (Wt%) 4.44 4.84 5.01
FeO, (Wt%) 2.61 3.65 3.52
K,0O (Wt%) 0.74 0.57 0.47
Na,O (Wt%) 0.21 0.30 0.34
SG; (Wt%) 1.21 0.51 0.92
MgO (Wt%) 1.70 2.01 2.08
Cl (Wt%) 0.068 0.017 0.020
CaO free (wWt%b) 1.46 0.55 2.33
LSF_MgO  (wt%) 98.24 98.19 98.20
C3A (Wt%) 7.35 6.65 7.33
LigSimple (Wt%) 19.18 22.73 22.97

2.3. Description of akiln process[1-8]

Portland clinker is already produced on indussaille as of 1825, after the Englishman Aspdin ook
patent on the fabrication of Portland cement. Tist Portland cement factories were built in Engdlan
France and Germany. Before this date there waadlrsome experience with straight chalk kilns on
which the first Portland kilns were based. In 188t first wet rotary kilns were constructed, a
technique that is still used up to day to produasl&énd clinker.

The rotary kiln is constructed out of a tube okstghich is protected with firebrick. The tube ssp
slightly and rotates round its axis. CCM is fedd &me rotation of the kiln makes it move downhill t
the other end of the kiln over a period of 60 tonfilutes, undergoing different chemical reactions a
the temperature increases. It is very importaritttieaclinker meal moves slowly to allow the diéat
chemical reactions to be completed. At the endheftube, fuel is blown in through a burner pipe
producing a flame in the lower part of the kiln ¢ulAs material moves closer to the end of the kiln
tube, temperature rises and is peaking just urgeflame before the material is dropped out of the
kiln tube into the cooler. Air for the combustiohtbe fuel is first heated up in the cooler by cogl
down the clinker, before it is used for the comlmrstof the fuel. The primary fuels for Portland

clinker production are coal, petroleum coke, hefaey oil, natural and refinery gases, etc.
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In addition to these primary fuels, various comllistwaste materials are used for Portland clinker
production. In theory, cement kilns are an attvactvay to dispose of hazardous materials, becduse o
the high temperatures in the kiln and the abilifytlee clinker to absorb heavy metals into its
mineralogical structure. In reality, these secopdael materials have to be closely monitored to
manage their impact on the production process.cilpithe general reaction zones in the Portland

clinker kiln are as follows:

« 70°C to ~ 450°C - Dehydration zone: Within this psrature range, free water is removed and

evaporated.

» 450 to 900°C - Calcination zone: Different chemiezdctions are taking place in this zone. Up to
600°C, the chemically bound water is evaporated,(@aMg(CQ),) decomposes to CaGMgO
and CQ. Between 800 and 900°C, the calcium carbonate @gais further decomposed to CaO
and CQ. By the end of the calcination zone, the clinkezainconsists out of different oxides

necessary for the reaction into the different hyticgphases. The clinker meal is still in solidtsta

» 900 to 1300°C - Solid-state reaction zone: Withiis zone there is still no melting, but solid-state
reactions begin to take place. CaO and,Sil@zady combine to belite (2CaO- ine of the four
main cement minerals. Also some intermediate cal@luminates and calcium ferrite complexes

are formed.

« 1300 to 1450°C - Clinkering zone: This is the hsttteone of the Portland clinker process where
the formation of the most important cement mineatide (3CaO- Sig), takes place. The melting of
the solid state takes place and 2CaO,3#acts with CaO to form 3CaO- SiThis zone begins
when the intermediate calcium aluminate and ferenplexes begin to melt. By this action a
liquid phase is formed allowing crystals to be fetimThe clinkering process is complete when all
SiO, is present in the 3Ca0- Si@nd 2Ca0- Si@crystals and the amount of free lime (Gapis

reduced to a minimal level (<1 wt%).

» 1450 to 200°C - Cooling zone: If the hot clinkeropls out of the end of the kiln, clinker
temperature drops rapidly and the liquid phase toesosolid, by which two other important
cement minerals celite/aluminate;£Q and ferrite (GAF) are formed. Also alkali (JO, NgO) and
sulphate, which were dissolved in the liquid phasambine to form different forms of alkali
sulfates as well as Cag@Bection 2.5.). The resulting product is the final clinker. Thpeeed of

cooling is quite important because optimal Portlalivtker reactivity benefits from a rapid cooling.

25



Chapter 2

Two different methods of mixture preparation aredusp to day to produce Portland clinker. The so
called dry kiln process where a CCM is ground tonfa fine powder or the so called wet kiln process

where the CCM is mixed with water to produce arglur

2.3.1. Thewet kiln process[1-8]

Typically for a wet kiln process, the CCM prepasatis wet-ground to produce a fine slurry with a
typical water content of 40-45 wt%his has the big disadvantage that the generaiey seeds a lot

of additional energy and therefore a higher fuelstomption to evaporate the added water, which also
necessitates a longer kiln compared to a dry psodggically, the above described dehydration zone
(70°C to ~ 450°C) would require up to half the gngf the kiln.

On the other hand, the wet kiln process has a nuwfbadvantages. Primarily, wet grinding of hard
minerals is usually more efficient than dry grirglisecondly, when slurry is dried in the kiln,dtris

a granular crumble, which is much easier to hedahénkiln than a fine-ground powder. In the dry
process, the fast-flowing combustion gases can biewiine-ground CCM back out again.
Nevertheless, the higher energy consumption ofwvtekiln process is the reason why more and more
Portland clinker producers re-orientate to dry kikthnology to reduce energy costs and, CO
emissions. Therefore it was not appropriate tostigate the use of the ARMs in a wet clinker praces
because the first step to make a Portland clinkecgss more environmental friendly, should be the

adaption to a dry clinker process.

2.3.2. Thedry kiln process[1-8]

In a dry kiln process, the raw materials pass tiinoa series of crushing, milling and blending ssage
which results in a dry homogenised CCM. With autmdacomputer-controlled procedures, the
chemical composition can be maintained stable bsriaf continuously the raw material dosages
[wt%] . After the CCM is ground to a fine powder in allmaill up to sufficient finenessSection 2.8),

the CCM is stored into a silo. Out of normally two more of these silos which make blending
possible, the CCM is fed to the kiln and gradu&lated up in contact with the hot gases from the
combustion of the kiln fuel.

In modern dry kiln processe&igure 2.1.), the raw meal passes through a preheater andogt m
modern kilns also a precalcingtigure 2.2.) will be present. The preheater is a heat exchamgech

is composed in most cases out of series of cyclstag®s in which the moving powder is dispersed in
a stream of hot gas coming from the kiln and orgrexalciner. A cyclone is a vessel where the solid
materials are thrown to the outside by the cergdfforces and leave the cyclone through a valve.
The number of cyclones stages used in practicesdrom one to fiveand are mounted vertically
under each other in a tower construction. ENCI Nfa&s has two cyclones stages, CBR Antoing and
CBR Lixhe both five.
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Figure 2.1.: Amodern Portland clinker dry kiln
(Ref. Fiveshttp://www.fivesgroup.conjcited 2014 May 2])

The CCM has a very short residence time (1-2 nmirthé preheater system and is heated up to about
900°C. Within a preheater, 90-95% of the CaQfdesent in the clinker meal can already be
decomposed. The ashes of the burned fuels arepioreded into the clinker meal. Because almost all
CaCQ can already be decarbonated in a preheater,ithecimeal can pass more rapidly through the

kiln. By using a pre-calcinef~(gure 2.2.), it is possible to introduce heat directly inte tcyclones
tower.
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Figure 2.2.: A pre-calciner system
(Ref. Fives:ttp://www.fivesgroup.conjcited 2014 May 2])
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A precalciner is a specially designed combusticemndter at the bottom of the lowest cyclones stage.
Within the combustion chamber of a pre-calcinepragpimately 50-65% of the total amount of fuel to
the kiln can be introduced if gases are not ext¢rhdirectly from the kiln but bypassed and extracte
directly from the clinker cooler. In the case thigass is not present, the amount of fuel thatbean
burned in the precalciner will be limited.

A disadvantage of preheaters is their tendencyadckhup by salts combined out of &I and alkali.
These so called volatiles will come into the Paordlaclinker process through the raw materials and
fuels. They tend to evaporate in the burning zdrtbekiln and are carried back in the kiln by taes
stream, and re-condense when a sufficiently lowptsature is attainted. Because they re-circulate
back into the clinker meal and re-enter the burrdinge, an accumulation cycle is generated. The
condensation usually occurs in the preheater, gldirsty clinker meal into a hard deposit and i$ par
of a phenomenon that is called the clogging eff@bich will be further explained in the next seato

It can block the preheater to the point that aiwflcan no longer be maintained in the kiln. Modern
installations often have automatic devices instialié vulnerable points to knock out build-up form
this clogging effect on a regular base.

A by-pass installationHigure 2.3.) can partly avoid this clogging effect by cleanthg dust out of the
gas stream which is coming from the end of the.Kilns generally placed at the bottom of the
cyclones tower.

Bypass System

[ ) e +— duct to dedusting
Bypass System N — mixing chamber
—'| A . = t _-9— fresh air intake
' |4 Gas extraction from &
1 — Kiln inlet chamber

S e (v

Figure 2.3.: A Bypass-installation at the bottonthaf cyclones tower
(Ref. KHD Humboldt Wedaghttp://www.khd.com/bypass-systems.hficited 2014 May 2])

One of the advantages of a bypass installatiohas twith the capturing and reducing of the dust
content, parts of the volatilgs%] as chloride, S@and alkali can be reduced in the gas stream. This
can minimise the clogging phenomena initiated bisdamsed on these volatiles and/or can allow the
use of fuels/raw materials richer in chloride,;2@d alkali without compromising the kiln process.

A disadvantage of a by-pass installation is the lafsheat during purging, resulting in higher egerg
costs. Furthermore, the generated dusty purge imaterdifficult to recycle in other parts of the
process because of the high concentration of theksiles [wt%]. Figure 2.4. demonstrates the
reduction in volatiles by the use of a bypass Ifztan.
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Figure 2.4.: Reduction in volatiles by the use bfypass installation tower with 8 v% by-pass gas

(Ref. KHD Humboldt Wedadhttp://www.khd.com/bypass-systems.hfjcited 2014 May 2])

2.4. Mineralogical composition of Portland clinker [1-2]

As described, the heat treatment up to 1450°C foems the specific chemical composition to some

typical hydraulic phases. The major hydraulic pkase Portland clinker are alite, belite, celite

(aluminate) and ferrite, which are formed during thfferent stages of the Portland clinker process.

Minor secondary phases such as alkali sulfateslaceformed and will play an important role in the

reactivity of the clinker.

Alite (C5S) is the most important hydraulic phase of Podlelinker. Portland clinker consists out
of 50-70 wt% of this phase. Chemically, it is @aicium silicate (3CaO- S which is typically
abbreviated as & in cement chemistry. It reacts relatively quickiyth water and has an
important influence on the strength developmena éfortland clinker based cement especially
within the first 28 dayd.1-2] CsS occurs in two monoclinic forms: Mind M.

Although the unit cell is quite similar, they diffen space group; Mis a Pc, M a Cm space
group[9]. There is some uncertainty as to the number amaenolature of these polymorphs;
reported M, and My, forms appear to be identical withsMeaving reported M to be called
simply M; and M [1]. Higher MgO[wt%] increases the probability of MFigure 2.5.) [1]
[10-11]. The correlation between the monoclinic form amsdréactivity is still an open question
but it is assumed that Ms more reactive than MContrary to MgO, higher sulfate (wt%
increases the probability for Mby lowering the viscosity of the melt.
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Figure 2.5: M1/M3 alite formation as a functiontibé SQ [wt%]
and MgO[wt%)] of different industrial made Portland clink¢ig]

Belite (GS) is the second most important cement mineral lwidcpresent up to 15-30 wt% in
normal Portland clinkers. It is chemically a dicaitn silicate (2CaO- Si§), which reacts slowly
with water and will play an important role in theesigth development of cement typically after 28

days.[1-2]

Celite (GA) also called aluminate contributes less to thmmasition of a Portland clinker than
alite and belite. It is present up to 5-10 wit% iortRind clinker and is a tricalium aluminate
(3Ca0- AlOq). It reacts very rapidly with water, and is onetlod reasons why a binding regulator
has to be used to produce cement. It has an irftuen the young age strength developmenOAl

also plays a role as fluxing agent to lower theesing temperature of the Portland clinker and

increase liquid formatiorj1-2]

Ferrite (GAF) or tetracalcium aluminoferrite (4CaO.8%-Fe0s) is a constituent that is not
present in all Portland cements. In white Portlaechent for example, ferrite is absent by the lack
of FeO; to guarantee the white colour. Ferrite does nay @n important role in the strength
development of Portland clinker but,Bg will lower the sintering temperature significantivhich
has a huge advantage towards the energy consungftiba Portland clinker production. It will be

present in grey Portland cement up to 5-15 Wik4]

The presence of these major hydraulic phases ittaRdrclinker will be an important indicator on the
suitability of the cold clinker meal and the coralits under which Portland clinker can be produced.
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25.  Chemical composition of Portland clinker [1-2]

Portland clinker has a desired and specific contiposof about 67% CaO, 22% Si(b% ALO;, 3%
Fe,0; and 3% other components which allows, after a treatment, to generate the different major
hydraulic phases. This composition is very impadrfan the formation of the major hydraulic phases
in Portland clinker and is therefore closely morgth In practice, the chemical composition of the
produced CCM is measured each 1/2h. As could bednout ofsection 2.2., the dosages of the
different raw materials have to be balanced to ajuae a fixed chemical composition of the CCM.
This chemical composition is maintained by caldnfathe dosages of the different raw materials of
the CCM by a computer program based on their chrlmiomposition. This means that small
chemical variations in the CCM can be managed ballsadaptations in the raw material dosages.
When the chemical variation increases, bigger adigpis are necessary up to the point that these
adaptations will increase themselves the chemaahtion of the CCM. To counter this cascade effect
clinker factories have defined minor and major i&ior the variations of the four major metal oxide
Ca0, SiQ, Al,O; and FgO; as well as for the dosages of the raw materiadsaexample, the limits
of the four metal oxides defined for the kiln of RBAntoing are presented table 2.2. When the
minor limits are attainted, actions have to be tatelower the chemical variation of the CCM. When

the major limits are attainted, the Portland clinkeduction is no longer guaranteed.

Table 2.2.: The average chemical composition amndta@ns
of the four metal oxides for the CCM of CBR Antoing

CCM Average Minor Major
CaO (Wt%) 43.46 0.5 2.3
SiO, (Wt%) 13.59 0.4 1.9
Al,0s (Wt%) 2.84 0.2 0.9
FeO; (Wt%) 1.59 0.15 0.7

The other components consist out of a wide groumiobr metal oxides and some other components
as SQ, Cl and alkali (as O and NaO). MgO is an important minor metal oxide that viié built
exclusively into the ¢S mineral to about max. 1.5 — 2.0 wt% whereby Mg@py replaces the CaO

in the alite (3CaO- Si§) structurg20-21]. The average MgQam%] in CCM used in European clinker
plants is 1.05 wt%{14]. MgO has to be monitored because of its limitatwithin the cement
standard$12-13] andbecause of the risk related to the unsoundnessnafete Figure 2.6.) [14].

H
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Figure 2.6.: MgO hydration with volume expansiorcancretg19]
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In general, MgQwt%] is limited in Portland cement and clinker to a maxm between 4.0 — 6.0
wt% depending on the countries standardisdtl@nl 7] although some researchers claim that MgO up
to 7.5 wt% induces no evidence of deteriorafi23]. It was clear out of23] that these high levels of
MgO only could be achieved without deleterious ugfices by specific and not always attainable
process parameters as specific calcining conditkilrstemperature, residence time, cooling rate, e
[18]. MgO will crystallise as periclase in clinker whéfgO [wt%)] is higher than 2.5 wt%?20].
Periclase tends to hydrate, forming brucite (Mg(@H condition which causes excessive expansion
and possible disruption of concrekgdure 2.6.) which could be measured by standardised metheds a
EN 196-3[22]. This is the reason why the different nationahdtdisations limit the presence of
MgO in Portland cement or clinker. The Europeam@&sad EN 197-1 describes a limit value of 5.0
wt% for MgO on the basis of Portland cemgti]. The limit for the total Mggwt%] for Portland
Cement according to the US Standard ASTM C 1500sM% [16]. The National Standards of New
Zealand (NZS 3122) and Australia (AS3972) diffamfrthe already mentioned limit values and refer
to a total MgQwt%] < 4.5 wt% on the basis of Portland cement clink&}.

Furthermore, some researchers have found equitilsribetween MgO and other constituents, which
could influence the expansion probability in comereut these were only found in some internal work

manuals of CBR (HeidelbergCement Benelux) and coatde cited out of other scientific literature.

*  MgO/Fe0; ratio < 1.20: expansion failure due to MgO veryikety.
*  MgO/FeQ; ratio > 1.40: dangerous with high probability epansion.

Also SO, [Wt%], alkali [wt%] and CI [wt%] have to be limited according to these normaligatio
standard$22] but in reality have to be limited even stricter fbe proper functioning of the Portland
clinker process as already describeganagraph 2.3.2. SG; is in cement chemistry the general form
to describe all forms of SO [wt%] present in clinker or cemefit]. SQ, will generally be formed
after oxidation of S compounds in a clinker kilrighi concentrations of S are often present in pkéco
fuel where contents up to 3 wt% are no exceptjéhsAlso limestone, clay or blast furnace slag, used
as Classic Raw Materials (CRMs), can bring sigaifidevels of S or S{n clinker as can be noticed
in table 2.3. When an excess of g@wards alkali is present, Cag®ill be formed. When CaSQs
present in a poorly soluble form, a durability desh by formation of expansive ettringite in thealin
hardened concrete could occur. However there is ngetunequivocal evidence found of this
assumption and even Tayld{ claims that there is no relationship between them.

The reason for the existence of Ca®0varying solubility is explained in different w&in literature.
The first theorem states that anhydrite could od@guhree allotropic forms (anhydrite I, 1l and)llI
each with their own specific characteristics, idohg a different solubility. The bigger the unbalan
between alkali and S0On favour of the last, the greater the chancéas insoluble CaS)known as

Anhydrite 1 and Il could be formed. This theoremswanly stated in a work-manual within CBR
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(Heidelberg Benelux group) and had no referenceas.otter references were found which could
substantiate this theorem. Another theorem stdiasthe formed CaSChas similar solubility but
could be built in the various phases of the clinfadite, belite) that have a different solubilitf/ their
own[24].
Table 2.3.: Average chemical analysis of the limess
of CBR Antoing, CBR Lixhe and ENCI Maastricht (LQloss Of Ignition)

CRM Poor limestone Rich limestone Tufa Marl
Antoing Antoing Lixhe Maastricht
CaO (wWt%) 42.9 50.1 51.8 50.8
SiO, (wWt%) 15.1 6.4 4.7 7.1
Al,Os (wt9%) 2.2 0.9 0.4 0.8
Fe0s (wWt9%) 0.9 0.4 0.3 0.4
K,0 (wWt%) 0.68 0.21 0.07 0.13
Na,O (wWt%) 0.25 0.25 0.02 0.20
SG; (wWt%) 0.90 0.57 0.09 0.21
MgO (wWt%) 1.1 0.9 0.7 0.8
Cl (wt%) - - 0.011 -
LOI975°C (Q)  (wt%) 35.04 40.18 42.03 40.18

Conversely in an alkali-rich environment, sulfatzs be found particularly in the form of alkali
sulfates as arcanite, aphthitalite, thenardite @addium langbeinite Table 2.4.) and which will be

particularly present in thesS and GS phasef24].

Table 2.4.: Different compounds of $id clinker[1]

SOs3 Name

Alkali Sulfates

Ko.SOy Arcanite
3K,SO..Na,SOy Aphthitalite
Na,SO, Thenardite
K»,S0,.2CaSQ Calcium Langbeinite
CasQ Anhydrite

These alkali sulfates will all have their own sgiecsolubility, which may affect the hydration pess

of cement in a different way. Alkali sulfates wiecrease the viscosity of the melt and therefore
increase the formation of alifé].

If no sufficient SQ content is available, the majority of the freeadillwill be built into the belite
phase. The free alkali will also increase viscositfhe melt and decrease the formation of dlife
Also an excess of alkali emitted to the gas ph&sectinker kiln by his high volatility, will enserthat
clogging phenomena will appear faster what cowad l® faster wear of the refractory bricks.
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Alkali often comes from the limestond@able 2.3.) but will also be present in the other used raw
materials. Alkali is often expressed by equati@l) as sodium equivalentvhich recalculate
stoichiometrically the wt% of O to the wt% of NgO by their Molecular Masses (MMs). The ratio
between the MM of N# and the MM of KO equals 0.658 (MM MM ko0 = 0.658).

Na,Oeq = Na:O + K,O + 0.658 (2.1)

Chloride (ClI) is especially fed by fuel materials waste oils, tires, plastics, animal meals, [&5].
Chloride is problematic because it can initiaterasion on the iron used in reinforced concreteiand
therefore limited in cement by normalisation. Chderis nevertheless also known as accelerator of
several cement hydration processes and was in dbe gpmmonly used in the form of Ca@é

admixture in concrete applications.

2.6. Process parametersand their impact on the Portland clinker production

Process parameters were developed to attain tabddemical ratios between the major metal oxides
initialising the different already described miregical phases. Process parameters are also sie¢ on
minor elements to ensure a good functioning ofkilre optimal reactivity of the final clinker antheé
absence of negative impacts on Portland clinkeedbasment and its derivatives3].

Lime Saturation Factor (LSF), aluminate;&F and Liquid Simple (LigSimple}1] are used at a daily
base in the three selected clinker factorieable 2.5.) to manage the chemical composition of their

CCMs. They are merely chemical limitations on epumet with the four major metal oxides in the

clinker.
Table 2.5: Chemical and mineralogical limitatiomstbe final clinker

Clinker Antoing Lixhe Maastricht
Cl (wWt%) X <0.08 x <0.08 X <0.08
SG; (wWt%) x<1.4 x<1.2 x<1.1
Na,Oeq (wt%) x<1.2 x<1.2 x<1.2
MgO (wt%) x<4.0 x<4.0 x<4.0
MgO/Fe0s (wWt%) x < 1.40 x < 1.40 X < 1.40
DoS-level (wWt%) 80 <x<120 80 <x <120 80 <220
LSF_MgO (Wt%) 98.2+0.5 98.19+0.5 98.20+0.5
CA (Wt%) 7.35+0.5 6.65+0.5 7.33x0.5
LigSimple (wWt%) 19.18+ 0.5 22.73+£0.5 22.97+£0.5

The LSF(2.2) for the Cold Clinker Meal (CCM) governs the rdbetween alite and belite.

LSF = 100 « (CaO - Ca@) / (2.8 * SiQ + 1.18 » AbO; + 0.65 » FgO,) (2.2)
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A LSF which is too high will give rise to an exciegscontent of free lime (Ca)) because a higher
LSF implies more CaO has to react, which is enarglét unfavourable. An increasing LSF can also
result in an increasing expansion potential. Addaily, if MgO is significantly present in the CCM,
MgO has to be incorporated in the LSF becauselitbei built in the alite structure up to 2.0 wt%.

Therefore an adapted lime saturation factor, LSFONB) is used with a refinement for MgO.

LSF_MgO = 100 * (CaO - CaQ+ 0.75 « MgO) /(2.8 » SiO2 + 1.18 + &b, + 0.65 * Fg0;) (2.3)

This equation(2.4) has to be altered if MgQwm%] is bigger than 2 wt% because the surplus will be
formed as periclase.

LSF_MgO = 100 » (CaO - Ca@ + 1.5) / (2.8 Si@+ 1.18 « AbO;+ 0.65 * FgO,) (2.4)

The remainder of MgQwt%] above 2 wt%, being the part which will form pesigb, will
percentually be subtracted from the four major inetédes|[wt%] and the corresponding process
parameters achieved in clinker when Mp@% is 2 wt%. In this way, the ratio between theseamet
oxides[wt%] is maintained as well as the ratio between thiemdifit major constituent phases. This
will further be explained iparagraph 6.7.2.

Celite or aluminate is one of the four major hydimphases that was already describeseation 2.3.

For the calculation of aluminate, the commonly kndBogue calculatioi(5) is used, which governs
the ratio between AD; andFe,0s.

C3A = (2.650 * AbOs - 1.692 « FgO5) (2.5)
The formation of the liquid phase, while heating told clinker meal (CCM), is very important to

generate the different hydraulic phases of Portlaitvtker during the sintering process. Formulae

(2.6-2.9) are used to calculate the percentage of Liquidig)oat various temperatures and,®4/

FeO; ratios:

1450°C %Lig = 3.00 * A;+ 2.25 « FgO; + MgO + KO + NgO (2.6)
1400°C %Lig = 2.95 ¢ A+ 2.20 * FeO; + MgO + KO + NgO (2.7)
1338°C (AbOs/ Fe&O3 = 1.38) %Liq = 6.10 « f@; + MgO + KO + NgO (2.8)
1338°C (AbO;/ Fe&O3 < 1.38) %Lig = - 5.22 « & + MgO + K0 + NgO (2.9)

The composition of the liquid is mainly governed 1a&50°C by AJO; and FgOs. In practice, a
simplified equation(2.10) is used to describe the liquid formation, namelg tiquid simple
(LigSimple), in the three factories.
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Together with the aluminate Bogue calculation,oinpletely fixes the AD;[wt%] andFe,Os[ wt%]

within the Cold Clinker Meal and at the end alsoha final clinker.

LigSimple = (3 « AO; + 2.25 » FgO,) (2.10)

The presence of free lime or CaQ is an important process parameter to evaluatétineing of
Portland clinker. Regular measurement of the fafWt%] is used as a way to supervise the clinker

quality.

As already mentioned, alkali and $Saave to be in balance to avoid free alkali antherformation of
CaSQ. Therefore a stoichiometric balance has to be sagpexpressed as the so called Degree of
Sulphatisation (DoS) factor calculated by equat{@ril) using the chemical analysis of the final

clinker.
DoS =100+ (0.774 « SO (Na&O + K,O « 0.658)) (2.11)

The factors in the numerator and the denominataéheffraction are based on the ratio in Molecular
Masses (MMs) between the Xaand SQ(MM y.2d MM 507=0.774) as well abetweerNa,O and kO
(MM Na2d MM (,0=0.658) (2.11). DoS levels between 80 to 120 wt% are recommenddduaad at
present-day in the three clinker factories as m®@arameter. For this reason these DoS levelbavill
retained in all kiln simulations presented in thigrk (Table 2.5.).

The SQ [wt%] and Cl[wt%] of the simulated clinkers should be monitored mied (Table 2.5.)
even stricter than already done to be in line with cement standard42] because of their high

volatility in the Portland clinker process to pratelogging phenomena in the clinker kiln.
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Cl [wt%)] in Hot Clinker Meal (HCM)
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SO3 [wt%] in Hot Clinker Meal (HCM)

[ I Little Coating / Il Frequent Cleaning Required / Il Bypass Advisable ]

Figure 2.7.: Increasing clogging Levels as a fuorcof SQ [wt%] and Cl[wt%)] of Hot Clinker Meal
(ref. KHD Humboldt Wedag International AG)
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As shown infigure 2.7., the risk for kiln clogging can be evaluated afaksified as little coating,
frequent cleaning required and bypass advisdtite:(/www.khd.com/bypass-systems.htrhhsed on
the CI[wt%] and SQ [wt%] present in the Hot Clinker Meal (HCM). Each fagtis different with
regard to their used raw materials and technicathitations. How these differences work out on the
ClI' [wt%] and SQ [wt%] and also alkali$wt%)] of the Hot Clinker Meal (HCM) and finally on the

clinker is described by the so-called enrichmemtdia ) specific for Cl, S@ and alkalis, which

calculates their returpwt%)] from the gas phase to the HCM. These enrichmeanora €) are also
specific for each kiln when operating in routifalfle 2.6.).

Table 2.6.: Used enrichment factogl dnd bypass factor) specific for each clinker kiln

Antoing Lixhe Maastricht
Enrichment factoeg 96.5 99.2 91.0
Enrichment factoesos 60.0 89.1 20.0
Bypass factop 2.6 4.9 41.4

Figure 2.8. shows a schematic calculation for these enrichrfagtors. By using and adjusting the
settings of a bypass system, these enrichmentréactuld be altered. Therefore, bypass factpys (
specific for each clinker kiln are incorporated Wwhich enrichment factorss) can be maintained

stable independently from the bypass installation.

& [Xluem

Gas Stream

[Xlcem [Xlucm= [Xlcem * €x [Xluem - B &x [X]uem (1-€x) [Xlucm
Cold Clinker Hot Clinker Final
Meal Meal Clinker

Figure 2.8.: Circulation diagram of volatiles bysgand HCM stream
(X =[SOy, [CI], [NaxO], [K,O] of the HCM
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The bypass factorg) calculate the amount of Cl, $@nd alkalis that could be captured in the gas
phase lowering the amount of Cl, $énd alkalis that normally would return to the HClWhese

considerations are describediigure 2.8. and by the linear equati¢@.12).

[XIem = [Xlcem + ex + [XJnem - Bx - ex * [X]nem = [Xleem / [1 -ex - (1 -B)] (212

Because the levels of Q%] and SQ[wt%] and alkaligwt%)] can be lowered by the presence of a
bypass installation, higher Gwt%], SOG;[wt%] and alkalisfwt%)] in the gas phase can be allowed
without compromising the process and the finalkdinquality. Based on this assumption, limits on CI
[wt%] and SQ[wt%] can be set for the final clinker.

The investigated Alternative Raw Materials (ARMs}hin this PhD study will bring no significant
CI' [wt%)] into the clinker meal. Also the specific fuel mok each Portland clinker kiln individually
will not be included in this study so the equilibri between SQand Cl can be simplified as a $O
limitation (max) on the raw meal as listed for eathker factory intable 2.5. These S@limitations
were derived out dfigure 2.7. by using equatiofi12) for SG; and CI with the specifie andf3 factors

of each clinker kiln and the average [@t%] of each reference clinkefgble 2.1.).

2.7. Mineralisers/fluxing agents

Mineralisers or fluxing agents are minor componghtt can be introduced into the clinker meal.
They could have a positive effect on the energatitsumption or the mineralogical composition of
the final clinker. Two of the major metal oxided,@s and FgO; have already an important role in the
clinkering process as fluxing agerif§. It is the primary reason that Portland clinkentains ALO;
and FgO; in the first place. As already describedsaation 2.3., these phases melt at the beginning of
the clinkering zone at 1300°C, which significanitigreases the liquid formation. Without these two
metal oxides, the formation of the calcium silicati@erals would be slow and difficult.

Other mineralisers could lower the temperature eweme and/or promote the rate of the liquid
formation and additionally increase thgSCformation[26] [30-31]. The reaction of CaO and,£to
form GS (Section 2.3.) is strongly controlled by the transport of bo#actants through the liquid.
This transport depends on the quantity, viscosity surface tension of the liquid. Mineralisers have
an influence on these parameters.

Cak, is the best known mineralisgP7-29]. In general, it can be stated that ions of strpngl
electronegative elements as @hd Fdecrease the viscosity of the melt. As already moead in
section 2.5., strongly electropositive elements as'Nad K or the so called free alkali increase the
viscosity of the melf1]. Also CaSQ is a much used and well investigated minerali&aé&so other
mineralisers/fluxes whether or not in combinatiothwCak could have, although minor, mineraliser
effects. One of them is Mg@B2]. The mineralizer effect of MgO will be further loescussed and
described irchapter 6.
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The mineraliser effect can be monitored by the £aWt%] [1]. An increase in Ca. demonstrates

that the clinker was less easy to burn or viceajeshich indicates the efficiency of the mineralize

2.8. Grinding Fineness

Fineness and particle size distributions affectithnability of the Cold Clinker Meal (CCM). As the
fineness of the CCM becomes finer, a surface areadated that will facilitate the sinter process
which will lower the sintering temperature. Thidat@®nship is extensively described in literature
[33-35]. The raw meal fineness will have its influencetigatarly on the formation of the liquid phase
and the growth rates of silicate crystg88]. Especially, the fineness of quartz is found teeha very
strong effect on the CCM burnabilif$6-37]. In fact the maximum permissible particle sizejoértz,
feldspars and calcite is theoretically recommenddae 45 pm, 63 pm and 125 um respectiyab},
although these values are not used in clinker fees@s steering parameters.

Target finenesses of the CCM are described to bénmian 12 wt% residue on a 90 um sieve and 2.6
wt% on a 211 unj36]. Taking in account that quartz is the most ditfido® grind compared to
feldspar and calcite judging from the Mohs scdlés quite uncertain that a particle size belowu4b

will be obtained if the target for CCM fineness 12 wt% residue at 90 um. In modern clinker
factories such as CBR Antoing, CBR Lixhe and ENGlagtricht, even coarser CCM finenesses with
regard to the residue on 90 um sieve, are pursiaddg2.7.) as also stated {33].

Table 2.7.: Target values for particle size disttidin of the reference CCMs

CCM Antoing Lixhe Maastricht
wit% wt% wit%

63 pm <27.0 - -

90 pm <19.0 <16.0 <20.0

200 um <35 <1.0 <35

The relationship between the raw material finereessel the burnability of the CCM expressed as the
CaO fregfwt%] of the final clinker was investigated and desdibeathematically by E. Fundal and
N.H. Christenser{35-37]. Their mathematical expressions by a so callednatee granulometric
approach are based on chemical and physical asabjshirty industrial raw mixtures and some steric
assumptions and approximations. A mathematicalesgoon(2.13) is used to describe the relationship

between the individual raw material finenessesthatt burnability[38-39].

CaOyree (1400°C) = 0.33 « LSF + 0.018 « SR + 0.56,5:G 0.93 « Qs — 0.349 (2.13)
C1o5= Limestone (CaCg) particles with a size superior to 125 ym
Qss= Quartz (SiQ) particles with a size superior to 45 um
LSF = Lime Saturation factor = (See equatf{2))
SR = Silica Ratio = SigJ (Al,O3;+ Fe05) (2.19)
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This explains, although not used in industrial pc&¢ quite nicely the importance of the quartz
fineness on the CCM burnability.

2.9. Dust and gasemissions

The exhaust gases from a Portland clinker kilncaraposed out of a large amount of dust. To be in
line with environmental regulations specific forchacountry, dust emissions have to be reduced.
Therefore, several types of filtration aids haverbdeveloped and installed in clinker kilns, vagyin
from bypass installation to electrostatic and hidtgr§. As mentioned before, also the emission of
volatile components has to be monitored closelyetin line with environmental regulations.

Another reason to manage closely the volatilehekiln is the clogging phenomenge¢tion 2.6.)
which are related to the volatility of some computsecontaining Cl, Sgand alkalis but also to other
organic volatiles, which can be formed after thdrdecomposition of the fuels necessary to heat up
the kiln. The volatility or the tendency to vaperisf some typical substances in the Hot Clinker IMea
(HCM) during heating (< 1450°C) are presentethivie 2.8.

Table 2.8.: Melting points and volatility of somebstances in the HCM of a Portland clinker kiln
(Ref. Wikipedia:http://en.wikipedia.ordcited 2014 May 2])

Components  Melting point (°C) \olatility (wt%)

KCI 776 60 - 80
K2SO, 1069 40 - 60
NacCl 801 50 - 60
Na,SO, 884 35-50
CaCl 772 60 - 80
CaSQ 1280 -

Because it is almost impossible to analyse eacivithahl organic compound that the organic fuels
could form after thermal degradation, emission ys&k measure the so called Total Organic Carbon
or TOC emissions. TOC emissions are closely medsamd limited by environmental regulation. Also
the presence of HCO, NQ and SQ is continually analysed in the exhaust gases Isecdugives
important information on the good functioning oé&tkiln. The formation of NO out of nitrogen and
oxygen for example takes place only at high tentpesa, and so the NO level gives an indication of
the combined feed and flame temperature, IS@rmed by thermal decomposition of calcium atgf

in the clinker, and so also gives an indicatiorclotker temperature. CO gives information about the
reducing conditions of the kiln. For reasons ohlddir quality the burning process takes place under
oxidising conditions. Modern computer control systeusually make a "calculated" temperature,
using analyses of these exhaust gases. The kilpet@ture in the sintering zone of a rotary kiln is
around 1450°C.
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To reach these kiln temperatures, flame tempemtfrabout 2000 °C are required. The clinker meal
and rotary kiln exhaust gases make intimate conitactounter-flow and are therefore mixed
thoroughly. By this process, a good temperaturéridigion and residence time is created which
delivers favourable conditions for organic comparidtroduced by fuels or derived from them, to be
completely destroyed.

During the clinker burning process €@ emitted and accounts for the main share ofethéssion
gases. C@emissions are both raw material-related espediaiiy limestone and energy-related from
organic fuels. Raw material-related £€missions are produced during limestone decarkmmnati
(CaCQ) and account for about 60 v% of total £€nissions. This explains why the input of CaO by

Alternative Raw Materials (ARMSs) could be ecolodiigdenceficial.
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Chapter 3

M aterials and methods

3.1. Introduction

When investigating the fithess of alternative raatenials for Portland clinker production, it is yer
important not to lose track with the real manufaoy process itself. Theoretical simulations ohkér
compositions or artificial made Portland clinkers lab scale often deliver specific properties which
cannot be generalised for Portland clinker produnciin practice.

On the other hand, it is not possible to perforiiralestigations immediately on industrial scale,
certainly not if they could have a severe impactr@nPortland clinker process. Because this Ph@ystu
has as goal to investigate how the five propos¢erAdtive Raw Materials (ARMSs) could be applied for
Portland clinker production and which positive egative influences they could have on the process,
this simulation setup is crucial. A good theordtiaad artificial simulation, imitating the specific
environment and properties of a real clinker kisrtherefore essential.

A realistic simulation of the clinker production ¢ab scale is quite difficult because of the specif
construction of a clinker kiln as already explaimegection 2.3. The typical properties of a kiln have to
be taken into account while imitating the threeerefce clinker kilnsSection 2.1.). A comparison
between specific Classic Raw Materials (CRMs) usedhe three reference kilns and the five
investigated ARMs can only be done if they are ys®d by the same methods. It is very important to
have a good reference which could indicate positivel/or negative influences of the five to
investigated ARMs when producing clinker. Therefoeéerence Cold Clinker Meals (CCM) of the
three kilns based on their currently used CRMs Wl simulated, artificially produced under lab
conditions and evaluated in comparison with theralitive CCM partly based on the ARMs to decrease
as much as possible external factors in the compariThese reference CCMs are based on chemical
and mineralogical data that were collected in ih& 6ix months of 2011 out of the three reference
clinker kilns and are describedtiable 2.1.

Several parameters need to be investigated to mrakdjective evaluation on the fitness of an ARM

possible. These measures are summarised in thatepst

* Agood evaluation of the chemical variation of A&leMs:
This is a crucial step to evaluate whether or ncABM could directly be used in a Portland clinker
kiln or if a preparation phase is necessary toabsw the chemical variation. Because the chemical
composition of the CCM Section 2.5.) is very important to deliver optimal Portland néler
reactivity based on the foreseen formations of gliedd quantities of mineralogical complexes, a
big chemical variation of one or more of the rawtenals together with a high dosage in the CCM

could disrupt severely the Portland clinker process
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The evaluation will also help to determine whickgaration phases could be the most successful to
decrease the chemical variation but also to impobxnical composition and/or physical properties
of the ARMs.

« Parameters which could severely disturb the clitkkarprocess:
The physical and chemical parameters of an ARM ¢batd disturb the Portland clinker process
have to be identified and quantified to determihe ARM's fithess and also its possible
maximisatiowt%)] in the alternative CCM. These parameters weradjréhoroughly discussed in
chapter 2 and will be further evaluated throughout the caet®linvestigation. The chemical
parameters when limited by standard normalisaticaisgprocess parameters based on the technical
installation of the kiln $ection 2.6.) will be included in the simulation of the differteCCMs.

« Artificial clinker preparation and characterisatiofh the physical, chemical and mineralogical
properties:
Based on the simulation, artificial CCMs are pregawhich are sintered comparable to what could
be expected in a real Portland clinker kiln takaeto iaccount as much as possible, the typical
environment of a Portland clinker kiln in termstefperature, atmosphere and treatment time. Also
the different physical, chemical and mineralogipedperties of the Classic and Alternative Raw
Materials (CRMs, ARMs) as well as the Cold Clinkégals (CCM) before and after sintering have
to be analysed and evaluated taken in account el asipossible the typical environment of a real
Portland clinker kiln in terms of temperature, agploere and treatment time.
Based on these clinker preparations and charaatienis conclusions can be formulated on the
feasibility to use each of the five ARMs as raw eni@ for Portland clinker. In the next sectiorgyt
will be described in detail. An important aspecthifse characterisation steps is the error thatl cou
be made during analysis. Most of the used anafgsthods as well as the errors of the outcome of
the measurements are described in European standsedause the equipment of the labs where
analyses were performed are certified and conttdiesed on these European or derived national
standards, the limits of the measurements erragesrited in these standards are also valid for the
measurements within this PhD study. The measureerenits will be further discussed saction
3.10.

3.2. Evaluation of the chemical variation of an Alter native Raw Material

Attempts were made to collect big batches of sasnfgénvestigate the chemical variation of the five
ARMs. Samples of porphyry and dolomitic limestonatenials out of the quarries of Sagrex Quenast
and Sagrex Chanxhe were collected monthly fromedifit aggregate calibres and by-products in time
spread over the 12 months of 2011. They were alpsad according to EN 932{1].

Also four sources of fibre cement material wereveced at 24 different points in time spread otier t
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first 6 months of 2011 out of the factories of BieKapelle op den Bos en Eternit Goor. They wdke a
taken out of the stock of fresh made materials.

Cellular concrete materials were selected from swarces, polluted recycled cellular concrete and
production waste of clean cellular concrete. Thet Bource was collected spread over a period of tw
months, the second over a period of twenty-eigleksén 2011. Both selection points were selected to
generate a representative sample for the investigaiurce.

Finally, a big batch of eighty-seven sludge samplas collected between January 2011 and December
2012. They were sampled according to a specificqmtore that will be further describeddmapter 9.

Only for the fines coming out of recycled concrétejas not possible to sample an extensive petied

to the fact that these fines were created withoalgh existing, innovative techniques for the sejpama

of recycled fines.

This extensive collection of ARM samples made isgible to objectively evaluate the chemical
variation of each of the selected ARMs. They wdlfbrther discussed in the allocated chaptersaif ea
of these ARMs.

3.3. Mathematical smulationsand calculations

A Portland clinker simulation program based ondinequations and integers was used to calculate
clinker meal mixtures for each factory individuallfhe program uses Mixed-Integer Linear
Programming (MILP) in which some or all of the \adfes are restricted to be integers. The remaining
constraints are linear. It was originally develope@d000 for fuel recipe optimisation of cementkil It
calculates Cold Clinker Meal (CCM) recipes thatisfgtthe given constraints out of the chemical
composition of the different raw materials. It Haen designed to be flexible and was developed in
Microsoft Excel.

On the Data sheeFigure 3.1.), the different raw materials are defined by pdawy the following
information: the material label, the material as@édythe minimum and maximum quantity allowed for a
material and some typical factors that can be ts@dnvert the original data to related analysigrvh
convenient.

The Constraints shedtigure 3.2.) collects typically the constraints used to cadteilthe recipe. Each
constraint is defined by a quantity (between a mimh and a maximum) that has to be constrained and
a set of recipe components on which this quanktibukl be calculated. Also some results are already
displayed as for example the constraint valueb®wvtlues actually reached by each constrainhfor t
given recipe.

Finally the Definitions sheetF(gure 3.3.) makes it possible to define symbols for comp&dat
gquantities. These symbols can then be used orotigraint sheet. For clinker recipes, the defingdio
sheet is a good place to store the definitions tmetthe clinker indices like LSF, SM, liquid phasgtc.

(Section 2.6.). On the same sheet, some factors can also beeddfiat are used in the data sheet.
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Figure 3.1.: Program screenshot of the data sheet with the chemical tmmmdthe raw materials
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Figure 3.2.: Program screenshot of the constraints sheet with ttegitms within the CCMof the raw materials
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Figure 3.3.: Program screenshot of the definitsinset

Specifically for this PhD study, the program wasvdgraded to avoid too much variables that could
interfere with an objective comparison between ithierence and the alternative CCMs. By this
downgrade, only the process parameters explainsgttion 2.6., were incorporated in the constraints

sheet. The simulated reference CCM mixtuiiegble 3.1.) of each Portland clinker plant, indicated as

classic CCMs (CCM/Ant,Lxh,Maa/Ref) are very clog¢hte mixtures actually used in these factories to
attain the chemical composition of the clinkerscdiéed intable 2.1.

Table 3.1.: Compositions (wt%) of the referencelairs made to be fed to the static kiln

Raw Materials Origin CRM Quantity
Poor limestone  CBR Antoing CRM/ANt/CP 55.25
Rich limestone  CBR Antoing CRM/ANt/CR 37.50
CCM/ANnt/Ref  Fly Ash CBR Antoing CRM/ANt/FA 6.38
Iron Carrier CBR Antoing CRM/ANYIC 0.87
Sum 100.00
Tufa CBR Lixhe CRM/Lxh/Tu 79.44
Loam CBR Lixhe CRM/Lxh/Lo 6.63
CCMI/Lixhe/Ref Fly Ash CBR Lixhe CRM/Lxg/FA 12.34
Iron Carrier CBR Lixhe CRM/Lxh/IC 1.59
Sum 100.00
Marl ENCI Maastricht CRM/Maa/Ma 84.38
Sabulous Clay = ENCI Maastricht CRM/Maa/SC 2.90
CCM/Maa/Ref Fly Ash ENCI Maastricht CRM/Maa/FA 11.02
Iron Carrier ENCI Maastricht CRM/Maa/IC 1.70
Sum 100.00
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The mixture of the raw materials resulting in tipedfic chemical composition of the three reference
CCMs was merely adjusted to obtain the mineraldgioa chemical limitations without taking into
account the ashes of the fuels that would actumdlyised to heat up the clinker meal. It will algo b

demonstrated throughout the complete study ofitleeARMs that the specific enrichment factors for

each volatile and for each real clinker kiln are
different than these specific for the high
temperature furnacd-igure 3.4.) used to produce
the artificial clinkers on lab scale. Neverthelass,
was chosen to retain the DoS-factdral{le 2.5.) as
well as the specific enrichment factors) @nd
bypass factorspj specific for each clinker kiln
(Table 2.6.) in the simulation program to not lose

track with the real manufacturing process itself.

Figure 3.4.: The electric high temperature statroéce Carbolite BLF1800

3.4. Artificial clinker production under lab conditions

On top of the sampled Alternative Raw Materials A6} described irsection 3.2., representative
samples have to be taken of the Classic Raw M @d&Ms) that are used on a daily base in theethre
reference clinker factories. These CRMs will bedusegenerate reference and alternative CCMs based
on the mathematical simulations, that will be sietein the high temperature furna¢égure 3.4.),
forming the final artificial clinkers. From eachtbiese three reference Portland clinker factofies,of

their most important CRMsT@ble 3.1.) were collected, more specifically those thatasthe main

sources of the four critical metal oxides in clinkéaO, SiQ, Al,O; and FgOs.

* CBR Antoing uses two kinds of Limestones: Rich (CRN/RL) and Poor (CRM/Ant/PL). These

act as CaO and SjQources.

* CBR Lixhe uses Tufa (CRM/Lxh/Tu) which was formedotpgically by the precipitation of
carbonate minerals. It is much softer than, andeex¢ly porous compared to, regular limestone.
Loam (CRM/Lxh/Lo) is used as Sj@ource.

» ENCI Maastricht uses a typical Marl (CRM/Maa/Ma)\arlstone which is an impure argillaceous
limestone and Sabulous Clay (CRM/Maa/SC) as CaCsilbdsource respectively.

All three factories use Fly Ash (CRM/Ant,Lxh,Maa/FAs AbLO; source and an artificially produced
Fe,0; source or Iron Carrier (CRM/Ant,Lxh,Maa/IC).
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All of these four CRMs from each clinker factorymresampled at three different points in 2011 spread
in time according to EN 196-[2]. Furthermore, they were homogenised to genergi@sentative
CRM materials. Their average chemical analyseopedd by XRF jparagraph 3.5.1.) are presented

in tables 3.2., 3.3. and3.4. All raw materials were first crushed in a SiebtactDisc mill.

Table 3.2.: Average chemical analysis of the CRMSBR Antoing

CRM CRM/Ant/PL CRM/Ant/RL CRM/Ant/FA CRM/Ant/IC
CaO (Wi%)  42.9 50.1 4.8 6.2
Sio, Wit%)  15.1 6.4 53.1 8.0
Al,O; (Wt9%) 2.2 0.9 20.7 1.2
Fe0, (Wt9%) 0.9 0.4 7.6 63.7
K,O (Wi%)  0.68 0.21 1.98 0.20
Na,0 Wi%)  0.25 0.25 0.87 -
SO (Wt%)  0.90 0.57 0.34 1.01
MgO (Wi%) 1.1 0.9 1.6 0.3
LOI 975°C (Q) (Wit%)  35.04 40.18 16.00 7.61

Table 3.3.: Average chemical analysis of the CRMSBR Lixhe

CRM CRM/Lxh/Tu CRM/Lxh/Lo CRM/Lxh/FA CRM/Lxh/IC
CaO (Wt9%) 51.8 5.6 13 10.7
SiO, (Wt9%) 4.7 68.9 46.4 2.6
AlL,O; (Wi9%) 0.4 7.4 18.6 1.3
FeO; (Wi9%) 0.3 3.8 7.0 59.0
K,O (Wi9%) 0.07 1.68 1.93 -
Na,O (Wt9%) 0.02 0.71 0.57 -
SO (Wi9%) 0.09 0.06 0.57 1.14
MgO (Wi9%) 0.7 0.8 1.4 1.1
LOI 975°C (Q)  (wt%) 42.03 10.1 7.00 5.6

Table 3.4.: Average chemical analysis of the CRMENCI Maastricht

CRM CRM/Maa/Ma CRM/Maa/SC CRM/Maa/FA CRM/Maa/IC
CaO (Wt%)  50.8 2.66 5.3 18.4
SiO, (Wt9%) 7.1 86.83 50.8 7.2

Al O, (Wt9%) 0.8 3.73 23.0 1.6
FeOs (Wt9%) 0.4 2.58 7.4 61.2
K,O (Wi9%) 0.13 1.14 2.36 0.11
Na,O (Wi9%) 0.20 0.14 0.97 0.21
SO (Wt9%) 0.21 0.05 1.07 0.47
MgO (Wi9%) 0.8 0.28 1.8 1.4
LOI 975°C (Q) (wWit%)  40.18 3.43 4.00 9.33
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The different raw materials were brought togetimedosage$wt%] calculated for the different raw
meals by the simulation prograi@etion 3.3.). The calculated dosages to achieve 500 g of C@kéw
brought together in a vessel used for the analysitie micro-Deval abrasion resistan@. This
procedure was used to homogenise the raw mealoaisagopossible before it was thermally treated in a
kiln and to simulate the grinding by a ball mififiheness measured according to EN 19@}6should

not be sufficient (<5000 m#/g), the CCM were furtigeound in a laboratory ball mill. The chemical

analyses performed by XRF of the three referenckl€&re presented table 3.5.

Table 3.5.: Chemical analysis of the reference @iinker Meals (CCM) fed to the static kiln

CCM CCM/Ant/Ref CCM/Lxh/Ref CCM/Maa/Ref
caO (Wt%) 43.48 45.26 44.79
Sio, (Wt%) 14.00 12.01 12.83
Al,O, (Wt%) 2.89 2.90 3.09
Fe0; (Wt%) 1.84 2.72 2.42
K,O (Wt%) 0.59 0.41 0.39
Na,O (Wt%) 0.11 0.13 0.13
SO, (Wt%) 0.48 0.24 0.28
MgO (Wt%) 1.10 0.88 0.97
TiO, (Wt%) 0.16 0.21 0.20
P,Os (Wt%) 0.12 0.15 0.09
Cl (Wt%) 0.02 0.04 -
LOI 975°C(Q) (wt%) 34.89 34.75 34.51
Cootal (Wt%) 8.98 8.82 8.79
Sotal (Wt%) 0.36 0.09 0.15

Figure 3.5.: Granulation plate for raw meal Figure 3.6.: Air-cooling of the sintered hot
preparation before sintering clinker meal
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Before sintering, the different raw meal composisiovere granulated on granulation plates with 5 mm
holes Figure 3.5.). Artificial clinker production was performed bingering the raw meal in an electric
high temperature static kiln (Carbolite BLF18001#50 °C at a constant heating rate of 10°C/mim. Th
hot clinker meals were maintained for 1h at 145@f@r which they were immediately air-cooled to
room temperature by open air to form the finall@in(Figure 3.6.).

Unfortunately, the typical atmosphere of a Portlatidker kiln could not be simulated due to the
technical set-up of the electric kiln which willeate specific differences between the artificial Hre
industrial produced Portland clinker which weresalty extensively discussedsection 2.6. On the
other hand, by manufacturing the reference Porttéinkers in the same artificial way as the altéinea

clinkers, objective comparison between the refexemd alternative Portland clinkers was still plolgsi

Table 3.6.: Chemical analysis and Bogue calculation
of the final clinkers produced in a static kiln

Clinker Cl/Ant/Ref Cl/Lxh/Ref Cl/Maa/Ref
CaO (wWt%) 65.90 66.28 66.18
Sio, (wWt9%) 22.27 21.93 21.39
Al 04 (wWt%) 414 4.40 454
FeOs (wWt9%0) 3.02 4.21 3.98
K,0 (wWt%) 0.59 0.21 0.33
Na,O (wWt%) 0.17 0.20 0.21
SO (wt9%) 0.89 0.12 0.36
MgO (wWt%) 1.73 1.28 1.52
TiO, (wWt9%) 0.25 0.30 0.30
P,Os (wWt9%) 0.21 0.24 0.17
LOI 975°C (Q) (wt%) 0.48 0.39 0.48
DoS-factor 123.42 27.47 65.24
Alite (C3S) (wWt%) 66.84 67.52 70.61
Belite (GS) (wWt%) 13.44 11.95 8.07
Aluminate (GA) (wt%) 5.86 4.54 5.30
Ferrite (GAF) (wt%) 9.19 12.81 12.11

Table 3.7.: Mineralogical analysis by XRD of théerence clinkers
produced in a static kiln

Clinker Cl/Ant/Ref Cl/Lxh/Ref Cl/Maa/Ref
Alite (C3S) (Wt%) 64.52 65.04 71.33
Belite (GS) (Wt%) 19.73 14.93 8.56
Aluminate (GA) (wt%) 1.79 3.68 4.64
Ferrite (GAF) (wWt%) 12.86 15.87 14.89
Free Lime (CaO) (wt%) 0.23 0.23 0.35
Periclase (MgO)  (wt%) 0.39 0.18 0.23
Arcanite (K,SQ;) (Wt%) 0.32 0.07 -

54



Materials and methods

The chemical analysis performed by XRF togethehwhie simple Bogue calculatiofS] of these
artificial reference clinkers of CBR Antoing, CBRxhe and ENCI Maastricht are presentethinie 3.6.

The corresponding mineralogical analyses of thesethreference clinkers performed by XRD
measurement are representedtable 3.7. The methods used to perform these chemical and

mineralogical analyses will be described in thetsextions.

3.5. Methodsto determinethe chemical composition of the different materials

The materials which have to be chemically charagdrwithin this PhD study are the Classic (CRMS)
and Alternative Raw Materials (ARMs) as well as ¢l clinker meals (CCMs) and the final clinkers.
XRF, IR spectrometer and TGA/DTA are used as aitalytnethods to characterise as much as possible
the chemical composition of the different materidleese methods gave individually some specific
information on the chemistry of each of these nial®rThe specific measurement error of each method
will be further discussed isection 3.10.

3.5.1. X-Ray Fluorescence analysis

X-Ray Fluorescence (XRF) analysis is a well-knoaechhique to investigate the chemical composition
of metals, glass, ceramics and building materiet® term fluorescence is used as the absorption of
radiation of a specific energy results in the rdssion of radiation of a different energy.

The underlying principle is that when materialsexposed to short-wavelength X-rays or gamma rays,
ionisation of their atoms take place. By the renh@fan electron, the electronic structure of ttana
becomes unstable resulting in the replacement efefhcted electron into the lower orbital by an
electron of a higher orbital by which energy eqoahe energy difference of the two orbitals inwealy

is released. The energy which is emitted as typaxdibtion as well as the intensity is charactierfsr a
specific atom present. By calibrating the equipmesing samples with known concentrations of the
major, the minor metal oxides and some other comptn the typical radiations of these components
together with their intensities can be recalculatedhe concentratiopwt%] of the specific atoms
present in the investigated material. The XRF asedysed within this PhD study were performed on a
Philips PW2404Kigure 3.7.) in accordance to EN 197f&-7]. ThePhilips PW2404 is equipped with a
sequential WDXRF-spectrometer and a 4kW Rh-tubeiQuUant calculation models were used
including the correction for Loss Of Ignition (LCdnd normalisation.

Representative samples out of the material thatchbs analysed, were first ground for two minttes

a Siebtechnic rotary disc mill after which the mialewas pressed into a stainless steel sampleshold
with an internal diameter of 35 mm and an extedigheter of 51 mm. Sample preparation was done by
using a Polysius APM Plus automatic grinding & gieg unit. The sample preparation method of some

typical materials is presented as exampliaioe 3.8.
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Table 3.8.: Polysius APM Plus sample preparatiorkiRF

Material Clinker Sand/Concrete Fly ash
Mill speed for primary grinding tom 1070 1070 1070
Quantity grinding aid for primary grinding g 2 2 2
Grinding time for primary grinding S 300 330 300
Quantity grinding aid for blind sample g 0 0 0
Grinding time for blind sample sec 0 0 0
Quantity grinding aid for main grinding g 1 1 1
Grinding time for main grinding sec 150 150 150
Quantity grinding aid for finish grinding g 1 1 1
Grinding time for finish grinding sec 30 30 30
Emptying time of fine grinding mill sec 8 8 8
Pressure holding time sec 5 5 5
Minimum value of tablet thickness mm 4 4 4

Chemical analyses of the used CRMs, reference C@&Mwell as their final clinkers were already
presented irsection 3.4. They will be used as referenéar the evaluation of the ARMs, alternative

CCMs and alternative clinkers that will be furtliescussed in the next chapters.

3.5.2. Thermogravimetric analysis/ Differential thermal analysis

Thermogravimetric analysis (TGA) linked to Diffeteh Thermal Analysis (DTA) is used within this
PhD study to evaluate how materials react on tla tieatment by a Portland clinker process. It is
especially useful to quantify some specific cheinecemponents and to evaluate part of the chemical
reactions which will take place during the heatipgto 1450°C. An additional Differential Thermal
Analysis (DTA) is convenient because this method datect and quantify either exothermic or
endothermic changes in the samples relative toart reference which could unveil the presence of
some typical chemical compounds. These two teclesigue combined in the Netzsch STA 449F3
apparatusKigure 3.8.). To simulate the typical atmosphere of a clirlibr, a typical gas mixture of 95
v% N, and 5 v% Qwas used during analysis TGA/DTA. Especially far Fg@O;source CRMs, the gas

mixture was adapted to 100 v% inegt &ddmosphere to identify possible oxidation reaction

Figure 3.8.: The TGA/DTA apparatus Netzsch STA 819F
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The TGA part of the TGA/DTA instrument is a balaticat continuously weighs a sample as it is heated
to temperatures of up to 1450°C.

The DTA part on its turn consists out of two theomaples connected to a voltmeter. One thermocouple
is placed underneath a reference which was ircttie an empty inert AD; crucible, while the other is
placed underneath the crucible containing the saumiolhe material under study. As the temperature i
increased, there is a brief deflection of the velian if the sample is undergoing a phase transition
Approximately, 50 mg of the material under studyswaaeighed after a tare was performed to eliminate
the mass of the crucible. The temperature was gilydncreased from 25°C to 1450°C at 10°C/min.
The analyses were always corrected as a functigdheopresence of physical boundOHThe mass
lossegwt%)] were recalculated to the mass at 100°C. No infoomavas extracted out of the TGA/DTA
analyses above 1250°C because there was a suspicitie presence of a buoyancy effect. The
buoyancy effect is an increase or decrease in wewghich is not related to chemical or physical
changes in the sample and which is observed witoal/entional thermo balances to some degree. The
term buoyancy, which is generally used, is actualiyombination of factors: True buoyancy effects,
convection currents, gas flow drag and gas veladfgcts, thermo molecular forces, thermal effects

the balance mechanism. The buoyancy effect is &b @i possible avoided by the use of the reference.
Nevertheless as of 1300°C, the melting of the ssiifde takes
place Gection 2.3.) by which the densities of the solid as the

liquid phase will have their impact on the mass sueament

p (density of the object]

. ,_ which can'’t be corrected by the refereneeggre 3.9.). A solid
Prja  \P/ object submerged in the liquid phase will experéemreater

(densitsttj of the fiuid) e
pressure at the bottom than at the top explaitiagtesence of a

possible buoyancy effect.

Figure 3.9.: The forces at work in buoyancy (Reikipédia [cited 2014 September 22])

In table 3.9., some interesting evaluated parameters out of D&A/analysis are enlisted for the
Classic Raw Materials (CRMs) of each of the thieference clinker kilns. TGA/DTA measurements
were used to determine the gJ@t%] coming from the decarbonation of Cag;@e combined amount
[wt%)] of organic compounds and the chemically bour® Mhich are liberated during heating up of
these materials in the specific gas mixture. Basethe measured GQwt%], a CaCQ [wWt%] (TGA
Der) can be derived which is logically the biggesthe limestone material3gble 3.9.).

The CaCQ[wt%] is calculated by the molecular masses of both &@ CaC@ based on the theorem
that the measured GOwt%] arises exclusively from the decarbonation of CaQ@vertheless, this
calculation can be affected significantly by theatbonation of dolomite, if present, although thils

occur at slightly lower temperatures.
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Table 3.9.: TGA/DTA evaluation of all the used GlasRaw Materials (CRMs)
of CBR Antoing, CBR Lixhe and ENCI Maastricht.
Inorg CGQ  Organic + HO

CRM 200.900°C  200.700°C CaCQ [CaMg]CQ’ Decarb E Decarb’E
TGA TGA TGA Der XRF Der DTA TGA Der
(wWt%) (Wt%) (wWt%) (Wt%) (wVs/mg) (J/9)
CRM/Ant/RL 39.9 1.0 90.7 91.3 226.2 1618
CRM/ANt/PL 34.9 1.2 79.4 78.8 219.4 1415
CRM/ANt/IC 4.8 4.0 10.9 11.7 28.5 196
CRM/ANt/FA 0.0 4.7 0.0 14.4 0.0 0
CRM/Lxh/Tu 39.5 3.4 89.8 93.8 251.8 1601
CRM/Lxh/Lo 4.2 3.1 9.6 11.7 37.8 171
CRM/Lxh/IC 6.2 3.1 14.1 21.4 31.2 252
CRM/Lxh/FA 0.0 6.0 0.0 21.9 0.0 0
CRM/Maa/Ma 40.0 1.1 91.0 92.3 255.1 1622
CRM/Maa/SC 1.1 1.99 2.5 54 12.2 46
CRM/Maa/IC 4.1 1.1 9.3 35.8 6.6 167
CRM/Maa/FA 0.0 4.0 0.0 36.6 0.0 0

* Theoretical calculation of the intrinsic [Ca,MgDs;that could be present in the material based on the
present CaQwt%]| and MgO[wt%]
** Theoretical calculation of the intrinsic decaraion energtyhat could be required if all inorganic
CO, measured in the material would be present as Ga@ix]

The calculation of the [Ca,Mg]GQwt%] derived from the XRF analysis [Ca,Mg]eXRF Der),
based on the theorem that all the Ga®o and MgO[wt%] present in the sample is carbonated, can
help to identify this deviation as well as demoaigtithe introduction of decarbonated CaO or MgO by
classic or alternative raw materials without hegtiFhe bigger, the deviation between CaClisA Der)
and [Ca,Mg]CQ(XRF Der), the more decarbonated Ja@] and MgO[wt%)] will be present and the
more potential a material has to decrease theangr@-Q emission of the Portland clinker production.
Also the decarbonation energy (Decarb E) measwy &l analysis is visualised table 3.9. Also out

of the TGA analysis, the Decarb E can be derived ®A from the known reaction enthalpy of 1782
kJ/kg for CaCQ@stated by Tayloy5] and CaC@[wt%] derived from TGA analysis CaGQI GA Der).
TGA/DTA analyses of the CRM are quite straightforgva

The limestones, tufa and marl have an endotherega@rtonation area between 700 and 900°C which is
quantified intable 3.9. A good match is found between XRF analysis andC@gloss by TGA/DTA by
comparing the CaC{wt%] derived from TGA analysis and the intrinsic [Ca]@; [Wt%] derived
from XRF analysis. This indicates that Ca is alnzmshpletely present as CagO

The TGA/DTA analysesHigure 3.10.) of loam and sabulous clay also show small butirdis
gquantifiable decarbonation area between 650 anti3B0@ble 3.9.).

58



Materials and methods

102 0,90
_ EXO
101 == > _ 0,80
—_ N N \
Vs
100 ~ Ny ~—%\ 0,70
99 L _ ausi A\ 0,60
/\ \\ \ X
_.98 / 7 - A\ 050 5
S / \ \ £
% o7 l, \\\ 0402
g '/ \ "\ o308
96 / \ 0,30 0
. \ \
/ AN\
95 7 £ o 0:20
/o \ —
94 bz 0,10
7 \ —
\y/
93 M/ 0,00
92 — 1 010
30 100 170 240 310 380 450 520 590 660 730 800 870 940 1010 1080 1150 1220 1290 1360 1430
T(°C)
| ——TGA (CRM/Lxh/Lo) ——TGA (CRM/Maa/SC) — =DTA (CRM/Lxh/Lo) — -DTA (CRM/Maa/SC) |

Figure 3.10.: TGA/DTA analysis of the classic rawatarials, ARM/Lxh/Lo and ARM/Lxh/SC

A deviation between the CaG0wt%)] derived from TGA/DTA analysis CaG@nd [Ca,Mg]CQ[wt%]
derived from XRF analysis is noticed, indicatingtthot all Ca and Mg are present in a carbonatewl. fo
The quantification of the loss of,8 (i.e. the amount of chemically bound water) isgteydifficult
(Figure 3.10.). Because no significant exothermic reactionsada observed ifigure 3.10., it could

be stated that there is no or only negligible an®ohorganic material present in loam or sabutag.

The changes registered in the TGA/DTA analy3iab(e 3.9.) which are normally attributed to the
combined loss of organics and®may therefore be considered to be mainly dukae@vaporation of
chemically bound ED.

The FgO; sources are difficult to evaluate due to the flaat they mostly concern artificially made raw
materials, derived from waste. In inert atmosph#re,loss of mass is two times bigger than in the
presence of 5 v% Qwhat indicates that the different forms of Fe prasn the FgO; sources perform
oxidation reactions while heating. TGA curves oé l@GRM/Lxh/IC and CRM/Maa/IC show small
decarbonation reactions that can be quantifiedérsame way as for the other CRMak{le 3.9.).

The fly ashes have an opposite behaviour in theatwmspheres, with a bigger loss of mass in oxidati
than in inert atmosphere indicating the presenaggdnic material. The mass loss in inert atmospher
indicates the formation of organic volatiles inebse of Q. Because fly ash is a material which has had
already a thermal treatment at high temperaturegjacarbonation related mass losses are detected
(Table 3.9.) which is demonstrated by the big difference betwe&aCQ [wt%] derived from
TGA/DTA analysis and [Ca,Mg]Cgwt%] derived from XRF analysis. Therefore it can béestahat

the CaO and MgO incorporated in the fly ash arsqaein decarbonated form. Because there is @foss
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organic volatiles and CQ¥isible in the whole temperature range betweeri@@hd 1450°C under inert
and oxidative atmosphere, the presence of chadisdted.

In table 3.10., these parameters are also listed for the refel€@dé¢ compositions composed out of the
primary raw materialsTiable 3.9.). These will be used as reference to evaluat®ifjanic CQdecrease
could be recorded or other interesting reactiomsgdcoccur by the use of the Alternative Raw Matsria

Table 3.10.: TGA evaluation of the Reference Cdidker Meals
of CBR Antoing, CBR Lixhe and ENCI Maastricht

Inorg CGQ Organic + HO Inorg CQ, CaCQ
CCM 700-900°C  200-700°C cacQ Raw Meal Raw Meal
Mat TGA TGA TGA Der TGA TGA Der
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
CCM/Ant/Ref 34.0 0.6 77.3 34.3 78.0
CCM/Lxh/Ref 325 0.5 73.9 31.8 72.2
CCM/Maa/Ref 34.2 0,0 71.7 33.9 77.0

By comparing the TGA/DTA analyses of the raw maisriand the Cold Clinker Meals (CCMs), an
extra check can be made whether or not the esamafithe inorganic COemission of the reference
CCMs was properly performed. This is done by calitag the CaC@out of the TGA/DTA analysis of
the CCMs and calculating the Cag@ut of the TGA/DTA analysis of the Raw Material®\) (J/g)
taking in account the calculated compositions efriéference CCMsTable 3.1.).

The fact that these two totally separated calauiatigave a comparable result, proofs that the
interpretation of the TGA/DTA analyses was donamnobjective way and could therefore be used to

evaluate the inorganic G@eduction by the use of the ARMs.

3.5.3. IR spectrometer

Total Carbon and Sulfur analysis of all materiakrevperformed on an IR spectrometer Leco CS230
(Figure 3.11.). It uses high temperature combustion in the presef some typical catalysts followed
by infrared detection to determine the carbon aiitiis] wt%] simultaneously. Infrared spectroscopy

exploits the fact that molecules absorb specific
frequencies that are characteristic of their
structure. These absorptions are resonant
frequencies. These resonant frequencies are

partly related to the mass of the atoms that are

measured. The total carb¢mt%| and sulfur

[wt%] analyses of the reference Cold Clinker

. Meals (CCMs) of CBR Antoing, CBR Lixhe and
Figure 3.11.: The IR spectrometer apparatus
Leco CS230 ENCI Maastricht are presentedtable 3.5.

60



Materials and methods

3.6. Determination of the mineralogical composition of the different materials

Solid matter can be described as amorphous whemsatoe arranged in a random way similar to the
disorder we find in a liquid or as crystalline wretoms are arranged in a regular pattern. About 85%
all solid materials can be described as crystalinerystal structure can be presented as an iafini
repeating box containing one or more atoms arrang&adimensions (x,y,z) by repetition, known as
unit cell. There are seven unit cells. The unitisaetalculated from the simplest possible represém

of molecules, known as the asymmetric unit. Theresgtric unit is translated to the unit cell through
symmetry operations, and the resultant crystaté&is constructed through repetition of the umit ¢
infinitely in 3-dimensions. There are fourteen sdlad Bravais lattices divided over seven lattice
systems. The lattice parameters are the lengtliseofell edges (a,b,c) and the angles between them
(alpha, beta, gamma). The symmetry propertieseofitystal are embodied in its space group. There ar
230 distinct space groups based on the fourtetoddypes.

The mineralogical composition of a material dessikts build-up out of different crystalline
compounds. In Portland clinker, the major hydraphiases are alite, belite, celite (aluminate) anité

as described igection 2.4. These hydraulic phases can consist each out obehioit, cubic and
orthorhombic crystal systems. The mineralogicallyaig unveiling the different hydraulic phases
present in Portland clinker is very important téetdimine the effectiveness of the sintering proeess
reactivity of the final clinker. When investigatitige influence of an Alternative Raw Material (ARM)
on the Portland clinker production, it is very im@mt to evaluate its impact on the mineralogical
composition of the Portland clinker. Neverthelaggntification of this mineralogical composition is
difficult. Two techniques were used to investigtite mineralogical composition of the reference and
alternative clinkers: XRD-analysis and simple Bogakeulations.

The most widely used method of estimating the jsghase composition of Portland cement is by
Bogue calculations which will be presented latdrey are still widely used in practice as steering
parameters within the clinker production processweler, it is well known that the calculation bysth
method may be far from reality. This is mainly dag¢he fact that the four main clinker phases aliel s
solutions with compositions significantly differefrfom the stoichiometric composition of the pure
phase. Furthermore, small errors in chemical aisalye® magnified and lead to large variations & th
calculation of phase abundance. Their accuracyeamproved by using the so called refined Bogue
calculations [5], which take the actual composition of the phas#® iaccount. The specific
measurement error of the simple Bogue calculaimredated to the chemical measurement method that
also will be discussed msection 3.10.

XRD analysis allows direct measurement of the atijae phase content of the Portland clinker itdelf
can distinguish the different mineralogical fornfishe hydraulic phasd46], although within this PhD
study each of the major hydraulic phases will hgressed as the total of its mineralogical formsttign
other hand, XRD measurement is very sensitive mgpgapreparation (grinding, preferred orientation,

etc.) and is operator dependant. Rietveld refineri'emostly performed by fitting and accordingly
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adjusting. The measured mineralogical compositemm therefore significantly derive from the actual
mineralogical composition present. XRD analysitherefore quite successful to follow trends in real
clinkers out of the same kiln by comparison and kesccessful to quantify the actual mineralogical
composition of an individual Portland clinker samgllevertheless the accuracy and precisseotion
3.10.) of an XRD-measurement can strongly be improveddnyining it to one XRD-apparatus and one
experienced operator. The specific measurement eftbhe XRD analysis will be further discussed in
section 3.10. Within the confines of the current study, only tb&l alite, belite phases as also the free
lime will be used to compare the reference andreadtese clinkers with each other. The other majut a
minor phases determined by XRD analysis will ordydmployed in a qualitative way to describe the
mineralogy of the different artificial Portland rker samples. In view of the evaluation of the fides
influence of the ARM on the mineralogy of the clmk, both methods were used to demonstrate
differences in the mineralogical composition of teéerence clinkers with the alternative clinkeys b
comparison. The difference of an alite or belitag#hcalculated by a simple Bogue calculation vii¢h t
same phase measured by XRD on an artificial clird@nple was compared to a corresponding

difference on a reference clinker indicating a gmesnineralogical impact of an ARM.

3.6.1. X-Ray Diffraction analysis

X-Ray Diffraction (XRD) is a tool used to determitiee atomic and molecular structure of a crystal. A
prepared sample is mounted on a goniometer ancaduglly rotated while being bombarded with
X-rays. When an electron is placed in an alterigatitectromagnetic field, the electron will begin to
oscillate with the same frequency as the electromtgfield. By bombarding the electron with X-rays
the electron starts to oscillate with the sameueagy as the incoming beam. When the electrongrwith
a prepared sample are bombarded like that, thétirgswaves will be out of phase and will interfere
with each other in a destructive way which restlitgg no energy will leave the solid sample. However
atoms that are arranged in a regular pattern as drystal structure will demonstrate constructive
interference by which X-ray beams will leave thepke in specific directions. These are the so dalle
reflections. The specific direction of these reilens are determined by Bragg's la®Q) where d
represents the spacing between diffracting plahése x-ray incidence anglg,the wavelength of the

characteristic x-ray beam and n any integer.

2d sirh = n-A (Braggs law) (3.0

By these reflections, the mean positions of thenatin a crystal can be determined, as well as their
chemical bonds, their disorder and various othirmation.

The XRD analyses performed within this PhD study@erformed on a Bruker D8 ADVANCEiQure
3.12)) and handled always by the same experienced apefdie used tube power which produces the

X-rays consumes 40kV and 55mA. The sample hold@ssgt 30 rpm within the magnetic field. The
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configuration is equipped with the LynxEye Pointtestor in scanning mode (1D). The X-ray
diffraction pattern was measured with a verticabfBhTheta Goniometer based on the Bragg-Brentano
geometry with -110° <@< 168° goniometer control using a step size 020With a X-ray Cu-tube

(1.5456A). The divergence and detector slits wet®s 4°.

Mono- .

chromator

Antiscatter-

Divergence slit :
slit

Detector-
slit

S !l.
| Ly Sample

Figure 3.12.: The XRD apparatus Bruker D8 ADVANCE

Rietveld refinement using Topas (DIFFRAC.SUITE)fppecand structure analysis software was used to
quantify the different mineralogical compounds présin the Portland clinker out of the numerous
relections generated by the XRD measurement. Rietefinement uses the intensity and the angle of
the different produced reflections but also crystmlcture models partly presentedtable 3.11.
Background, zero shift, scaling factor, cell partereand shape parameter were refined. Background

was typically refined by a cosine Chebyshev funct®5 polynomial terms.

Table 3.11.: Used crystal structures for Rietveddimement of the XRD spectra

Clinker Formula Crystal System ICSD code  PDF code
Alite CaSiGs Monoclinic / M; 94742 01-070-8632
Belite CaSiO, Monoclinic /p 79550 01-083-0460
Belite a'yy CaSiO, Orthorombic o'y 81097 01-086-0399
Aluminate CaAl.06 Cubic 1841 01-070-0839
Aluminate  CasNaAlgO;g Orthorombic 1880 00-032-0150
Ferrite CaAlFeGs Orthorombic 51265 01-070-2764
Free Lime CaO Cubic 75786 01-082-1691
Periclase MgO Cubic 9863 01-071-1176
Arcanite KSOy Orthorombic 2827 01-070-1488
Aphthitalite  KsNa(SQ). Trigonal 26018 01-074-0398

Sample preparation was done by grinding 50 g o$#meple for two minutes in a rotary disk mill tespa

the 45um sieve and to load it on a stainless stemple holder using the back loading techniquedero
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to minimise preferred orientation effects. The mahegical composition of the artificial clinkers
measured by XRD analysis of the three reference €@Mre already presented tiable 3.7. The
complete XRD analysis of some of the reference atainative clinkers produced artificially in the

electric high temperature static furnace are prtesenAppendix A.

3.6.2. Simple Bogue calculations [5]

The most widely used method of estimating the p@kphase composition of a Portland clinker is the
Bogue calculation. They are used to calculate fipecximate proportions of the four main minerals in
Portland cement clinkeiSéction 2.4.) out of the proportions of the four main oxidedthaugh the
result is only approximate, the calculation is extely useful and widely-used at daily base in the
cement industry. Because of their simplicity angirtipractical use, they were preferred insteadef t
refined Bogue calculations, to not lose track itk real Portland clinker manufacturing procegsfits
The simple Bogue calculations assume that the fiaain clinker minerals are pure minerals with
compositions, alit€1), belite (2), aluminate(3) and ferrite(4) [5] as already explained in detail in
section 2.4. According to the mineral compositions, ferritéhie only mineral which contains iron. The
iron[wt%] of the clinker therefore fixes the ferr[t@t%] . Aluminate is fixed by the total alumipat%o|

of the clinker, minus the alumifjat%] in the ferrite phase. Silica is present in belitee lime[wt%]
required to form belite out of the total silipat%)] of the clinker is calculated. The surplug%] of
lime will be allocated to belite, converting sonfétdo alite.

This theorem is presented in the following equati@il-3.4) which are known as the simple Bogue

calculations.
C3S =4.0710- Ca0-7.6024- SiD.4297- FgD3-6.7187- AjO3 (3.1
C,S = 8.6024- Sigx1.0785- FgDO;+5.0683- AJO5-3.0710- CaO (3.2
C3A = 2.650- A}O5-1.692- FgO5 (3.3
C,AF = 3.0432- F; (3.4

Bogue calculations will not give the real amouritthe four main clinker phases present in the @ink
The real amounts have to be determined by XRD aisalyhe deviation between the amounts obtained
via these Bogue calculations can differ from th@ams determined by XRD analysis and is caused by
different reasons which were already partly desctim chapter 2. Nevertheless, the differences in
mineralogical composition between both methods pyitivide essential information for the evaluation
of the impact of the five ARMs on the mineralogytioé Portland clinker.

The simple Bogue calculations out of the chemicahgosition of the final reference clinkers of CBR
Antoing, CBR Lixhe and ENCI Maastricht presentedable 3.6. and their difference towards the

mineralogical composition demonstratadable 3.7. will be used as base to perform this evaluation.

64



Materials and methods

3.7. Methodsto determine the energy consumption of the different materials

When materials are heated up, they consume engiiggrease in temperature. During the increase in
temperature, several chemical reactions can oatualbo changes between different phases of matter
(solid, liquid, gas, and plasma) which both catuierfice the energy consumption during heating. Some
typical reactions take place in well-known tempemtranges. Two analytical methods were used to
evaluate the energy consumption of the differentens. By comparing the energy consumption of the
CRMs and reference CCMs to the ARMs and altern&li@dls, an evaluation can be made whether or
not the use of an alternative material could becheial towards energy consumption of a Portland
clinker kiln. These two used methods are TGA/DTAalgsis and DSC analysis. Their specific

measurement errors will be discussedattion 3.10.

3.7.1. Thermogravimetric analysis/ Differential thermal analysis

This technique was already describegh@nagraph 3.5.2. and was based on the same equipment, the
Netzsch STA 449F3 apparatisdure 3.8.) as well as the determination of the energy compsiom was
based on the same measurements. One of the engtga@scould clearly be distinguished out of the
TGA/DTA analysis, is the endothermal decarbonatinargy of CaC@(Decarb E) although the DTA
measurement could only be evaluated in a qual@atisly because the measurement error of the DTA
analysis is too big to be used for quantitativeyasig (Section 3.10.). On the other hand, the Decarb E
can be derived from the known reaction enthalpl/#&2 kJ/kg for CaC@stated by Taylof5] together
with the CaCQ[wt%] derived out of the TGA analysis.

Table 3.12.: TGA/DTA evaluation of the referencdddBlinker Meals
of CBR Antoing, CBR Lixhe and ENCI Maastricht (RMa® materials)

CCM Decarb E Decarb E RM Decarb E Decarb E RM
Mat DTA (uvs/mg) DTA (uVs/mg) TGA Der (J/g) TGA Der (J/g)
CCM/ANnt/Ref 213.4 206.3 1378 1390
CCM/Lxh/Ref 189.3 203.0 1318 1287
CCM/Maa/Ref 219.3 215.7 1385 1373

As can be noted itable 3.12., the Decarb EJ/g] derived from the TGA analysis relates in the same
way as the Decarb E[gVs/mg] measured by DTA.

By using the TGA/DTA analyseS¢ble 3.9.) of the raw materials and the TGA/DTA analyseshef
Cold Clinker Meals (CCMs)Table 3.10.), an extra check can be made whether or not timaan of

the endothermal Decarb E of the reference CCMsprazerly estimated. This is done by calculating
the Decarb E of CaC{but of the TGA/DTA analysis of the CCMs (Decarb df)calculating them
derived out of the TGA/DTA analysis of the Raw Ma&ks (RM) taking in account the calculated
compositions out ofable 3.1. (Decarb E RM). These decarbonation energies aceliated intable

3.12. The fact that these two totally separated calaatibased on different measurements gave a

65



Chapter 3

comparable result, proofs that the interpretaticth® TGA/DTA analyses was done in an objective way
and could therefore be used to evaluate the Deétaftthe alternative CCMs.

Whereas the Decarb E of Cag€an be rather easily derived from the TGA/DTA g8, this is not the
case for the quantification of the energy necesieairthe evaporation of chemically boung®(i.e. the
amount of chemically bound water). Assuming thenea or only negligible amount of organic material
present in loam or sabulous clay, the changesteggisin the TGA analysisTéble 3.9.) which are
normally attributed to the combined loss of orgarind HO, may be considered to be mainly due to the
evaporation of chemically bound,®. For other materials which contain organic sulsta as the
fibrecement material, the evaporation of chemichiynd HO by TGA-analysis is too difficult to be
distinguished from the thermal degradation of org@ubstances and has to be quantified in another
way which will be further discussed ¢chapter 7.

Nevertheless, for both types of materialsOHvill be chemically bound in different ways by whi
guantification of endothermal dehydration energy ouTGA-analysis is quite difficult. Therefore
another method will be used: Differential Scann@aorimetry (DSC) fgar agraph 3.7.2.).

For the determination of the exothermal energy ognirom the thermal decomposition of organic

substances, a bomb calorimeter will be ugeddgraph 3.7.3.).

3.7.2. Differential scanning calorimetry analysis

Differential scanning calorimetry or DSC is a theramalytical technique by which the differencehe t
amount of heat required to increase the temperatuige sample and a reference is measured as a
function of temperature. Both the sample and refsgeare maintained at nearly the same temperature
throughout the experiment. The difference in heaisamption between the reference and the sample
will demonstrate the energy, specific reactionsinithe sample will deliver (exothermic) or consume

(endothermic) at a certain temperature. A Mettldedo Star DSCHigure 3.13.) was used to perform

this quantitative measurement in comparison to
a reference. To determine the energy required to

liberate chemically bound J@ present in

M ]

e wmn

- 0 ww
g ¥

method was used for the investigation of
<t i
>

hydrated cement, Differential scanning

calorimetry (DSC) analysis will be used. This

Fibrecement ARM Chapter 7) by measuring
. several cement pastes with different W/C ratios

as an effort to estimate the total dehydration

energy. This will be further discussed in

—— —— paragraph 7.6.5.
Figure 3.13.: The DSC apparatus Mettler
Toledo Star DSC
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3.7.3. Bomb calorimetry
An IKA Bomb Calorimeter system C7008igure 3.14.) was used to measure the gross calorific

values of the specific alternative CCMs and sorp&ett ARMs which contain organic compounds.

Figure 3.14.: The DSC apparatus Mettler Toledo B&C

A bomb calorimeter is used to measure the heatertdsy a sample burned under an oxygen rich
atmosphere in a closed vessel, which is surrouthgedater, under controlled conditions. This
technique will be used on materials containing pigaubstances which is the case for fibrecement
materials Paragraph 7.6.5.).

A bomb calorimeter is often used to determine thergy that organic compounds could deliver
during the heating up by an exothermal chemicaiti@a These gross calorific values or absolute
values of the specific energy of combustion aremeihed according to ISO 1928].

About 1g of solid or liquid matter is weighed indocrucible and placed inside a stainless steel
container. The decomposition vessel or bomb isdillvith 30 bar of oxygen. The sample is ignited
by a cotton thread connected to a solid ignitioreviiside the decomposition vessel and burned.
During combustion, the core temperature in theibleaan reach 1000 °C. All organic matter is
burned and oxidised under these conditions.

To correct this temperature increase, the effedte&t capacity of the used calorimeter has to be
measured in calibration experiments by combustibnecertified benzoic acid under similar
conditions. The corrected temperature increaseteriohined from observation of temperature before,

during and after combustion reaction takes place.

3.7.4 Isothermal calorimetry
To determine the reactivity of a Portland clinkample, a TAM AIR isothermal heat conduction

calorimeter (TA instruments)F(gure 3.15.) was used. Each channel of this calorimeter is
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constructed in twin configuration with one side fbe test sample and the other side for an inert

reference (quartz sand). Beneath each channelfloeasensors are installed to measure the heat

production rate.

To have an idea of the reactivity of the clinker,
Portland cement was made out of different
artificial Portland clinker sampleSéction 3.4.).

The selected artificial clinkers were first ground
during 4 minutes in a Siebtechnic Disc mill after
which natural anhydrite was added to increase
the total SQ [wt%] of the mix up to 3.0 wt%.
Together with the added anhydrite, the clinker

was ground for an additional 6 minutes. Out of
each ofthe resulting Portland cement samples,
14 g of paste with a W/C ratio of 0.4 was made
and filled in a sample ampoule to determine the

hydration heat during the first 7 days by an

isothermal calorimetric test at 20°C.

Figure 3.15.: isothermal heat conduction
calorimeter TAM AIR (TA instruments)

3.8. ParticleSize Distribution

The particle size distribution (PSD) of a powdegmanular materials is a list of values that defittee
relative mass of particles present according te. #5D is also known as grain size distributiorDPS
influences the physical and chemical propertiesatifis. The most common used PSD determination
method is sieve analysis, where powder is sepamtesieves of different sizes. Also laser diffranti
analysis is used especially to characterise migariataining smaller particles.

The PSD is usually determined over a list of semges that covers nearly all the sizes presethtein t
sample. Within this PhD study, the PSD is presemté&dumulative" form, in which the total of allzgs
"passed" by a single notional "sieve" is givendarange of sizes.

PSD was used for two reasons within research. & evaployed to evaluate crushing and separation
actions to improve the ARM quality. Furthermorenias also interesting to use this information to
understand the influence of the physical propedfean ARM on the burnability of a CCM. Because it
is interesting to get information of the coarsettipkes as well as of the finer particles sieve &askr

diffraction analysis were used. Their specific meament errors will be discussedsettion 3.10.
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3.8.1. Sieveanalysis

A sieve analysis (or gradation test) is a methadius determine the PSD of a granular materialees
analysis can be performed on any type of non-ocganbrganic granular matter, down to a minimum
size depending on the exact method. The equipnsent to perform the sieve analysis within this PhD
study was a Haver & Boecker UWL 400 apparakigyre 3.16.).

Figure 3.16.: The sieve analysis apparatus HavBoé&cker UWL 400

The sieve analysis involves a tower of sieves witle mesh cloth (screen). A representative weighed
sample is poured into the top sieve which has éingebkt screen openings. Each lower sieve in the
column has smaller openings than the one abovéheAbase is a round pan, called the receiver. The
column is placed in a mechanical shaker. The steliakes the column, for a standardised fixed amount
of time. After the shaking, the material on eaawsiis weighed. The weight of each sieve is then
divided by the total weight to give a percentadained on each sieve. The results of this testnasly
provided in graphical form to identify the typegrdation of the aggregate. On the graph, the sigee
scale is normally logarithmic. The complete progedor this test is outlined in EN 1097 (20189),

EN 12620 (2002)10], EN 13043 (2002))11].

But as most technics and methods, sieve analysialba a downside. Primarily, for material fineauth
150 um, dry sieving can significantly be less aatarThe reason for this inaccuracy has its oiigthe

fact that the mechanical energy required to makéctes pass through an opening and the surface
attraction effects between the particles themsedneisbetween particles and the screen increase as t
particle size decreases.

Secondly, sieve analysis ignores the possibiligg farticles can be flat or elongated. Particldspaiss
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through the square openings when the smallestcfgadimension is less than the size of the square
opening in the screen. For elongated and flatgasti a sieve analysis will therefore not yieldatele

results, as the particle size reported will assuhad the particles are spherical, where in fact an
elongated particle might pass through the scregnywbuld be prevented from doing so if it presented

itself side-on. For both problems, laser diffrantanalysis could be a useful alternative.

3.8.2. Laser diffraction analysis

Laser diffraction analysis or laser diffraction sfpescopy is a technique which uses the diffraction
pattern of a laser beam passed through a powdere&sure the size of its particles. Laser diffoarcti
analysis is based on the theory of Fraunhoferatiffon. Within this theory, the intensity and angfe
the light scattered by a patrticle is directly rethto the size of the particle. Although the Fraafah
model is not suited for the quantification of vergall particles (< 5 um), Laser diffraction anadysill

nevertheless provide interesting information of 8D between 5 and 250 um.

Figure 3.17.: The laser diffraction analysis apper&ympatec Helos Vario

The powder is passed through a laser beam aftahwhe diffracted light is analysed as a functibén o
the angle and the intensity of the scattered ligffter these measurements, the results are trémgted
mathematical algorithms to generate a PSD graphicamparable to that generated by a sieve analysis
Because the intensity of the diffraction pattermasy low and the smallest uncertainties would ltésu
large errors, it is important to get the best guesintensity data before using the algorithms.

Within this research topic, a Sympatec Laser diffom Helos Vario Figure 3.17.) was used.

3.9. Method to determinethe presence of organic volatiles originating out of the heating of some
typical materials
For the analysis of the formed volatiles after thalrdegradation of some typical materials that @iont

organic compounds, a specific test setup was degitmheat up these materials as fast as possible t
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specific temperature. The selected specific tentpera that were considered for these tests rasuit f
the evaluation of the TGA/DTA analyses describgohiragr aph 3.5.2. and some literature study on the
decomposition of the organic compounds known tetasent in these materials. In this specific test
setup, a quartz reactor was loaded with 400 mguoipée under a gas flow of 95 v% He and 5 v% O
which imitates or as already explainedgar agraph 3.5.2., the typical atmosphere of a clinker kiln.

A preheated tubular furnace was then quickly raigpdaround the reactor resulting that the final
temperature was reached within 5 minutes. The @rgemlatiles generated over this period were
analysed by Gas Chromatography (GC) by a VariandBCQ&igure 3.18.) and Mass spectrometry (MS)
by a Saturn 2100TF{gure 3.19.) while the lower molecular weight gases were nayeil by MS by a
Balzers Quadstar 422. Gas chromatography is arytar@ltechnique for separating chemicals in a
sample using a flow-through narrow tube known a®lamn. As the chemicals exit the end of the
column, they are detected and identified electiadlyic Mass spectrometry is also an analytical
technique by which atoms that are first ionisedktgcking one or more electrons off to give a pusiti
ion can be deflected by magnetic fields. The iahe®mms are deflected by their masses and the mumbe

of positive charges after which they are detectectiégcally.

Figure 3.18.: The gas chromatography apparatu&igure 3.19.: The mass spectrometry analysis
Varian GC 3900 apparatus Saturn 2100T

The knowledge of the amount as well as the natitleese volatiles and gases measured by GC and MS
is important to determine the ideal point of intiotion in the clinker kiln of the materials contaip
these organic compounds. Nevertheless as will piiered inparagraph 7.6.6., this method will not

be used for quantitative measurements but onlgdialitative comparison.

3.10. Repeatability and reproducibility
The accuracy of a measurement is the degree adradgs to the actual value. By a good calibration of
the equipment, the accuracy can be improved. Téegion related to reproducibility and repeatagilit

is the degree to which repeated measurements undbanged conditions show the same results. The
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difference between accuracy and precision is schealig described infigure 3.20. The overall
uncertainty requires consideration of the combieféelcts of accuracy and precision. As a function of
the precision of a measurement, the repeatabiityldéfined as the precision under repeatability
conditions where independent test results arerddaiith the same method on identical test matierial

the same laboratory by the same operator usingaime equipment within short intervals of time.

Low accuracy
Low precision

Low accuracy
High precision

High accuracy
Low precision

High accuracy
High precision

Figure 3.20.: Precision versus accuracy

Reproducibility on his turn is the precision undeproducibility conditions where test results are
obtained with the same method on identical mateiralifferent laboratories with different operator
using different equipment. The precision relatedttte repeatability and reproducibility of most
analytical methods are described in European stdafle?] describing the methods for testing cement.
Because within this PhD study, analyses were alywayrmed in the same laboratory based on the
European standards, using the same equipment addcted by the same operator, only the precision
related to the repeatability has to be taken imactto evaluate the measured results. Repeayalilit

be expressed as a standard deviation in absolutergegrams, etc., according to the property teste

» XRF: For the chemical analyses performed by XRF, regyddty limits are defined itable 3.13. as
a function of the elements mean vaJug%] measured according to EN 196-2:2(013]. Accuracy
is optimized by calibrating the XRF equipment wadhtificial standards. Based on these XRF
measurements, Bogue calculations can be made fienthitemical analysis of the final clinker
samples. New findingf24] have now demonstrated that the uncertainty expdeas a Standard
deviation (Stdev) can deliver values of about 9fé¥boalite and belite, and 2.2% and 1.4% for
aluminate and ferrite.
Fortunately, the simple Bogue calculations wittiis PhD study are not used to calculate the actual
values of alite, belite, celite and ferrite. Othimevthe refined Bogue calculations could deliver
higher accuracy as already mentioneganagr aph 3.6.2. The simple Bogue calculations are merely
used as estimations of the different major phasestty calculated out of the chemical composition
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of the final clinker with the known fixed calculati factory(3.1-3.4). Therefore they could be used
as a good chemical reference for the measured ahirggcal composition out of the corresponding
XRD analysis of the final clinker.

The mutual comparison of the differences betweenntajor phases calculated by Bogue and
measured by XRD will indicate the mineralogical amp of the different ARM out of a stable
chemical clinker composition. Therefore the repliity limits for XRF analysis Table 3.13.) can

be used for the simple Bogue calculations withia BhD study.

Table 3.13.: Repeatability limits for XRF analysaidation[12]

Element Repeatability limit (r) Repeatability limit (r)
mean value for “normal” performance for “expert” performance
wit% wt% wt%
0-0.49 0.057 0.023
0.50 -0.99 0.080 0.032
1.00-1.99 0.110 0.044
2.00-3.99 0.135 0.054
4.00 — 4.99 0.155 0.062
5.00 -6.99 0.172 0.069
7.00 -9.99 0.202 0.081
10.00 — 14.99 0.240 0.096
15.00 — 19.99 0.290 0.116
20.00 — 24.99 0.335 0.134
25.00 — 29.99 0.372 0.149
30.00 — 34.99 0.405 0.162
35.00 — 39.99 0.437 0.175
40.00 —44.99 0.465 0.186
45.00 — 49.99 0.492 0.197
50.00 — 54.99 0.517 0.207
55.00 — 59.99 0.542 0.217
60.00 — 64.99 0.565 0.226
65.00 — 69.99 0.587 0.235
70.00 — 74.99 0.610 0.244
75.00 — 79.99 0.630 0.252
80.00 — 100 0.650 0.260

* IR Spectrometer: The chemical analyses performed on the IR speetter Leco CS230 have to
have the same repeatability limits as those desttribr the reference method in the European
normalisatior{12]. This means that for the total sulfur, a repeéitgtwf 0.07 wt% has to be attaint.
Some additional tests were also performed to déterthe specific repeatability of the used Leco
CS230 for the total Qamt%)] and additionally also for the total #t%] related to their concentration
in the sample. These tests are visualizedilhe 3.14.
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Table 3.14.: Specific repeatability of the totariaan and Sulfur
of the used Leco CS230

Range StdevC  Stdev S
wt% wit%
0to 0.49 (Wt%) 0.04 0.03
0.50t00.99  (wt%) 0.08 0.04
1.00t06.99  (wt%) 0.10 0.05

7.00t011.99 (wt%)  0.12 -

TGA: The repeatability of the TGA-analysis was detedi by measuring five times the sample
CCM/Lxh/FC (Table 3.15.), an alternative CCM that was specifically prepédia the investigation

of fiborecement as ARM for Portland clinker prodoctiand which will be further discussed in
chapter 7. The weight los$wt%] related to the decarbonation of Calas determined between
725 and 900°C, the combined weight Igs#%)] coming from the decomposition of organic
components and from the chemically boun@®Hetermined between 125 and 725°C.

The average, the standard deviation (Stdev) asaselhe Standard Error of the Mean (SEM) were
calculated for both weight losses and are alsoritestintable 3.15. The SEM is an estimate of how
far the sample mean is likely to be from the pofottemean, whereas the standard deviation of the
sample is the degree to which individuals withia #ample differ from the sample mean. Out of
table 3.15,, it is clear that the TGA-analysis can be usedjf@ntitative measurements. This is not
the case for the DTA-analysis. The decarbonati@ggnthat is approximately measured between
725 and 900°C based on the determination of theewarder the characteristic peak in the graph can
only be used for qualitative measurements anddwighe information on the temperature range in

which a specific reaction will occur.

Table 3.15.: Specific repeatability of the TGA-arss based on CCM/Lxh/FC

cCM Mass Inorg C@  Organic+HO Decarb E
25°C  725-900°C 125-125°C Approx. 725-900°C
TGA TGA TGA DTA
(mg) (Wt%) (Wt%) (HVs/mg)
CCM/Lxh/FC (1)  54.55 16.96 9.24 96.24
CCM/Lxh/FC (2)  58.73 17.10 9.03 93.53
CCM/Lxh/FC (3)  58.93 17.15 9.16 99.40
CCM/Lxh/FC (4)  54.60 16.97 9.30 95.22
CCM/Lxh/FC (5)  55.52 16.97 8.97 95.34
Average 17.03 9.14 95.95
Stdev 0.09 0.14 2.16
SEM 0.04 0.06 0.97
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XRD: Demonstration of accuracy and precision in XRRlgsis is typically difficult. Researchers
generally must prepare their own standard mixttoesssess accuracy, participate in a round-robin
events and/or compare with results of other analysach as optical microscopy or chemical
calculations. Pattern approaches by Rietveld melizo®# shown already a big improvement in the
accuracy and precision of XRD measurenfds| and have changed XRD measurement from a
qualitative to a semi-quantitative analytical methdhis improvement comes from extensive
calibration with model mixtures and with materifds which the actual phase composition is known
by independent methods. Before the introductionthafse pattern fittings, the results of the

reproducibility were very poof{gure 3.21.).

Maximum Difference of Two Tests by Different Laboratories (R)

20
B Alite

18 B Belite
16 OAluminate

M Ferrite

O Periclase

O Gypsum
0 Bassanite
O Anhydrite

Mass Fraction
=

ASTM '03 Moore '64  Aldridge '82 ASTM 04
Figure 3.21.: Multi-laboratory standard deviatidoisalite, belite, aluminate, and ferrite
from the round robin of Moorgl7], of Aldridge[18] and of Stutzmaf22]
shows improvement with the application of Rietve#dtern fitting approach (Ref. Stutzmi@2])

Determination of alit¢wt%] for example by a round robin test of Mo$t&] and Aldridgg 18] on a
Portland cement batch delivered a standard dewiafi@bout 7.5 wt% and maximum difference of
about 20 wt%419]. Pattern fitting by Rietveld method reduced tladard deviation for alitemt%
demonstrated by two ASTM round robin tests to 2t3vand a maximum difference to 6.2 wt%
[20-21] describing the reproducibility precision by XRCh& difference with the actual value or the
accuracy of the XRD analysiBigure 3.20.) may reach 4.7 wt% for alite, 6.3 wt% for belded wt%
for aluminate and 2.4 wt% for ferrifd@9] but this will be less of an issue in the evaluaid the
different Portland clinker samples because theyaisaill rather be used in comparison with each
other and the related Bogue calculations than asddie mineralogical composition.

The repeatability for the XRD measurement withiis tRhD study is very difficult to determine.
Analysing for example the same clinker sample wWithsame pattern approach on the same Bruker
D8 ADVANCE with the same preparation method witehort intervals of time, will deliver very

small repeatability errors for the major phasesiewertheless will be specific for the clinker sdenp
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itself. Because XRD measurement on another clinslemple could require another specific pattern
approach, repeatability precision can vary and twadve defined as sample dependent. The
repeatability and reproducibility within a Portlanement were nevertheless described in literature
by Stutzmarj23]. Repeatability was calculated out of two testthefsame cement by the same lab,
the reproducibility was expressed as two testhersame cement by two different laboratories.

In table 3.16., he defines although provisional, the repeatabflit and reproducibility (R) of the
major hydraulic phases alite, belite, celite (aluabe) and ferrite as a Standard deviation (Staev r
Stdev R) and a limit (r or R) by pattern fittingtivRietveld.

Table 3.16.: Repeatability and reproducibility lné tmajor hydraulic phasg¢23]
Alite Belite Celite Ferrite Periclase Gypsum Anhydrite Calcite

Repeatability precision

Stdevr wt% 0.7 0.6 0.5 0.5 0.2 0.2 0.3 1.0
r wt% 2.0 1.8 13 14 0.6 0.6 0.7 2.7
Reproducibility precision
Stdev R wt% 2.2 14 0.7 1.0 0.3 0.6 0.6 0.5
R wt% 6.2 3.9 2.1 2.6 0.9 1.6 1.8 15

The repeatability limit (r) is the value less tlmrequal to the absolute difference between twalt®s
obtained under repeatability conditions which mayekpected to be within a probability of 95%. As
already described iparagraph 3.6.1., it will only be the alite, belite phases and fiee lime of the
different artificial reference and alternative &lkm that will be used for mutual comparing. Based o
these results, it can be stated that differenced 2avt% for alite and belite could be described a

significant although much will be depend on thedusgquipment and operator.

Sieve analysis: The determination of the particle size distribat{PSD) is performed according EN
933-1[13]. The repeatability limit (r) for the PSD is ded&il as a formul43.5) where C%
represents the average of the cumulative percentadgr size passing through the current screen.

r=0.042 x (C% (100.0 - C%))  (3.5)

Laser diffraction: The laser diffraction has a big reproducibilityt b quite small repeatability error.
The repeatability precision specified by Sympatectheir Helos Vario for dry measurement is

smaller than 0.3 wt¥%il4] and is therefore suitable for quantitative analysi

Bomb Calorimeter: The reproducibility of the IKA Bomb Calorimeteystem C7000 for the
determination of the gross calorific value is defino be + 0.2 % of the Relative Standard Deviation
described in DIN 5190[15].
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Ecological background

4.1. Introduction

Cement industry produces by estimation 5 v% ofgllobal manmade CQOemissiond1]. As already
demonstrated irsection 2.3., a big part comes from the raw materials ,Gg€nissions, roughly
estimated to be 0.53 kg per kg produced clirfgr Including the C@ emissions through the use of
fuels, the emission of GOfor every kg of produced cement is calculated hymigdhreys and
Mahasenan to be 0.87 kg on averdgg which demonstrates that the decarbonation of GaCO
generates more than half of the total cement @&la@® emissions.

Worldwide cement production in 2000 was 1.57 hillions. In 2004, it had already increased to over
2 billion tons and in 2012, 3.6 billion tons of cem production was attaint (www.Cembureau.be). An
analysis carried out by Battelle shows that the atedrfor cement in industrial nations will increase
slowly, but in developing countries will rise exmtially [2]. It is therefore critical that CO
emissions associated with such growth in cemerdymtion are harmonised with international efforts
to reduce greenhouse gas emiss[@hs

Nevertheless, CQOemissions are only part of the manmade influemceawmlogy although it seems to
be quite convenient to define an ecological impdi@ production process or product only by its,CO
emission. Ecology is indeed a study of interactiam®ng organisms and their environment which is
far more complex than simply the ecological impaic€O, emissions. Also acidification of soil and
water, eutrophication, ozone depletion, depletibmagv materials, etc. are important parameters to
evaluate the ecological impact of a production esspi-6].

Preservation of ecological balance on the one aimdportant for all natural life on earth. Ecologi
economics including social, cultural, health-refitend monetary/financial aspects on the other hand
are also vital for mankin@i7]. The World Business Council for Sustainable Depelent (WBCSD)
defined sustainable development as follows: “Foohgrogress that meet the needs of the present
without compromising the ability of future genecais to meet their needf3]. Ecological economics
deals with living conditions, revalorising of econic sectors or work practices, using science to
develop new green technologies, to make adjustmanitsdividual lifestyles that conserve natural
resources, etc.

The concept of sustainability has become a majampoment of the general management policy of
most companies, especially for those that operatihé construction industry. With respect to the
manufacturing of building materials, this is clgatlustrated by the growing attention that is give

the use of the limited natural resources, the rigoluof the non-recyclable waste that is generated
the production process and finally, the recyclifighe products in valuable applications at the ehd

their service lifetime.
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With this in mind, a progress report undersignedsiyyeen cement companies under the supervision
of the World Business Council for Sustainable Depgient (WBCSD), was published in June 2005,
which is called the Cement Sustainability Initiat[@].

4.2. TheCement Sustainability Initiative[9]

The sixteen cement companies, undersigning the @eBwgstainability Initiative were: Ash Grove
Cement Company, Cemex, Cimpor, Corporacion Unila@&H plc, Gujarat Ambuja Cements,
Heidelberg Cement, Holcim, Italcementi, LafargeciB€ompanhia Geral de Cal e Cimento, Shree
Cement, Siam Cement Industry, Taiheiyo CementnT@tament and Votorantim.

This Cement Sustainability Initiati@)] listed five Key Performance Indicators:

¢ Climate change management
- Number of facilities and percentage using WBCSD) Grotocol
- Company-wide total COemissions, tons/year

- Company-wide gross and net €€missions per ton of cementitious product

* Fuels and materials use
- Energy use

= Specific heat consumption of clinker productiorMd/t of clinker
= Alternative fossil fuel rate: Alternative Fuel camsption as % of thermal consumption
= Biomass fuel rate: consumption of biomass as %aital consumption

- Raw materials use
= Alternative Raw Materials (ARMSs) rate: use of ARM a % of total RM for cement and
clinker production

= Clinker/cement factor

¢ Health and safety

- Fatalities
= Number of fatalities and fatality rate of indusémyployees
= Number of fatalities amongst indirectly employedsomnel (e.g. contractors)
= Number of fatalities involving 3rd parties (not doyed)

- Lost-time injuries (LTI)
= LTI and injury frequency rate (per 1,000,000 mamsisadirectly employed)
= Number of LTI for indirectly employed (e.g. conttaxs)
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» Emission monitoring and reporting
- % of clinker produced by kilns covered by a monitg system, either continuous or
discontinuous, for main and other pollutants

- % of clinker produced by kilns which have ingdlicontinuous measurements for main pollutants
- Company-wide specific (g/t of clinker), and toteyear) releases for:

= NOx

= SOXx

= Dust

¢ Local impacts
- % of sites with community engagement plans ircgla
- % of active sites with quarry rehabilitation pdain place

- Number of active sites where biodiversity issagsaddressed.

This PhD study is focusing on two of the five Kegrfrmance Indicators namely climate change

management and fuels and materials use and marisgdseon the next topics:

- Company-wide total COemissions, tons/year
- Company-wide gross and net €€missions per ton of cementitious product
- Energy use

- Raw materials use

Although the cement sustainability initiative isweorthy concept, it has to be supported by an
objective evaluation method to demonstrate itsugrice on the ecological impact of cement
production.

4.3. Ecological impact evaluation

Claiming an improved ecological impact of a prodorca production process is quite difficult if &

to be based on objective parameters and calcusatis already mentioned, setting the focus only on
CO,-emission to evaluate an ecological impact is togBbstic.

Looking to literature, different ways are definedetvaluate and communicate the ecological impact of
a production process or a product itself. Concapt€Q-footprint [10], LCA [11], Breeam[12], the
Dutch “prestatieladder[13] and different labels as Cradle 2 Craflld] and Ecolabe[15], etc, all
have their proper advantages and disadvantagesrdswecological impact evaluation and are
individually chosen for the ease by which they cée used and/or calculated, their

usefulness/efficiency for a particular industryiness (branch) and/or marketing value.
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To this moment, the LCA concept is commonly acosjgie the most complete method to calculate the
ecological impact of a product or production pracaishough it provides to the researcher stilltafo
room for interpretation as a function of aspectsvaigable system boundaries, different statistical
information, different product uses, efd:6]. This can lead to different and potentially codictory
conclusions. Nevertheless LCA stays a powerful thak, when based on standardised guidelines,
could reduce such conflicts to the minimum.

Within this PhD research, the clinker results ar@inating from a simulation program and an
artificial lab furnace. Although, as explainedsection 3.3. and 3.4., efforts are made to imitate the
real clinker production as good as possible, ai#fiattaint parameters will not give the requidada

to serve as base for a sensible LCA calculatiodustrial tests as well as objective recycling and
transportation process evaluations for each ofitteeARMSs would be necessary to deliver objective
data to make these calculations. A proper LCA datmn of the Portland clinker process as a fumctio
of each of the five ARMs falls for this reason ofithe scope of this PhD study.

Nevertheless, because the LCA concept is the nwaplete method up to day to demonstrate the
different aspects influencing the ecological impa€ta production process or product, the LCA
concept will be briefly explained igection 4.4. This will make it possible to objectively frameeth
different aspects of the ecological impact withire tPortland clinker process and/or the own
production process on which each of the five predoslternative Raw Materials (ARMs) will have

their influence.

4.4. Life-Cycle Assessment [4-6], [16-17], [24]
Life-cycle assessment is a way to evaluate enviestah impacts by using the different stages of a
product’s life cycle. It is a process of comparitigg environmental performance of products or

services. The term ‘life cycle’ refers to the fetwt a fair assessment must consider all the stag®ms

cradle to grave. Cradle-to-grave describes the full
Life Cycle Assessment (LCA) from the resource
© extraction (‘cradle’) to the use phase and disposal
A phase (‘grave’)4-6]. All inputs and outputs are
é m 9 considered for all the phases of the life cycle.

Cradle-to-cradleRigure 4.1.) is a specific kind of

disposal step for the product is a recycling preces

@' 4@‘\ cradle-to-grave assessment, where the end-of-life

Especially for building materialgl6], the life cycle

cradle to cradle is based on four consecutive stelpg(re4.2.).

Figure 4.1.: Cradle to cradle principle
(Source: HeidelbergCement AG)
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Figure 4.2.: Simplified flow chart with the fourmgecutive life cycle stages
(Source: HeidelbergCement AG)

= Manufacturing: the extraction, processing and transportationthgf raw materials and
required energy.

= Constructing: building or construction phase. Also the transdoom factory to yard is
included in this stage.

= Using and maintaining: energy and water, cleaning, maintenance, repaglgeplacements.

= Demolishing or end of life phase: demolition and dismantling and final disposal by
landfilling or incineration. Also a possible recy step can be taken in account. This phase

includes transportation from the yard, the prepamdbr final disposal or recycling.

The guidelines for Life cycle assessment (LCA)described in ISO 14040 (200@)] and 1SO 14044
(2006) [5], both part of the ISO 14000 environmental managerstandards. In addition, specific
European standards are developed for the enviraiaiaasessment of construction and buildings
materials (NBN EN 1580/19], DIN EN 1597820]).

These ISO standards state that four steps shoukkba in account to conduct a Life Cycle Analysis.
The steps are often interdependent in that thdtsesfione phase will inform how other phases are

completed.
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Target definition and scope [4-6]:

The target definition includes the question andpghmose for the life cycle analysis, as well as a
description of the target audience and the intendsdof the LCA results. The range (width and
depth of the LCA) should be compatible with the regged purpose of the analysis. It should
consist out of a description of the (product) psscand the determination of the process limits on

the one hand and the definition of the requirem@at&| of detail) on the other.

Inventory [4-6], [17], [24]:

A second step in an LCA study includes the invgnmrase or Life Cycle Inventory (LCI). A LCI
provides information about all inputs and outputghie form of elementary flow to and from the
environment of all the unit processes involvedha study. It consists out of a collection of data,
which are necessary for carrying out the LCA stdds data of unit processes can be delivered by
the so called Environmental Product DeclarationSRDs.

In a first step the product system under considsras divided into a series of successive phases
and processes. For each of the processes, thsponding inflows (primary raw materials, energy,
etc.) and outflows (emissions to air, soil and wateste, by-products, etc.) are collected as asll
their environmental impact. In case of the use efycled materials and/or products, the
environmental impacts taken in account and/or aahichre also important. This concerns the
saving of energy or raw materials through recyclimgeuse of products at the end of their life.
Inventory flows can number in the hundreds dependimthe system boundary.

The data to construct these flows in detail arécfly collected through survey guestionnaires.
These guestionnaires cover the full range of inpat$ outputs, typically aiming to account for 99%
of the mass of a product, to make an inventorylidha energy used in the production process and
to identify the environmentally sensitive flows.r€das to be taken to ensure that questionnaires
are completed by a representative group of produoceguarantee the objectivity of the data.

The inventory analysis is always followed by an atipanalysis.

Impact analysis[4-6]:

This phase of LCA is aimed at evaluating the sigaifce of potential environmental impacts based
on the LCI flow results. Based on the inventony, it Cycle Impact Analysis (LCIA) aims to
quantify potential environmental impacts of thedarat during its lifecycle.

First, a selection of the environmental impact gatis is made according to their potential impact
on the environment. They could cover effects adifacation of soil and water, eutrophication,
ozone depletion, depletion of raw materials, phm¢ogical smog and human toxicity etc., all
important for today's society. These effects arellg the result of emissions of certain substances
into the soil, air and water, as well as the exibacof natural resources and the use of land for

agriculture. Each environmental impact categoyuiantified by an environmental impact indicator.
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The selection of categories and indicators dependhke objectives of the LCA.

In a second step, the data coming from the LClassified and attributed to the above-described
environmental impact categories. The contributibthe various incoming and outgoing flows to
the overall environmental impact of the produathsracterised, calculated and expressed in terms
of a specific reference unit, usually the most dwnt factor of the impact category. Energy
consumption and Cemission are often regarded as “practical indiséto

When expressing the results to a common referaheeresults for the various environmental
effects can be compared with each other. This allthat some conclusions can be made regarding
the most significant impact(s).

Finally, the normalized results out of the differemvironmental impact categories are expressed
together as a number score. The normalized redulte different environmental impact categories
can be multiplied by different weighting factorssbd on the target definition and scope to
calculate the number score. Consequently, diffesetd of weighting factors give rise to different

final results which provides the researcher stititaof room for interpretation.

e Interpretation [4-6]:
Finally, the results are discussed and interprefai is done basically in three steps, namely the
identification of significant points, the verifidgah of the completeness, sensitivity and consigtenc

of the results and finally the conclusions, linitas and recommendations.

Additionally, literature describes two types of LQ2L]. Attributional LCA (ALCA) which seeks to
calculate the LCA at a point in time (typically trecent past) and consequential LCA (CLCA) which
seeks to identify the environmental consequencesdefcision or a proposed change in a system under
study (oriented to the future).

When comparing different LCAs with one anotheiisitrucial that equivalent data are available for
either products or processes in question. If orsymt has a much higher availability of data, it
cannot always be compared to another product which less detailed data. Because none of the
selected Alternative Raw Materials (ARMs) have adig a history as Alternative Raw Material, it is
quite difficult to evaluate their use in Portlarithker production. If more of the required data lcbbe
available in the future by industrial practice, seguential LCA calculation will be the obvious dwi

for each of the five proposed ARMs.

As already described, the life cycle of buildingterels usually consists out of a number of stages
including: manufacturing, constructing, using anaimtaining and demolishing or end of life phase. If
the most environmentally harmful of these stageslm determined, the impact on the environment
can be efficiently reduced by focusing on makin@rajes for that particular phase. A possible
alternative for the complete LCA calculation cothérefore be to make an LCA calculation according
to the cradle-to-gate princip|@2-23] (Figure 4.3.).
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Cradle-to-gate is an assessment of a partial ptoduc

life cycle from resource extraction (cradle) to the

factory gate (before it is transported to the

consumer). Within the cradle-to-grate principlelyon

A the manufacturing stage is taken in account.

m The “Cradle to Gate” principle is used to make the

Environmental Product Declaration (EP24].

@ * By collecting all of the EPDs of resources being

4@ used by the facility, a producer only has to add up
5 the steps involved in their transport to the plamd
the manufacturing process to more easily produce

cradle to gate

his own cradle-to-gate values for their products.

Figure 4.3.: Cradle to gate principle
(Source: HeidelbergCement AG)

4.5. Environmental Product Declaration [25]

Type lll environmental declarations or Environmémeoduct Declarations or EPDs are based on the
ISO14025 (2006) standaf@5]. They contain detailed, quantitative and certifiefbrmation on the
environmental and health products. The requiredrin&tion is provided voluntarily by the producer
or distributor of the product and is entirely basmd life cycle analysis and may contain some
additional environmental information. Verificatiasf the information delivered by the producer is
provided by an independent third pai®p].

The main advantages of EPD are the fact that thiyinform and do not judge. They are comparable,
transparent, credible and flexible. The main disaizges are again the extensive environmental and
health information which should be based on a E@IA which requires a lot of work for the
manufacturer or distributor.

EPD’s of building materials are based on LCA calted by the Cradle to Gate principfedqure 4.3.).

EN 15804[19] describes EPD calculation for building materidlse EPDs for CEM |, CEM Il and
CEM Il cements as published by the “Federatie darBelgische Cementnijverheid” or Febelcem are
added in appendix B (Source Febelcem).

4.6. Practical usewithin this PhD study

Numerous objective data to perform LCA calculatisnsh as EPDs and others are up to day not all
available which makes it impossible to make anaihje LCA calculation as a function of each of the
five ARMs. Nevertheless, by defining the differerspects of the ecological evaluation, it is possibl
to objectively frame the different parts within tiortland clinker process which will have their

influence on the final EPD and/or within the owroguction process of each of the five proposed
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Alternative Raw Materials (ARMS) possibly resultimga own improved EPD. Improved EPDs will

positively influence an LCA calculation of assoeprocesses.

This chapter will be used as background to objettiframe the ecological discussions in the next

chapters.
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Objectives

When speaking about sustainability, it is immedjatessumed that the valorisation in the Portland
clinker process of by-products or recycled materialt of the building and construction sector is
always ecologically beneficial which is also insited by the Key Performance Indicator “Fuels and
materials use” in the cement Sustainability Ini@t(Section 4.2.). Indeed their use as an Alternative
Raw Material (ARM) could induce the saving of naturesources and/or decrease landfill by
production or demolition waste as big ecologicalaadage. When they are composed partly out of
decarbonated CaO, an ecological advantage compareldssic CaO sources as limestone, tufa or
marl (Section 3.4.) could be induced in the Portland clinker process.

Nevertheless these materials have also to be hhriddmsported and prepared which is also the case
for the current Classic Raw Materials (CRMs). Hoarevthe CRMs that they could replace are
specifically chosen for their fitness as raw maieaind ease by which they can be handled, traresport
and prepared to be used in the Portland clinkerga® Limestone, tufa and marl or the CaO sources
of CBR Antoing, CBR Lixhe and ENCI Maastricftaple 3.2.) which occupy between 79 and 93 wt%
of the classic Cold Clinker Meal, are for this maguarried in the immediate vicinity of the fagtor
This is also true but to a lesser extent for tHeelolCRMs which are specifically selected for their
fitness as raw material for Portland clinker pradrc The required energy that an ARM will consume
before it could be used as ARM, will therefore esmt in most cases an additional energetic and
therefore ecological cost compared to the CRMs.

It is therefore crucial that the impact of the ARM the Portland clinker process, is objectively
determined taking into account the Portland clindpeality and its impact on the cement production.
Indeed, no energy should be lost to the valorisatioan ARM which is already unsuited for Portland
clinker production in the first place and/or toraparation phase which would not improve the fisnes
of the ARM significantly. Specifically for the Ptahd clinker production, it will be the nature and
stability of the ARM as a function of its physicatructure and chemical and mineralogical
composition that will determine its impact and digis for the production process.

Five materials sources having their origin as lgdprct of an existing building material production
process or in demolished construction waste wazeetbre specifically chosen to represent materials
throughout the complete building and constructiect@r. They all have potential to decrease the use

of natural resources and counter landfill.

The main objective of this PhD study isthe estimation of the impact of five selected by-products
and recycled materials on the Portland clinker production process to judge their fitness as

Alternative Raw Material with or without a specific preparation phase.
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The wide range of materials demonstrates the pbgsiy different producers and consumers within
the building and construction sector could haveyook together to improve the ecological impact of
their directly concerned products as well as miaartheir waste disposal by landfill of productian a
well as end-of-life demolition waste. Furthermareniakes it possible to set basic rules and attentio
points to facilitate the determination of the fiégeof other materials as ARM for Portland clinker

production than those that were already investibfiethis PhD study.

The determination of basic rules and attention points for the use of by-products and recycled

materials out of the building and construction sector isa general objective of this PhD study.

To determine the individual fithess of an ARM fasrfand clinker production, specific properties of
the five selected materials were investigated jimegtical and objective way. An objective evaluatio
as was described ichapter 3, makes it possible to have a realistic idea hovehmof each ARM
individually could be maximised in the Cold Clinkbteal (CCM), replacing CRMs in a Portland
clinker process by taking in account the influencethe clinker process as well as the final clinker
quality. If the maximisation of an ARM in a CCM deases the CaGQwt%)] in the alternative CCM
compared to the reference CCM, a reduction of iy CQ emission per ton of Portland clinker
could occur. This will have also an impact on th@responding decarbonation energy of the
alternative CCM. Also other parts of the energy stonption of the Portland clinker process as

grinding energy and fluxing effects could be inflaed by the maximisation of an ARM.

Based on the specific properties of each of thefive materials, an estimation will be made whether
or not the use of each of the five selected materials could have advantages in terms of energy

consumption or inorganic CO, emission for the Portland clinker process.

Furthermore the guidelines of the Life Cycle Asasmst (LCA) procedureSection 4.4.) will be used

to unveil if the use of each of these five selectederials individually could be classified as stap

the continuing sustainable development of the cémmduction process or better be avoided due to
the additional insurmountable energy expenditureAfleM valorisation or/and an adverse impact on
the Portland clinker process and quality. Due tmesainknown data on the handling, transportation
and preparation, specific for each of the five male individually, as well as on specific induatri
practices, an objective LCA calculation is not pessible. The ecological evaluation will therefore

rather be qualitative than quantitative.

The last objective of this PhD study will be the definition of preliminary conclusions on the
possible ecological benefits of each of the five selected materials as ARM for Portland clinker

production.
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Chapter 6
Porphyry and dolomitic limestone by-products as rawmaterial

for Portland clinker production

6.1. Introduction

Limestone is the primary used raw material in Rodl clinker production. It consists essentially out
of CaCQ and will deliver almost all of the CaO and a sfigraint amount of Si@to the Cold Clinker
Meal (CCM). For this reason, clinker kilns are ltmthnear quarries which can deliver pure limestone.
In some cases, these quarries also produce aggsegatare located near aggregates producing
quarries. One of these aggregates producers i@xxdgmgrex is a producer and supplier of aggregates
on the Benelux market for the construction industginly as a raw material for concrete and/or large
infrastructures as railway ballast, surfacing, dike protect river banks, etc. Sagrex produces
aggregates out of porphyry, limestone and sandsasnalso sea and river gravel and is part of the
global HeidelbergCement Group.

The production of aggregates generates by-prodischar example fines or sludge which logically can
be valorised in clinker production replacing thegioral limestone raw material when there is a
chemical similarity by the fact that both quarriese the same limestone deposition or the materials
come from the same quarry. It is less obvious wtiese by-products do not have a chemical
similarity with the original limestone raw materas in the case of porphyry and dolomitic limestone
Within this study these materials are recoverethftao quarries; Sagrex Quenast for porphyry and
Sagrex Chanxhe for dolomitic limestone materialasiBally fines and sludge are the same material
but separated in different ways from the aggregpteduction. When used for concrete or asphalt
application being the biggest part of the aggregatarket, aggregates will have a big influencehen t
water demand of concrete or on the optimum usétwfrien in asphalt.

Asphalt producers aim to obtain a perfect ratisdeen bitumen and fines. For energetic and technical
reasons, they rather have insufficient fines imataggregates and add them than be obliged tocextra
them. Also regional standardisati¢t] for aggregates limits the 63 pum fraction (fineshtent in
normalised aggregates. This explains why aggregaitehucers extract fines by wet or dry screening,
generating respectively sludge and fines as bytmipdf the level of fines is too high.

This chapter deals with a method for the valorisatf these by-products as Alternative Raw Material
for Portland clinker production. It will be showhat although both materials do not have good
chemical similarities with the limestone raw madésicurrently used in the three reference Portland
clinker kilns, their use in Portland clinker protioa has some additional advantages which could be

ecologically beneficial.
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6.2. Porphyry [2-4]

Porphyry is a magmatic rock consisting out of laggained crystals, such as feldspar or quartz,
dispersed in a fine-grained Feld spathic matrixggsundmass. It is known for its hardness and
durability. Porphyry comes from the Greek waidpgipiog, porphyrios, and means "purple” named
after a deep purple magmatic rock known as impeogbhyry. The name porphyry is further given to
describe the texture of magmatic rocks with lamyestals. Most types of magmatic rocks have some
degree of porphyritic texture.

The porphyry found in Belgium is located in theynze of Hainaut, more precisely in the region of
Quenast, Bierghes and Lessines. The exploitatiopogbhyry in this region goes back to the 16th
century. Since the 18th century, there is induseigloitation locally in Quenast. The quarries of
Quenast are now regrouped to form the current gurenich is one of the largest open-air quarries.
The porphyry in Belgium was formed during the Upedovician period (about 450 million years
ago) when the southern edge of the Brabant Massifam active volcanic belt. Porphyry in this region
is a micro-diorite and was formed when a colummisihg magma was cooled in two stages. In the
first stage, the magma was cooled slowly deepércthst, creating large crystal grains consisting o
of feldspar, corroded quartz, some magnesium ilcfates and hornblende, with a diameter of about
2 mm or more. In the final stage, the magma wadecdorapidly at relatively shallow depth or as it
erupted from a volcano by which it created a fingqged groundmass (10-40 microns) of
quartz-feldspar that is usually invisible for thgeeUp to 80 wt% of the rock consists of various
feldspar group minerals. Feldspar and/or the Felathéc matrix consist mineralogically out of
KAISi;Og, NaAISEO; and CaAJSibOs. Also the so called hornblende is found which 13 a
isomorphous mixture of three compounds; calcium-imagnesium silicate, iron-magnesium silicate
and aluminium-iron-magnesium silicate or in gene(@la,Na).3(Mg,Fe,Alx(Al,Si)gO.(0OH,F).
Interesting to know is that the minerals feldspad guartz have higher hardnesses measured on the
Mohs scale than the mineral hornblende which vélblbimportance for the results of this study.
Porphyry is an extremely durable rock, very resisteo both mechanical as well as chemical
influences. Originally, because of its durabilitye porphyry of Quenast was used for the production
of cobble stones for roads. Today it is mainly uaedjravel where hardness, durability and resistanc
are of great importance. Porphyry of the regiorQoknast can be found in the Delta Works in the
Netherlands, the tunnel under the channel linkiran€e to the United Kingdom and was used for the
high-speed TGV tracks. Even in the USA porphyryldelstones of Quenast can be fo{@id

Because of its magmatic history, the porphyry ag@pes out of the quarry of Quenast have similar

chemical composition as visualisedigure 6.1.
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Figure 6.1: SiQ[wt%] as a function of AlD; [wt%)] without Loss of Ignition (950°C) of Porphyry
aggregates. The arrow marks the selected Porphgtgrials. (White and grey label: Samples for
TGA/DTA analyses; Grey label: Samples used forkeirsimulation and preparatiorsection 3.3)

6.3. Dolomitic limestone [3-4]
Limestone is a sedimentary rock which is composet ad calcite and aragonite minerals. Both

minerals have a different crystal form of calciuarlmnate (CaCg), more specifically calcite which

is trigonal-rhombohedral and aragonite which i©afiombic. Many limestones are composed out of
skeletal fragments of marine organisms. They aesl s building material, as aggregate for road
construction, but also as white pigment and fillefood and non-food materials. This is for example
added to toothpaste, paper, plastics, paint ana purified form to bread, cereals, livestock feed,
medicines and cosmetics.

Limestone is also very common in architectures leiadily available, relatively easy to cut intodis

and is long-lasting and stands up well to exposureestone was most popular in the late 19th and
early 20th centuries. Train stations, banks aneroifructures from that era are often made out of
limestone. Limestone was also a very popular bugidilock in the Middle Ages in the areas where it
occurred, since it is hard, durable and commonbturxin easily accessible surface exposures. Many
medieval churches and castles in Europe are therefade out of limestone. Limestone often
contains variable amounts of silica and/or minoroants of clay, silt and sand. Because of these
impurities, limestone can have different coloursystals of calcite, quartz, dolomite or barite ntegy
present in small cavities of the limestone rock.

Dolomite is a carbonate mineral composed of calamagnesium carbonate CaMg(g© Dolomite

is double carbonated and crystallises in a trigoinambohedral system. Small amounts of iron in the
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structure give the crystals a yellow to brown timanganese substituted up to about 3 wt% in the
structure gives the crystals a rosy pink colousAlead and zinc can substitute the structure for
magnesium. The formation of this mineral is stok fully understood, although geologists are aware
of large deposits of primary formed dolomite frdme ppast 600 million years. It was demonstrated that
bacteria can facilitate the formation of dolomitéarine bacteria which use S compounds instead of
oxygen for energy production could form primary atolte crystals down on the ocean floor.
Nevertheless large scale deposits from primary rdidéo were also formed above the ocean floor
which places scientists for a mystery. One possibg that massive primary dolomite was formed
during times when large quantities of organic nmattethe seabed are degraded by sulfate-respiring
bacteria. Such conditions exist when the sea waieve the seafloor is free of oxygen. In Earth's
history, several such oxygen-free periods have roedu partly consistent with time periods of
intensified dolomite deposition.

Dolomitic limestone is a type of limestone composedt of calcite (CaC¢) and dolomite
(CaMg(CQ),). Because limestone is a sedimentary rock, the between dolomite and calcite can
vary widely as can be noticed figure 6.2, whereby the content of dolomite can go up to 5%w
Nevertheless the average chemical compositiorfliseimced by the calibre of the aggregateigre

6.2) which could reduce the chemical variation. Dolienimestone is used as aggregate in all kinds
of concrete applications. Tests to determine thehaweical and physical properties of aggreg§dgs
show that dolomitic limestone becomes easier todgoy increasing CaMg(GJ [wt%] compared to

pure limestone.
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Figure 6.2.: CaQwt%)] as a function of MgQwt%] without Loss of Ignition (950°C)
of Dolomitic limestone aggregates.
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Dolomite is used in architecture, as concrete agges and as source for magnesium oxide and
magnesium. It also often serves as the host rockdse metals such as lead, zinc, and copper. In

agriculture, dolomite and dolomitic limestone adeled to soils as a pH buffer and as a magnesium
source.

6.4. The production of porphyry and dolomitic limestoneaggregates
6.4.1. Porphyry

The quarry of Quenast is located roughly twentgrkiétres south-west of Brusseffsgure 6.3).
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Figure 6.3.: Geographical location of the quarnpafirex Quenast and of Sagrex Chanxhe

The quarry extracts aggregates out of magmaticrdbk. The current excavation has a maximum
depth of 145 m and is divided into six levels. Ttwest point of the quarry is located approximately
40 m below sea level.

Sagrex Quenast has a crushed stone productiorpofxamately 1,900,000 tons/year. The production
of Quenast is a so called "dry" process becauserwsabnly used in small quantities to prevent dust
emissions. It can be divided in two parts. The fiat of the production delivers a 0/250 mm calibr
The primary crushing after the blasting of the rbgkexplosives is performed on a jaw and gyrator
crusher after which the 0/250 mm calibre is coldatn a so called stock pile.
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The second part of the production starts when tibek ile 0/250 mm is transported by transport belt
out of the quarry to the plant at the surface.rétfscreening separates the fraction 20/250 mm from
the fraction 0/20 mm aggregates (Ag/PpFC) whichl$e the first place that has been sampled. The
20/250 mm calibre is derived to a cone crusher ¢bldiP800), starting point for the secondary
crushing. The crushed rock is then passed ovec@ndescreen that separates the fraction 20/56 from
the fraction 0/20 mm (Ag/PpSC) which delivers tlkeand place for sample collection. The fraction
20/56 mm is derived to two screening lines (in pelja which sort the different calibres from the
largest to the smallest. The ballast 31.5/50 mreawh screening line is put on stock by a conveyor
belt. The other screened calibres are stored iniapeassigned aggregates silos and if necessary,

emptied and transported by wheel loader and aatiedltruck to separated stocksgure 6.4).

HEIDELBERGCEMENT Group

QUENAST

b:

n des stocks.ppt

Entree
Fournisseurs

G\SITE'PRODUCTIONStock'Plan des stocks'P

Figure 6.4.: The different aggregates and thetkstocation in the quarry of Sagrex Quenast

Two of these stocks are the 0/4 mm (Ag/Pp04Saéh@Ag/Pp02Sa) sands which designates the two
last sampling places. Calibres can also be reéidett tertiary and quaternary crushing for further
manipulation on smaller cone crushers (Metso HPB0®4 and H4000) after which the generated
calibres are redirected to their assigned silo@mstock. Interesting to mention is that materéadter

tertiary and quaternary crushing contain less fittem the materials collected after primary and

secondary crushing.
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6.4.2. Dolomitic limestone

The operation in the quarry of Sagrex Chanxhe ishmamaller than in the quarry of Sagrex Quenast.
Sagrex Chanxhe has a crushed stone productiorpobdmately 300,000 tons/year and is located on
the right bank of the Ourthe in Chanxhe-Poulseur gfathe village Sprimont.

From a geological perspective, the deposit on theh®@ valley is characterised by a succession of
synclines originating from the Carboniferous ge@queriod (Tournaisian and Visean) and anticlines
originating from the Late Devonian geologic periéhmennian). The extracted material from the
quarry of Sagrex Chanxhe consists for this reaspiidimestone and dolomitised limestone.

The quarry of Sagrex Chanxhe consists out of tleeas to extract the dolomitic limestone material
for aggregates production. After blasting with @gives, primary crushing is performed on a jaw
crusher Bergeaud VB 1311 VB. The crushed matesighén collected on a stock pile. By transport
belt, material is derived to a Metso NP13-15 pesimuscrusher for secondary crushing to a 0/31.5mm
calibre after which a first screening is perfornmeda CMB Niagara screen CR26 in to three calibres,
a 0/20 mm, a 20/31.5 mm which is collected in agregate silo and a fraction bigger than 32 mm that
is redirected to the Metso NP13-15 percussion etudthe 0/20 mm calibre delivered the first place
that has been sampled. The 0/20 mm is further setceen a CMB Niagara screen CR30, to separate
the 0/20 mm in three fractions; 0/4 mm, 4/8 mm,08M@m. After screening, these calibres are
collected in separate aggregate silos and if nacgss designated stocks. The sand 0/4 mm is furthe

treated by directing it to the washing installatishere the sludge containing the fine fractiontaf t
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sand is separated from the rest of the sand. Thesired sand, the washed sand and the sludge

(ARM/DLSI) were sampled with a frequency descrilbredection 6.5.

Figure 6.6. The quarry of Sagrex Chanxhe

6.5. Sampling
Porphyry materials selected for analysis were sath@t four different places as described in

paragraph 6.4.1.Two stocks of 0/20 aggregates, the first formeédrahe primary crushing (Ag/PpFC)
and the second after a secondary crushing (Ag/PpS@)ell as a sand 0/4 mm (Ag/PpS04) and sand
0/2 mm (Ag/PpS02).

By taking these samples at different times spreaer @011 out of the production process, the
influence of the Particle Size Distribution (PSD)the chemical composition can be investigated. The
chemical variation of the porphyry materials arapinically presented ifigure 6.1.

A sample from each stock was randomly selected eofunther investigated according to tests
described irsection 2.3. Ag/PpS04/S5, Ag/PpS02/S9, Ag/PpFC/S6 and Ag/PES@igure 6.1).
Furthermore out of these four samples, the samjitethe highest content of fines, logically the 0/2
sand (Ag/PpS02/S9) was wet screened on a sieve3ofuré to separate the fines fraction
(ARM/PpF/S9) from the sand fraction bigger than68. In practice, this fines fraction can be dry
screened with a static separator. The chemicaysesiperformed by XRRP@aragraph 3.5.1), of both
fractions together with the original 0/2 sand (Agf®2/S9) are presentedtable 6.1.
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Table 6.1.: Chemical composition of TM/PpS02/S9 @mdractions bigger and smaller than 63pum

Porphyry 0/2 Porphyry Fines

ARM Porphyry 0/2 (>631m) (<631m)

Ag/Pp02Sa/S9 ARM/PpF/S9
CaO (wt%) 3.37 3.50 3.06
Sio, (wWt%) 61.90 62.34 57.32
Al 04 (wWt%) 15.58 15.45 15.94
FeOs (wWt%) 6.70 6.23 9.36
K,0 (wWt%) 2.39 2.41 2.14
Na,O (wWt%) 3.58 3.77 3.28
SG; (wWt%) 0.07 0.10 -
S (wWt%) - - 0.06
MgO (wWt%) 2.90 2.80 4.24
TiO, (wWt%) 0.79 0.73 1.03
P,Os (wWt%) 0.14 0.13 0.24
Cl (wWt%) - 0.01 0.01
LOI 975°C (Q) (wWt%) 2.29 2.20 2.94
Ciotal (wWt%) 0.05 0.04 0.07
Sotal (wWt%) 0.03 0.03 0.33

As described inparagraph 6.4.2, the dolomitic limestone materials were also reced at four

different times spread over 2011, namely one corfiimg a stock 0/20 aggregates, two coming from
two stocks of 0/2 sand, where one stock was washedther stock was unwashed and finally a stock
of sludge (Ag/DLSI) coming from the washing of thbove described sands or the further to be

investigated ARMs. As can be seen friigure 6.2, the chemical variation is quite large.

Table 6.2.: Chemical composition of the three getdolomitic limestone sludges and their mix

ARM Ag/DLSI/S11 Ag/DLSI/S4b  Ag/DLSI/S5 ARM/DLSI/Mix
CaO (Wt%) 46.45 44.94 39.67 43.69
Sio, (Wt%) 4.22 1.91 2.97 3.03
Al,O; (Wt%) 1.89 0.63 0.85 1.12
Fe0s (Wt%) 1.39 0.63 1.20 1.07
K,0 (Wt%) 0.42 0.17 0.15 0.25
Na,O (Wt%) 0.05 0.01 0.01 0.02
SG; (wWt%) - - - -

S (Wt%) 0.37 0.20 0.06 0.21
MgO (Wt%) 3.50 7.68 11.30 7.49
TiO, (Wt%) 0.09 0.03 0.05 0.06
P.Os (Wt%) 0.04 0.04 0.02 0.03
Cl (Wt%) - -

LOI 975°C (Q) (Wt%) 41.27 43.62 43.52 42.80
Cootal (Wt%) 10.49 12.41 11.95 11.62
Sootal (Wt%) 0.42 0.12 0.06 0.20

99



Chapter 6

Three samples of sludge, Ag/DLSI/S4b, Ag/DLSI/SE/BLSI/S11 Figure 6.2) were selected to be
analysed according the tests describedchiapter 3. These samples were also mixed in equal
proportions after which the chemistry of the mixRM/DLSI/Mix) was calculated and presented in
table 6.2.

6.6. Research description
Porphyry neither dolomitic limestone is to our kdeglge used up today in Portland clinker production.

On the other hand, the use of natural and thernaaliiyated porphyrite by Hojamberdi¢®] as also
the use of dolomitic limestone by Tsivil]8] was already investigated as raw material for Roctl
cement production.

The primary objective of this study is to investigehow much of the porphyry and dolomitic
limestone fines and/or sludge could be maximised Portland clinker process by replacing Classic
Raw Materials (CRMs) as a function of each of thee¢ kilns with enumeration of possible
limitations. Numerical simulations will be carriedt to maximise the use of these materials in elink
kilns taking into account the compositional vanatiof the fines and sludge, its behaviour within a
clinker kiln and the impact on the energy consuompti

Although Cak is the best known mineraliseé8éction 2.7) [10-12], MgO has also significant fluxing
activities. It could lower the temperature of thguid formation and decrease the viscosity of the
liquid phase by which the residual free lime temdeducq12][14-15]

Within this investigation, MgO will especially bepplied by the dolomitic limestone sludge but will
also be present in significant levig%] in porphyry fines.

Furthermore, experimental clinkers will be producsmiresponding to ARM dosages that were
esteemed as realistic by the numerical simulatidhese clinkers will be fully analysed and evaldate
according to the evaluation concept describedhiapter 3. They will be evaluated on the possible

presence of fluxing effect of the MgO.

6.7. Results and discussion
Based on the articles “Fines extracted from porplayrd dolomitic limestone aggregates production:

MgO as fluxing agent for a sustainable Portlandkei production” published in Construction and
Building Materials[17] and the congress article “MgO as fluxing agent dosustainable Portland
clinker production” for the First International Gerence on the Chemistry of Construction Materials
in Berlin in 2013[18], the results of the investigation on the use médiand sludge of Porphyry and
dolomitic limestone as ARM for Portland clinker draction are described below.

As mentioned in the research description, one efgbals is to demonstrate a fluxing effect by the
present Mggwt%] in both the porphyry fines as the dolomitic lineest sludge. Without addition of
Cak, a combined effect of ® (R=Li, Na, K), MgO and S©seems to have the most promising
fluxing effect [19] which could lower the temperature of the liquidnfation and significantly

increases the rate og&formation at 1350°CL4].

100



Porphyry and dolomitic limestone by-products as naaterial for Portland clinker production

It is important to emphasise tha4S0s not formed at temperatures below approximéit260°C[20].
Formulae for the calculation of the percentagaaqfidl (%Lig) were already described section 2.6.
These formulae indicate why MgO and alkali workethgr in a combined fluxing effect whereby
the %Liq is increased. As stated section 2.5, alkali sulfates decrease the viscosity of thetmel
increasing the alite formation which explains thhesgnce of SQin the combined fluxing effect.
When there is not sufficient 3(free alkali will be formed, increasing the visitp®f the melt which
will lower alite formation[14-16] explaining the recommendation and use of the Ra®f Section
2.6). Furthermore, it was stated by Tay[@} that the burnability of the CCM or the ease byahhi
free lime can be reduced in the kiln to an accdetalalue, decreases with increasing LSF or
Saturation Rate (SR). Increase in LSF implies n@a® has to react, increase in SR implies less
liquid at a given temperature which are both ertargty unfavourable. Increase of MgO could
therefore have a positive influence on the buritgidily lowering the CaQwt%] without an increase
in SR and an increase of the liquid phase. Basethisrknowledge, the use of porphyry fines and

dolomitic limestone sludge will be investigated®M for Portland clinker production.

6.7.1.Influence of fines extraction on aggregate applican and chemistry

As mentioned irsection 6.5, the sample Ag/Pp02Sa/S9 was wet screened on@aali&3um. As can

be noticed irtable 6.3 the extraction of fines (< 63um) has a positiluence on the water demand
of the sand when used in concrete. The concreteswescribed itable 6.3.were composed to have

a comparable consistency B3].

Compared with the water demand of a concrete basedund river sand 0/2 (ref), broken porphyry
sand 0/2 (Ag/Pp02Sa/S9) increases the water demigimd2 wt%, porphyry sand 0/2 (Ag/Pp02Sa/S9)
where fines are extracted has only a 25 wt% higlaéer demand. As already stated, asphalt producers
need the perfect ratio between bitumen and f[@2% whereby for energetic and technical reasons,

they rather like to add than extract fines to atthe perfect ratio.

Table 6.3.: Influence of fines on concrete compasiand characteristics

Materials Reference AQ/Pp02Sa/S9 Ag/PpO2Sa/S9
(<63pm included) (<63um not included)
CEMII/B 425N LH kg/m?3 320 320 320
Water kg/m3 160 160 160
River sand 0/2 kg/m3 705 0 0
Porphyry 0/2 kg/m3 0 705 0
Porphyry 0/2 > 63 um  kg/m3 0 0 705
Gravel 2/8 kg/m3 604 604 604
Gravel 8/16 kg/m3 578 578 578
Additional water kg/m3 0 66 40
Slump mm 105 110 100
Flow mm 420 440 440
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Also regional standardisation deman3] limit the wt% of the fraction smaller than 63 pfim¢s) in
normalised aggregates. This explains why aggregaitekicers extract fines by wet or dry screening if
the level of fines is too high by which alternatiigav materials as ARM/PpF/S9 or ARM/DLSI/Mix

could be generated.

6.7.2.Clinker feed calculations and preparations

As already described isection 3.3, a simulation program based on linear equatioras used to
calculate Cold Clinker Meals (CCMs) for each fagt@@CM/Ant,Lxh,Maa) out of the CRMs, in the
case of the reference CCMs as well as partly oth@fARMSs, in the case of the alternative CCMs.
The increasing levels of MgO entered by the ARMghia be mastered if higher than 2 wt%.

As explained insection 2.4, MgO will be built in the alite structure up to02wt% from which the
remainder will form periclase. The LSF_MgO govetims ratio of alite and belite. It holds a correntio
for the incorporation of MgO in £S5 and has to be altered if Mg%] is bigger than 2 wt%
(Section 2.6). The remainder of MgQwt%] above 2 wt% or the part which will form periclasas
percentually subtracted from the four critical nhebddes[wt%] achieved in clinker when Mg{@vt%|
is 2 wt% and the mineralogical limitations areimelwith those described table 6.4.In this way, the
ratio between these metal oxide#%)] is maintained as well as the ratio between thierdifit major

constituent phases.

Table 6.4.: Chemical and mineralogical limitatimmsthe final clinker

Clinker Antoing Lixhe Maastricht
Cl (Wt%) x <0.08 x <0.08 x <0.08
SG; (wt%) x<1.4 x<1.2 x<1.1
Na,Oeq (wWt%) x<1.2 x<1.2 x<1.2
MgO (wWt%) x<4.0 x<4.0 x<4.0
MgO/Fe0s (wt%) x < 1.40 x < 1.40 X < 1.40
DoS-level (wWt%) 80 <x <120 80 <x<120 80 <220
If [MgQ] < 2 wt%

LSF_MgO (wWt%) 98.24 98.19 98.20
CA (Wt%) 7.35 6.65 7.33
LigSimple (wt%) 19.18 22.73 22.97
If [MgO] > 2 wt%, the remainder is compensated pataally (X - %MgO)

CaOo (wWt%) 65.92 - 1.51 66.56 — 0.78 -
Sio, (Wt%) 21.87 - 0.49 21.76 - 0.31 -
Al,O3 (Wt%) 4.45-0.10 4.85-0.12 -
FeOs (Wt%) 2.60 - 0.06 3.63-0.09 -

The CCMs for this investigation were calculatedhwite simulation prograntSéction 3.3) in line

with the chemical and mineralogical requirementscdbed intable 6.4.which incorporates some
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additional information compared table 2.5.The alternative CCMs were calculated to maximise th
use of the porphyry and dolomitic limestone ARM#$ieTcompositions of the reference CCMs are

presented itable 3.1, these of the alternative CCMs presentetabie 6.5.

e Porphyry:
Because of the high AD; [wt%] in porphyry materialsTable 6.1), it was expected that they
could function as AlDs-source in CCM replacing fly ash as classic soufrcem the four selected
samples, the ARM closest to the average,3mMt%] of all sampled porphyry materials, the
porphyry sand 0/4 (ARM/Pp04Sa/S5) was used in itnelation program as well as the porphyry
fines (ARM/PpF/S9). By maximisation of these matksrin the different CCMs, the fly ash dosage
[wt%] is lowered and even replaced completely in the cA€BR Antoing and CBR Lixh&l@ble
6.5). For the alternative CCMs of CBR Lixhe also th®Ssource was completely replaced which
is not really realistic from a production pointwaéw because three raw materials are not sufficient
to manage four metal oxides. As can be noticethlile 6.1, the chemical analysis of the fines
(ARM/PpF/S9) was significantly different from theaterial where it was originated from as well
as the other porphyry materials that are presemddyure 6.1. This chemical shift could be
explained by the fact that hornblende is easiagriiod by its lower hardness compared to quartz
and feldspar%ection 6.2) which results in a doubled Mg[it%)] content as well as an increased
FeO; [wt%] content in the porphyry fines (ARM/PpF/S9) complate the porphyry sand 0/2
(Ag/Pp02Sa/S9). However, it is the lowered Si®t%] (Table 6.1) that results in higher porphyry
fines ARM (ARM/PpF/S9) dosages in the alternatilieker meal compositions of CBR Lixhe
(CCM/Lxh/PpF). Furthermore, the porphyry materiatmtain higher levels of alkali which will
increase the total alka[wt%] of the final clinker interesting from the point efew of the

combined fluxing effect described in the beginnfighis section.

* Dolomitic limestone:
The preparation of the CCMs based on the dolontitiestone ARM (Ag/DLSI/Mix) had as
limiting factors the Mg wt%] and the ratio between MgO and,Beg described irsection 2.5.
CBR Antoing was ideal to evaluate the influencehigh levels of S@[wt%] and alkalig wt%]
(Table 3.5, Table 3.6.and Table 6.8) together with Mggwt%]| approaching the maximum limit
of 4.0 wt% and an MgO/E©; ratio of 1.4. The alternative clinkers calculated of the factory of
CBR Lixhe will give lower levels of SQ[wt%] and alkalisfwt%)] (Table 3.5, Table 3.6.and
Table 6.8). Comparing these clinkers with those produced®BR Antoing will demonstrate their
influence on the combined fluxing effect to lowke tsintering temperature.
Alternative clinkers of ENCI Maastricht with dolotiai imestone ARM would not result in extra

information and were therefore after simulation fuother investigatedTable 6.5).
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Table 6.5.: Compositions of the different alternative clinker meals noaoke fied to the static kiln

CRM+ARM Quantity CRM+ARM Quantity CRM+ARM  Quantity
(Wt%) (Wt%) (Wt%)
CRM/Ant/CP 2.81 CRM/Ant/CP 23.30 CRM/Ant/CP 64.67
CRM/ANnt/CR 83.37 CRM/ANnt/CR 64.93 CRM/Ant/CR 11.82
CRM/Ant/FA 0.00 CRM/Ant/FA CRM/ANt/FA 5.10
CCM/Ant/Pp CCM/Ant/PpD CCM/Ant/DL
CRM/ANnt/IC 0.76 CRM/Ant/IC CRM/Ant/IC 0.67
ARM/Pp04Sa/S5 13.86 ARM/PpF/S9 11.42 ARM/DLSI/Mix 17.75
Sum 100.00 Sum 100.00 Sum 100.00
CRM/Lxh/Tu 81.27 CRM/Lxh/Tu 81.55 CRM/Lxh/Tu 62.53
CRM/Lxh/Lo 0.00 CRM/Lxh/Lo 0.54 CRM/Lxh/Lo 7.26
CRM/Lxh/FA 3.07 CRM/Lxh/FA 0.00 CRM/Lxh/FA 10.33
CCM/Lxh/Pp CCM/Lxh/PpD CCM/Lxh/DL
CRM/Lxh/IC 1.57 CRM/Lxh/IC 0.71 CRM/Lxh/IC 1.31
ARM/Pp04Sa/S5 14.08 ARM/PpF/S9 17.20 ARM/DLSI/Mix 18.57
Sum 100.00 Sum 100.00 Sum 100.00
CRM/Maa/Ma 81.09 CRM/Maa/Ma 81.11 CRM/Maa/Ma  77.16
CRM/Maa/SC 1.95 CRM/Maa/SC 3.13 CRM/Maa/SC 5.91
CRM/Maa/FA 4.10 CRM/Maa/FA 4.53 CRM/Maa/FA 10.94
CCM/Maal/Pp CCM/Maa/PpD CCM/Maa/DL
CRM/Maa/IC 1.43 CRM/Maa/IC CRM/Maa/IC 1.55
ARM/Pp04Sa/S5 11.42 ARM/PpF/S9 10.29 ARM/DLSI/Mix 4.44
Sum 100.00 Sum 100.00 Sum 100.00
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6.7.3.Chemical and TGA analysis

The chemical variation of the porphyry materialssvewaluated by plotting them figure 6.1. by
their respective Si©and ALO; [wt%] without L.O.I. since that is the way how the ARNIwe fed in
reality to the Hot Clinker Meal (HCM). By excludirige LOI, the metal oxides, alkali and sulfate are
recalculated to 100 wt%. It is clear that the pgrghmaterials are chemically very stable regardt#ss

their particle size distribution.

» Porphyry:
TGA analyses of the selected porphyry materialwelsas the porphyry fines presentedigure
6.5. show two small but distinct mass losses, the fitiveen 450°C and 600°C and a second

between 950°C and 1050°C.
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Figure 6.5.: TGA analysis of the four selected pgrg materials
as well as the porphyry fines ARMs

Quite remarkable is the fact that the mass lossbsth temperature regions are bigger for the fines
fraction ARM/PpF/S9, indicating that the mass losmes most likely from the hornblende which
consists partly out of hydroxyl and fluorine. Evation of the TGA analysis of the selected
porphyry materials and their chemical analySeble 6.1) show clearly that CaO as well as MgO
are not in carbonated form and will not, in corttragth dolomitic limestone, emit COwhen

thermally degraded up to 1450°C.
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Dolomitic limestone:

The chemical instability of the dolomitic limestormaterials is quite clear out 6§ure 6.2. This
could significantly be ameliorated by selectingnthBy their particle size. It can also be noticed
that CaO is more present in the sand than in coaggeegates. TGA analyses of the selected
dolomitic limestone sample&igure 6.6), show that all CaQwt%] and MgO[wt%] (Table 6.2)

are present in carbonated form as Ca@dl [Ca,Mg](CQ), which will emit CQ when sintered in

a clinker kiln. The known decarbonation energiasntbin literature, 1782 kJ/kg for Cag@nd
1400 kJ/kg for MgC@ make it possible to calculate the total decarbonaenergy out of the

chemical analysis.
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Figure 6.6.: TGA analysis of the three selecteauhitic limestone
as well as the dolomitic limestone mix ARM

By its lower decarbonation energy, it is logicahtthncreasing levels of [Ca,Mg](GR in the
alternative CCMs could lower the energy consumptidnPortland clinker production if the
increased Mgdwt%] could replace CaQwt%] in the mineralogical constituent phasé@alfe
6.6). However, the decarbonation energi€able 6.7) out of DTA analysis(Vs/mg) as well as
these calculated out of the chemical analysis oMERNd ARMs Table 3.4.andTable 6.2), the
composition of the CCMsTable 3.2.andTable 6.5) and the known decarbonation energies (J/q)
for CaCQ and MgCQ show no big differences. The increase of MgO adaethe ARM which
partly replaces CaO coming from the classic limestsource is not sufficient to measure a
difference in decarbonation energy. If the limest@RMs could be lowered even motelfle 6.5)

by positive mineralogical influences of the ARBegction 4.4, a decrease of decarbonation energy

could possibly be measured.
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Table 6.6.: TGA/DTA evaluation of the ReferencedGlinker Meals
of CBR Antoing, CBR Lixhe and ENCI Maastricht

CCM Inorg CQ  Total CaO Total MgO Inorg CO CaCQ MgCGO;

TGA XRF XRF XRF Der XRF Der XRF Der
Mat

(wWt%) (wWt%) (wWt%) (wWt%) (wWt%) (wt%)
CCM/Ant/Ref 34.0 43.48 1.10 35.32 77.60 2.30
CCM/Ant/Pp 34.8 43.97 1.18 35.80 78.48 2.48
CCM/Ant/PpF 34.3 43.68 1.41 35.82 77.96 2.95
CCM/Ant/DL 35.0 42.66 2.31 36.00 76.14 4.83
CCM/Lxh/Ref 325 45.26 0.88 36.48 80.78 1.84
CCM/Lxh/Pp 34.0 44.68 1.15 36.32 79.74 241
CCM/Lxh/PpF 34.8 44.45 1.44 36.46 79.33 3.01
CCM/Lxh/DL 33.8 43.34 2.27 36.49 77.35 4.75
CCM/Maa/Ref 34.2 44.79 0.97 36.21 79.94 2.03
CCM/Maa/Pp 33.8 44.62 1.09 36.21 79.64 2.28
CCM/Maa/PpF 34.0 44.84 1.19 36.49 80.03 2.49

Table 6.7.: TGA/DTA evaluation of the Referenced0Glinker Meals
of CBR Antoing, CBR Lixhe and ENCI Maastricht

CCM Decarb E Decarb E
Mat DTA (uVs/mg) XRF Der (J/g)
CCM/Ant/Ref 182.3 1390
CCM/ANnt/Pp 166.2 1390
CCM/Ant/PpF 166.1 1381
CCM/Ant/DL 162.3 1393
CCM/Lxh/Ref 161.8 1287
CCM/Lxh/Pp 169.7 1305
CCM/Lxh/PpF 154.4 1308
CCM/Lxh/DL 227.7 1316
CCM/Maa/Ref 228.0 1373
CCM/Maa/Pp 219.0 1319
CCM/Maa/PpF 195.2 1319

Furthermore, the chemical analysis of the finatla@rs presented itables 6.8, 6.9.and 6.10.shows
that the CCM out of the used ARMs and CRMs wer@ery assessed by the simulation program.
The increase of MgO in the alternative CCMs withrghtyry materials is moderate but significant
contrary to the dolomitic limestone materials whieie quite impressive.

Based orfigure 2.5. and the MgO/S@level, the reference and alternative clinkers wile an alite
formation in the monoclinic form M3 as explained saction 2.4, making the influence of the
monoclinic form on the reactivity of alite not re#mt for this investigation.
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Table 6.8.: Chemical analysis and Bogue calculatadrthe final clinkers
with porphyry and porphyry fines produced in aistkin

Clinker Cl/Ant/Pp CI/Ant/PpF Cl/Lxh/Pp Cl/Lxh/PpF Cl/Maa/Pp Cl/Maa/PpF
Temp. 1450°C 1450°C 1450°C 1450°C 1450°C 1450°C
CaO (Wt%) 66.56 66.03 66.49 66.64 65.87 66.79
Sio, (wt%)  22.30 22.65 21.60 21.70 22.60 22.45
Al,O; (Wt%) 4.03 4.02 4.32 4.26 4.46 4.47
FeOs (Wt%) 2.79 2.62 3.93 3.68 3.55 2.75
KO (Wt%) 0.33 0.45 0.20 0.14 0.24 0.14
Na,O (Wt%) 0.63 0.51 0.64 0.58 0.59 0.47
SO, (Wt%) 0.50 0.63 0.10 0.06 0.04 0.05
MgO (Wt%) 1.80 2.14 1.60 1.90 1.59 1.76
TiO, (Wt%) 0.23 0.28 0.27 0.33 0.28 0.31
P,Os (Wt%) 0.10 0.04 0.18 0.16 0.14 0.15
Cl (Wt%) - 0.12 - - - -

LOI 975°C (wt%)  0.43 0.28 0.31 0.22 0.31 0.33
DoS-factor (wt%) 45.69 60.50 10.03 6.91 414 6.89
Alite (C3S) (wt%)  70.37 65.86 71.83 72.44 61.30 67.26
Belite (GS)  (wt%) 10.86 15.27 7.75 7.58 18.56 13.63
Celite (GA)  (wWt%) 5.96 6.22 4.80 5.06 5.81 7.19
Ferrite (GAF) (wt%) 8.49 7.97 11.96 11.20 10.80 8.37

Table 6.9.: Chemical analysis and Bogue calculatairthe Final Clinkers of CBR Antoing
with dolomitic limestone made in a static kiln (R€l/Ant/Ref; DL= Cl/Ant/ DL)

Clinker Ref DL Ref DL Ref DL Ref DL
Temp. 1450°C 1450°C 1400°C 1400°C 1350°C1350°C 1300°C 1300°C
CaO (wt%) 6590 64.15 6594 6450 65.98 64.26 65.19 64.42
SiO, (Wt%) 22.27 2166 2235 21.84 2243 21.77 2235 21.95
Al,Os (Wt%) 4.14 4.50 4.14 4.14 4.13 4.18 4.14 4.12
Fe0; (wt%) 3.02 2.88 2.97 2.76 2.92 2.77 2.96 2.76
K,O (Wwt%) 0.59 0.77 0.58 0.83 0.57 0.90 0.76 0.84
Na,O (Wwt%) 0.17 0.16 0.18 0.17 0.18 0.15 0.23 0.16
SO, (wt%) 0.89 0.86 0.86 0.84 0.83 0.89 1.08 0.81
MgO (Wwt%) 1.73 3.96 1.75 3.93 1.77 3.93 1.78 3.86
TiO, (wt%) 0.25 0.23 0.25 0.22 0.25 0.23 0.25 0.23
P,Os (wt%) 0.21 0.17 0.2 0.17 0.19 0.17 0.19 0.17
Cl (wt%) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
LOI 975°C (Wwt%) 0.48 0.30 0.46 0.30 0.44 0.45 0.73 0.38
DoS-factor 123.42 99.86 119.60 90.80 115.782.83 11451 87.98
Alite (C;3S) (wt%) 66.84 62.13 6650 64.78 66.16 64.05 63.43 63.75
Belite (GS) (Wwt%) 13.44 1524 1392 13.76 1441 1410 16.24 1485
Celite (GA) (Wwt%) 5.86 7.05 5.93 6.30 6.01 6.39 5.96 6.25
Ferrite (GAF)  (wt%) 9.19 8.76 9.04 8.40. 8.89 8.43 9.01 8.40
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Table 6.10.: Chemical analysis and Bogue calculataf the Final Clinkers of CBR Lixhe
with dolomitic limestone made in a static kiln (R€l/Lxh/Ref; DL= Cl/Lxh/ DL)

Clinker Ref DL Ref DL Ref DL Ref DL
Temp. 1450°C 1450°C 1400°C 1400°C 1350°C 1350°C 1300°C 1300°C
CaO (wt%) 66.28 64.79 66.00 64.26 65.93 64.39 65.883.97
Sio, (Wt%) 21.93 22.12 22.02 22.02 21.89 2191 21.77 .222
Al 04 (wt%)  4.40 4.26 4.35 4.38 4.42 4.41 4.48 4.18
FeOs; (wt%)  4.21 3.84 4.26 3.80 4.23 3.86 4.20 3.79
K,0 (wt%) 0.21 0.11 0.17 0.19 0.20 0.28 0.26 0.36
Na,O (wt%)  0.20 0.16 0.18 0.18 0.18 0.20 0.20 0.21
SO (wWt%) 0.12 0.15 0.08 0.23 0.19 0.30 0.27 0.42
MgO (wWt%) 1.28 3.38 1.30 3.44 1.29 3.45 1.35 3.26
TiO, (wWt%) 0.30 0.31 0.30 0.31 0.31 0.30 0.31 0.31
P,Os (wWt%) 0.24 0.22 0.24 0.23 0.24 0.22 0.24 0.23
Cl (wWt%) n.a. - - - - - - -

LOI 975°C (Q) (wt%) 0.39 0.22 0.69 0.56 0.71 0.29 0.63 0.65
DoS-factor 27.47 4997 21.22 58.37 47.20 60.44 356. 72.75
Alite (C3S) 6752 61.48 65.96 59.34 66.24 60.41 66.63 57.92
Belite (GS) 11.95 17.05 13.38 18.38 1280 1752 12.16 20.05
Celite (GA) 454 4.79 4.32 5.18 4.56 5.16 477 4.67
Ferrite (GAF) 12.81 11.69 12.96 11.56 1287 11.75 1278 3115

Also nicely visualised irtable 6.9.for the alternative clinkers substituted with dultic limestone,
the reference as well as the alternative clinkéiSBR Antoing have a ratio of AD; / Fe&O; = 1.38.
As explained irsection 2.6. this should result in sufficient liquid formati@t 1338°C. These of CBR
Lixhe (Table 6.10) are lower than 1.38. Also the limits describedaation 2.5. MgO [wt%)] < 4.0 wt%
and MgO / Fg0; < 1.4 were reached on the final clinkers minimigpogsible unsoundness problems
related to the elevated Md@1t%] .

6.7.4.XRD Analysis

The XRD analyses with Rietveld refinement of theaficlinkers presented table 6.11.(Pp), table
6.12. (DL) and table 6.13.(DL) , show different mineralogical weight perceyga than those
calculated by Bogue equations out of the chemiealyais of the final clinkers presentedtable 6.8.
(Pp),table 6.9.(DL) andtable 6.10.(DL). Evaluation between the different clinkers kbabjectively

be done by comparing the differences between tttesmretical mineralogical Bogue compositions
and the real mineralogical XRD compositions. Newadss, the repeatability precision of the XRD
measurement explainedsection 3.10has to be taken in account during this evaluation.

A possible fluxing effect could be demonstrateda iignificant increase of the real measured alite

[wt%)] occurs in comparison with the theoretical caladadlite] wt%)] .
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Table 6.11.: Mineralogical analysis by XRD of thadt Clinkers with Porphyry and Porphyry fines
Cl/Ant/ Cl/Ant/ Cl/Lxh/ Cl/Lxh/  Cl/Maa/  Cl/Maa/

Clinker

Pp PpF Pp PpF Pp PpD
Temp. 1450°C  1450°C  1450°C  1450°C  1450°C  1450°C
Alite (C5S) Wi%) 7354  71.04 60.56 69.91 61.72 66.92
Belite (GS)  (wi%) 8.71 12.85 16.56 6.70 16.77 13.84
Celite (GA)  (Wi%)  9.59 475 8.91 11.15 9.21 10.45
Ferrite (GAF)  (Wt%)  7.07 10.43 11.21 8.57 10.22 7.09
Free Lime (CaO)(Wt%)  0.22 0.02 2.08 2.84 0.36 0.43
Periclase (MgO) (wt%) 0.55 0.68 0.46 0.77 0.62 0.61
Arcanite Wit%)  0.10 i 0.02 0.27 0.17 0.17
(K2SOy)
Aphthitalite Wi%)  0.16 0.23 0.22 i 0.34 0.17

(Full XRD analysis of Cl/Lxh/PpF in Figure A.2. (ppndix A))

Table 6.12.: Mineralogical analysis by XRD of tleéarence Final Clinkers and the clinkers with
dolomitic limestone of CBR Antoing produced in atit kiln (Ref=Cl/Ant/Ref; DL= CI/Ant/ DL)

Clinker Ref DL Ref DL Ref DL Ref DL
Temp. 1450°C 1450°C 1400°C 1400°C 1350°C 1350°C 1300°C 1300°C
Alite (C3S) (wt%) 64.52 66.08 64.66 67.93 64.80 65.69 60.80.35
Belite (GS) (wt%) 19.73 15.01 1959 1490 1944 17.38 23.3%1.23
Celite (GA) (wt%)  1.79 5.06 2.73 4.64 3.67 5.13 5.79 5.69

Ferrite (GAF)  (wt%) 12.86 1043 11.81 891 10.76 8.00 6.88 766.

Free Lime (CaO) (Wt%) 023 0.02 045 0.07 066 025134 1.94

Periclase (MgO) (wt%) 0.39 3.05 0.35 3.14 0.31 3.180.74 3.16

Arcanite (KSO,) (Wt%) 0.32 023 027 025 021 023 067 0.66

Aphthitalite Wt%) - 012 002 015 0.02 014 0.140.30
(Full XRD analysis of CI/Ant/DL in Figure A.3. (Agmdix A))

Table 6.13.: Mineralogical analysis by XRD of tleéarence Final Clinkers and the clinkers with
dolomitic limestone of CBR Lixhe produced in a st&iln (Ref=Cl/Lxh/Ref; DL= Cl/Lxh/ DL)

Clinker Ref DL Ref DL Ref DL Ref DL
Temp. 1450°C 1450°C 1400°C 1400°C 1350°C 1350°C 1300°C 1300°C
Alite (C3S) (wt%) 65.04 5950 64.81 54.82 6278 50.74 60.129.02
Belite (GS) (wt%) 14.93 1852 1541 2358 17.83 27.65 19.143.97
Celite (GA) (wt%)  3.68 3.16 3.99 3.60 3.63 2.48 6.43 5.37

Ferrite (GAF) (Wwt%) 1587 16.31 1482 1555 14.73 13.60 11.912.60
Free Lime (CaO) (wt%) 0.23 0.09 0.20 0.15 0.63 0.601.89 5.76
Periclase (MgO) (wt%) 0.18 2.16 0.16 2.09 0.11 2.300.11 3.02
Arcanite (K.SO,) (wt%)  0.07 0.02 0.05 0.12 0.01 - 0.36 -
Aphthitalite (wWt%) - 0.16 0.44 0.08 0.17 - - -

110



Porphyry and dolomitic limestone by-products as naaterial for Portland clinker production

The goal is to demonstrate if there is a fluxiniggetf by an increasing Mgpwm%] and if this fluxing
effect is related to a combined fluxing effect tibge with RO (R=Li, Na, K) and S@as described in
section 3.2.andsection 3.3.The mineralogical analyses performed on the altera clinkers made at
1450°C are presentedtiable 6.11.(Pp),table 6.12(DL) andtable 6.13(DL).

A significant increase in alitemt%] of £ 2.0 to 3.0 wt% is distinguishable in the aliive clinkers of
CBR Antoing in comparison with their reference, giicannot be explained by an increased MgO

[wt%)] in the alite phase because the increase in pseitdabigger than the increase of Mg@%o) .

Table 6.12.: Mineralogical analysis by XRD of tleéerence Final Clinkers and the clinkers with
dolomitic limestone of CBR Antoing produced in atgt kiln (Ref=Cl/Ant/Ref;, DL= CI/Ant/ DL)

Figure 6.7.demonstrates that the increase of &liw4] is due to a combined fluxing effect of MgO,
alkali and S@. From left to right, clinkers showing the bigggsin up to the biggest decrease in alite
formation are plotted. The percentages of MgO, Naed SQ [wt%] (Table 6.8, Table 6.9.and
Table 6.10) are also included ifigure 6.7.

It is clear that on the left digure 6.7, the clinkers are high in MgO, Ma,; and SQ[wt%] but even
more important a balance is present between adkali SQ [wt%]. The clinkers with lower MgO,
Na,O¢q or SQ [Wt%] and where no fluxing effect can be distinguistee@, positioned in the middle.
The small differences between the XRD and Bogue [lit%] are for these clinkers within the error
margin of the XRD measuremerbgction 3.10. and can therefore not be allocated to a possible
positive or negative mineralogical effect.

At the right, clinkers with high levelsm%)] of alkali but almost no S{wt%], result in a decrease of
alite[wt%] due to the increased viscosity of the melt bygtessence of free alkali.

The presence of free alkali is demonstrated bysthall quantitiegwt%] of arcanite and aphthitalite
in comparison with the high levdlat%] of alkali.

Although all the CCMs were designed to have Do$efacbetween 80 and 120, many of the final
clinkers didn’t achieve this goal. The reason @ tinbalance between alkali and 3@t%] is due to
the different volatility of the Cl, S©and alkali in a static lab furnace compared tea clinker kiln.

As described irsection 2.5, an excess of alkali will decrease the viscosityhe melt by which the
alite formation is increased. Because the alkalieha higher volatility at 1450°C than §@hey will

be much lower in content in a static kiln and &€a [wt%)] will be lowered significantly.

On the other hand, it makes it possible to dematestthe importance of each part of the combined
fluxing effect. Based offigure 6.7, it can be concluded that a combined fluxing &f{@®] exists
which can be provoked by the use of the porphyd/daiomitic limestone ARMs.

The combined fluxing effect is also noticeable wisarnering temperature is lowered to 1400°C and
1350°C. Both the reference CCMs as well as theratare CCMs made with dolomitic limestone
ARM of CBR Antoing and CBR Lixhe were sintered d%0°C, 1400°C, 1350°C and 1300°C. The
resulting alite contenfavt%] measured by XRD are plottedfigure 6.8.
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Figure 6.7.: Alite formation sorted from left to right by decreasing ralis&r capacity coming from the combined fluxing effect
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Figure 6.8.: Alitefwt%] determined by Bogue and XRD of the classic
and alternative clinkers made with dolomitic linest sludge

The alternative clinker made with dolomitic limesoARM of CBR Lixhe decreases very rapidly in
alite [wt%] as of 1400°C. This trend is not so visible thopghsent in the reference clinker of CBR
Lixhe (Figure 6.8). In contrary with the clinkers of CBR Lixhe, botlinkers of CBR Antoing
maintain the same alifevt%] up to 1350°C. As of 1300°C, all four clinkers de=sse in alitdwt%] .
The difference between the clinkers of CBR Antaamgl these of CBR Lixhe, is the presence of alkali
and SQ [wt%] . Although, in the case of the reference clinkeAnfoing, an increase in alifevt%] at
1450°C was not measureBidure 6.7), there is apparently sufficient MgO, alkali an@®;§wt%|
available to generate the combined fluxing effesuiting in the decrease of the sintering tempezatu
to 1350°C. This is also the case for the altereatinker made with dolomitic limestone ARM of
CBR Antoing which already showed a combined fluxieffect at 1450°C. Compared to tests
performed by Kacim[23], both the reference as well as the alternativekelis of CBR Antoing are
quite low in free CaO at the different temperatusasit can be remarked that free CR@%| was
significantly lower at 1450, 1400 and 1350°C whiee tombined fluxing effect took place. As can be
noted out oftable 6.6, the increase in alitfwt%)] formation in the alternative clinkers has been
obtained without an increase in inorganic CThis means that a more reactive alternative elinia

the case of CBR Antoing, can be made without anease of inorganic CQor a clinker with the
same reactivity but with less CaO and therefore &§ can be made with these higher levels of MgO.
Decreasing the CaO by replacing it with Si®ill also increase the burnability of the clinkas
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described irsection 2.6.This should be further investigated by evaluatimgenergy consumption up
to different temperatures of the reference andratese clinkers which are composed out of the same

final mineralogy (equal alitpwt%] ).

6.8. Ecological benefit

The use of fines or sludge coming out of aggregatesiuction as ARM for Portland clinker
production could have different ecological advaatag/hich could be quantified in a LCA-study and
which are in line with Cement Sustainability Initiee. Based on the guidelines of the LCA process
(Section 4.4), different principles as cradle to grave, cradleradle or cradle to gate, can be used to
demonstrate the possible ecological benefit by gusgcycled fines or sludge out of aggregates
production as ARM in Portland clinker productions Aemonstrated isection 6.7, porphyry and
dolomitic limestone materials will influence difeartly the raw materials composition of the CCMs.
Also the dry or wet separation phase of fines dwtggregates production will have different energy

consumption as well as their mode of transportthagt impact on Portland clinker production.

« EPD of Portland clinker (cradle to gate):
Porphyry fines will reduce by their chemical comifios, the required volume of fly ash.
Dolomitic limestone will decrease the required Igtome. This means that the influence of the EPD
of the fly ash on the one hand and the limeston¢herother will be smaller on the LCA of the
Portland clinker production.
As a result, the influence of the EPD of the porghines or the dolomitic limestone sludge will
have to be taken in account. Whether or not thifs shraw material use is an ecological benefit
depends on the EPD of both raw materials.
The transport mode will also have a big influencetloe ecological impact of the ARMs. The
transport for the dolomitic limestone will induce encreased environmental impact because most
Portland clinker kilns are located near their litoeg source whereas the dolomite quarry is further
away. Also the transport of the wet sludge willless beneficial than the dry fines by the partial
transport of water. The transport of the porphymged$ could be comparable with fly ash because
both sources are not located near the Portlanletliiactory as in the case of the limestone source.
Furthermore, the input of MgO by both ARMs couldvéan influence on the reactivity or the
burnability of the Portland clinker by an improvedite formation, but also on its sintering
temperature by a mineraliser effect. If the reqLiGaO[wt%] could be decreased by the increased
reactivity of the Portland clinker, not only theeegy consumption will be lowered by an improved
burnability (CaQ.e but also by a decreased decarbonation energy@galddeed if CaQwt%]
could be decreased in the CCM, less Ca®{D have to be decarbonated and less CaO wilehav
be built in the different mineralogical phases ¢orase Cafd-to an acceptable level. A decreased

energy consumption and related assigned @@icator will have as result that the LCA of the
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Portland clinker will improve. When the cradle tatg principle is used for the Portland clinker
production, this will result in an improved EPD feortland clinker.

Nevertheless, the use of both ARMs will not pureéybeneficial. The introduction of physically
bound HO by sludge will necessitate extra evaporation gyndfurthermore without taking in
account the mineraliser effect of the MgO, the inpfuMgO by dolomitic limestone will not lead
to a decrease in inorganic gBecause MgO is present in carbonated form in didlofimestone
as in the case of porphyry. The decarbonation grafrgolomite is nevertheless lower than calcite
as described iparagraph 6.7.3.However, a realistic EPD of the Portland clinkerliing the use

of both ARMs can only be calculated based on adtahistrial practice.

EPD'’s of the other related processes (cradle ®)gat

An improved EPD of Portland clinker will have alaopositive impact on the EPD of Portland
cement. Nevertheless, industrial practice will eassary to fine-tune the EPD calculation of
Portland cement as a function of the increasediatkahe Portland clinker, grinding energy and
required fineness of the final Portland cementlss thhe other cement types which EPD’s will be
less but still considerably influenced by the ERTPortland clinker. Furthermore looking at the
EPD of porphyry and dolomitic limestone aggregatssif, the big ecological benefit will be the
valorisation of a by-product in the form of dry di& or wet sludge which otherwise would be
identified as waste product in a LCA calculatiotisTmeans that the total energy necessary to
produce these aggregates could be divided ovaggebpart of the quarried material. Furthermore
no landfill has to be taken in account in the fiB®D calculation of the aggregates.

Aggregates that have a lowered fines fraction (<ué8) could have advantages in concrete
applications due to lowered water and cement denaand function of their specific properties.
Combined with improved EPDs of Portland cement atidr cement types, this will result in an
improved concrete EPD. An improved EPD of concnsté make concrete more competitive

towards comparable building materials when congidezcological construction of a building.

Cradle to grave / Cradle to cradle:

There will be no additional beneficial influencesusing fines or sludge of porphyry or dolomitic
limestone as ARM in Portland clinker than thosesadly described here above. The LCA of
aggregates will consider the different stages eflifie cycle of the aggregates. The valorisation of
fines or sludge will only influence the resourcg@lédon and manufacturing stage which deal with
the extraction, processing and transportation ef dggregates or the part already discussed in
cradle to gate assessmefriglre 4.3). Nevertheless, these fines fractions of porployrgolomitic
limestone could also be generated by an additipnatess step in the production of recycled
aggregates out of waste material and could indiée have their influence on the LCA during the

end of life stage of the primary aggregates. Thikb& further discussed ichapter 10
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Based on the results of this study and the citédences on the LCA calculation, it can be expected
that the use of porphyry fines as ARM for Portlatidker production will have ecological benefits. |
the case of dolomitic limestone sludge, whethenatr an ecological benefit can be observed, will
depend on the transport mode and evaporation ef@rgyysical bound water in the sludge.
Nevertheless, the use of both materials is inwith the Cement Sustainability Initiative explainied
section 4.2.Both ARMs, if used for Portland clinker productjomill have their influence on two of
the five Key Performance Indicators of the Cemenist&nability Initiative: Climate change
management as well as fuels and materials useclifhate change management will be influenced by
decreased company-wide total £€nissions (tons/year) as well as the company’'ssgamd net CO
emissions per ton of cementitious product espeudialthe case of porphyry fines.

The use of fuels will be influenced as a functibthe specific heat consumption of clinker prodoiati

in (MJ/t of clinker). The raw materials use will ba his turn positively influenced by an increased
alternative raw materials rate for clinker prodactand the possible increased use of fly ash as raw
material for cement production by its replacemerthe CCMs for Portland clinker production by the

use of porphyry fines.

6.9. Conclusions

As could be deduced from the performed analyseqhyoy fines and dolomitic limestone sludge
could be an interesting Alternative Raw MateriaR@A) for Portland clinker production. They could,
in both cases, have a positive influence on thdogmal effects of aggregates production and
application as well as for the excavation of linvest Classic Raw Materials (CRMs) in the case of
dolomitic limestone sludge.

In contrast with porphyry fines, dolomitic limestrsludge will need a homogenisation phase to
decrease its chemical variation. As could be notdatie different sections, porphyry fines couldoals
replace a CRM with pozzolanic capacity as fly &h.the contrary, dolomitic limestone sludge ARM
will not replace completely the limestone CRMs kg high levels of MgO which will generate an
undesired fifth raw material within the Portlandnker production. The MgO out of dolomitic
limestone fines will also be presented to the @irikiln in carbonated form, resulting in an inceea$
CO, emission with increasing inert periclase formatiorspite of the lower decarbonation energy of
MgCQs.

Furthermore it was demonstrated that MgO when caslty introduced by the investigated ARM in
line with well-defined limitations, should rathee begarded for its positive mineralogical influerce
clinker than avoided because of its possible pgselformation and related unsoundness properties.
MgO combined with alkali and SChas fluxing activities whereby the alite formatimnpromoted
which could improve the burnability of the altetimatclinkers.

Furthermore, it was also demonstrated that in coatlain with alkali and S§)a decrease of the liquid

formation temperature is noticeable by which equaderalogical composition can be attained at
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1350°C than without the fluxing effect at 1450°@wering the sintering temperature to 1350°C could
safely be considered in combination with the inseshalite formation at 1450°C. The combined
fluxing effect is not as distinct as this of Gdit at the other hand easier and cheaper to inteouh a
clinker kiln by the ARMs. It is also a fact thatistharder for clinker producers to attain too ltian
sufficient SQ [wt%] and alkali[wt%] to profit from a combined fluxing effect. Theredothe
fine-tuning of MgO[wt%] up to 2.0 - 2.5 wt% in Portland clinker could lBEammended to fully
benefit the mineralogical advantages.

Further investigation should be performed to evalyshysical properties of cement based on these
ARMSs. Additional to materials with decarbonated CA&BMs who consist partly out of decarbonated
MgO could act as valuable raw materials for Podlelinker production.

Porphyry and to a lower extent dolomitic limestdimes or sludge should therefore, together with the
already available alternative fuels and raw maltef{#0], be considered as a way to get in line with

the Cement Sustainability Initiative.
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Chapter 7

Fibrecement recycling asraw material for Portland clinker production

7.1. Introduction [1-9]

The demand for roofing and facade products outeaientious materials still increases year by year,
especially in developing countries. For these tygfespplication, asbestos cement materials have bee
used widely for well over a century and are ssid up today.

Principally asbestos cement materials are a mi@0oWt% cement and 10 wt% asbestos with water.
However, the hazard of asbestos to human healtheldat® a ban of using asbestos in construction
material industry in many countries, although agimsementious materials are still used up to day i
several countries as roofing material. In 2009 dgample, import of asbestos in Vietham was still
around 64,000 tons which made it one of the largglséstos consuming countries in the wpr]d

The investigation on new fibers for asbestos stiltiin, including a new manufacturing process and
equipment for non-asbestos cement sheets, hasobgesat interest for researchers and engineers. In
the early 1980’s FibreCement out of non-asbestasnmaés (FC) gradually replaced asbestos cement
for roofing material as well as facade productaiistralia and Europe.

The manufacturing of roofing and facade productsobuwementious materials was not so widespread
in the USA because asbestos cement could not cempith the readily available natural and
manufactured wood products. However, by the la®0E0the reduction in the amount of available
wood and the worldwide environmental movement chdripe economics and FC was introduced in
the USA with imports from Australia and Europe, @fhidemonstrates the current worldwide use of
FC building materials.

A typical FC board is made of approximately 40-@9o0f cement, 20-30 wt% of fillers, 8-10 wt% of
cellulose, 10-15 wt% of mica. Other additives IRelyVinyl Alcohol (PVA) and Polypropylene (PP)
are normally used in quantities less than 1%. Tdheahrecipe depends on available raw materials and
other local factors. Also the specific used proiturctprocess will have its influence on the raw
material composition as can be remarketigores 7.1. and7.2. for Eternit Kapelle o/d Bos, Belgium
where the composition evolution of aircured FC RapfSlates is demonstrated for the years 1996 to
2011.

Buildings materials may remain in service for ceigsl but studies have demonstrated that the
combined volumes of FC demolition waste will starincrease in Europe as of 2020 to measurable
volumes. Once a steady supply of FC demolition evagtl have come on stream, some millions of

tons per year could be expected in Europe whichires|a valuable recycling method.
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Process fibres (cellulose)
B Reinforcement fibres (PVA)
@ CEM | cement - ca. 280 - 320 m_/kg (Blaine)
[ Carbonaceous filler - ca. 450 - 600 m_/kg (Blaine)
H Condensed silica fume - ca. 20 000 m_/kg (BET)

‘ Figure 7.1.: Typical initial dry composition of
T/ common air-cured fibrecement products
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Figure 7.2.: Evaluation of the Composition of Airred Fibrecement Roofing Slates
produced in Eternit Kapelle o/d Bos

Near InfraRed (NIR) spectroscopy could potentidlly used as a simple and reliable method to
distinguish asbestos cement from FC during recgclih appears that NIR diffuse reflectance

spectroscopy can remotely analyse asbestos duee teelatively simple spectra in the wavenumber
range 7400-6900 cthand the high signal-to-noise ratio.
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Already some extensive scientific studies have bgerformed using crushed FC waste in road
construction, by internal recycling in the air-adireespectively autoclaved FC productid]. This
chapter deals with a recycling method for FC whigtapplicable whether it concerns production,

construction or demolition waste namely as Altai@aRaw Material for Portland clinker production.

7.2. Fibrecement /fiber cement (FC)

Fibrecement products out of non-asbestos mat€FR&l¥ is the generic term given to a wide variety of
composite materials consisting out of Portland a#mimert and/or reactive mineral fillers and a
mixture of several types of organic fibrgs3]. FC is used for roofing, wall sidings or claddiraysd
internal linings in both domestic and commercialdings. Most commonly, it is used in the form of
corrugated sheets, slades/shingles, boards anlspldhere used externally, FC is often painted or
otherwise coated.

Within the context of the present manuscript, dfy products produced by Hatschek technology will
be considered. This technology will be briefly eaped insection 7.3. The products made by the
Hatschek technology harden by normal hydration afl@nd cement at ambient pressure, hereafter
indicated by “air-curing” or by means of hydrothedmeactions, further indicated by “autoclaving”.
Except for crystalline portlandite and ettringj@d, the products formed by normal hydration mainly
concern calcium silicate hydrates with predominaathorphous or cryptocrystalline nature. However,
in the case of autoclaving, the chemical reactaotgirring in an atmosphere of saturated steantat 7
10 bar mainly lead to the formation of crystallipleases next to some less crystalline and even some
amorphous materia[$-6]. Most commonly used CaO sources are Portland deamehchalk. Quartz

is the preferred Sisource, but the silica present in the Portlandergnalso participates in these
reactions.

The FC materials that were used for this investigatame from two FC factories of Eternit in the
Benelux, Eternit Kapelle o/d Bos and Eternit Gobine materials were taken from four different
production lines, corresponding with two roofingpgucts, Corrugated FC Sheets (ARM/CS) and FC
Roofing Slates (ARM/RS), and two facade productedMm Density FC boards (ARM/MD) and
High Density FC boards (ARM/HD).

The roofing products concern air-cured produdtggyre 7.3.) whereas the fagade products are
autoclaved igure 7.4.). This makes it possible to recycle both FC groascured and autoclaved,
separately based on their application.

The air-cured productsFigure 7.3.) have very similar formulations and contain syfithe
reinforcement fibres (Polyvinyl Alcohol and Polypsdene), process fibres (cellulose), Portland
cement, puzzolanic and inert filler as can be eotinfigure 7.2.

The corrugated sheets (ARM/CS) contain twice asmpuzzolanic filler as the slates (ARM/RS). The
final corrugated sheet density varies between antb1.50 g/cm3. In the case of slates, the deissity
about 1.85 g/cms.
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La )

Figure 7.3.: Example of an aircured FC roofing picid'sourcewww.eternit.bgcited 2014 Apr 30])

The autoclaved product&igure 7.4.) mainly contain cellulose reinforcement and celéa process
fibres, Portland cement, quartz and some stalilisigent. Autoclaving has the advantage that the
product may be cured and ready for shipping withé hours of manufacture as opposed to an
air-cured product that may need the traditionalda®s of curing time before use. Autoclaving,
however, results in a crystal structure in the htelt cement products that is different from that
produced at ambient temperature. This structungoi®e susceptible to chemical attack by atmospheric
CGO, and it responds differently to this attack tham dlir-cured product.

Figure 7.4.: Example of a autoclaved FC facadeymb(sourcewww.eternit.bgcited 2014 Apr 30])

Air-cured and autoclaved products each contain spraduct-specific additional functional mineral
filler(s).

7.3. Theproduction of fibrecement: the Hatschek process

The Hatschek proce$3-9], invented by Ludwig Hatschek in 1900, results ist@ng and durable
laminate composite material, which has been widedgd as roofing material in many countries
around the world. The sheet formation principlethe so-called Hatschek machine resembles the
principle of an old wet paper making-machine. Byamg of a rotating sieve, thin layers of FC (ca. 0.3
mm) are picked up from an aqueous suspension oémerfibres, fillers and water (ca. 80 to 120 g

solids/ | of slurry). Usually, a Hatschek machimatains 3 to 4 sieves mounted in series.
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FC composites with varying thicknesses can be nigdeinding of several layers of these 3 to 4
monolayers holding composites on a so-called fogmdnum. The fresh sheet (green product) is
optionally post-compressed to densify or is optilgngassed through a moulding station in order to
make corrugated sheets or accessory FC produadHatschek machine is illustratedfigure 7.5.

Roll &
Circular knife

Dewatering Felt

Take off
conveyor Slurry feed by Sieve cylinders

Figure 7.5.: The sheet formation principle usedinithe Hatscheck Machine (Ref. Eternit NV)

Because the process is very sensible to the sinalasges in the raw material composition, the raw
meal composition as well as the quality of the vidlial raw materials is closely monitored. This is
demonstrated irigure 7.2. which illustrates how the raw meal compositionF& Roofing Slates
(ARM/RS) of Eternit Kapelle o/d Bos, has evolvedotigh the years since the change-over to
non-asbestos products. Based on this figure, we almeady partially conclude that FC
product-selective recycling will generate an alative raw material with a low chemical variation.
Table 7.1. lists some of the raw materials that are commaisisd in production of FC cement sheets

worldwide as well as their respective function gedformance (effectiveness).

Table 7.1: Common raw materials used in produatioRVA cement sheets

Material Function Performance
1 Portland cement Binding agent Strength of mahimging composite
2 PVA fibers Reinforcement High bending strengtin®act strength
3 Wollastonite, Stabilizer Dimensional stability,
Mica preventing crack formation
4  Silica Fume Filler Densification of matrix, cooltgravity,

better bonding between fibres and matrix,
better appearance

5  Attapulgite, Improvement of  Improvement of productivity,
Bentonite Forming layer adhesion
6 Polyacrylamide Agglutinate Agent Improvement adguctivity
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Air-cured and autoclaved products have some spguificess specifications which will be described

in the next paragraphs.

7.3.1. Air-cured products

The two air-cured products used for this invesimaare Corrugated FC Sheets (ARM/CS) and FC
Roofing Slates (ARM/RS).

In case of corrugated sheets, the fresh flat F@tsHeaving the Hatschek machine are immediately
corrugated and stacked between steel templatesthEaslate product, the fresh sheets leaving the
Hatschek machine are, partially or fully dimensihnand stacked between flat steel templates after

which these stacks are pressed in order to ragsE@hproduct’s density=(gure 7.6.).

Materials
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Figure 7.6.: Schematic plant lay-out of aircuredgf@duction plant using a Hatschek machine
(Ref. Eternit NV)

Both product types are demoulded after ca. 8 aol®shof curing in chambers with air at 60 °C and
relative humidity of minimum 90 %.

After the demoulding the uncoated corrugated shaetsimmediately wrapped up and stored until
dispatch to the client, minimum 7 days after praiunc Sheets intended to be coated however are
stored for some time in the factory hall, until thement of coating.

In case of the slates, they are re-stacked anddstorthe factory hall after demoulding until cogti
Once coated (if still required, preceded by cutting their final dimensions) they are stacked and

wrapped up after which they are ready for sale.

7.3.2. Autoclaved products

Within this investigation two autoclaved productsttbfor facade applications were used: Medium
Density FC boards (ARM/MD) and High Density FC bidsm(ARM/HD).

After the production of the ARM/MD on the Hatschelachine, the planks are stacked and cured at
ambient temperature for about 24 hours, after wthely are autoclavedrigure 7.7.). An important

part of the production is coated in the factorydbefbeing put into the market.
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Figure 7.7.: Schematic plant lay-out of autoclaF€dproduction plant using a Hatschek macifje

ARM/HD differ from the ARM/MD products by the fadhat they are coloured in the mass, and
exhibit a higher density which follows from a pastmpression step of the fresh boards, stacked
between steel templates.

The final step concerns a hydrophobation treatmierg. product’s final density amounts ca. 1.30 and
1.85 g/cm3 for Medium Density (MD) and High DengiyD) FC boards respectively.

7.4. Sampling

From the four FC products, material was recovetdadi@nty-four different points in time spread over
six months after which they were two by two homadged. The twelve samples obtained from each
type of FC product gave a total of forty-eight séemp After crushing in a Retsch cutting mill those
samples were ground for 1 minute in a Siebtechisic mhill to obtain sufficient fineness.

For each of the four types of FC product, the ayerehemical analysis, as describedaction 3.5.,

of the twelve samples including their standard alééan is presented itable 7.2.

The mutual relationship between the (a0 and the Si@[wt%)] for the air-cured and autoclaved
products respectively is graphically illustratedigures 7.8. and7.9.
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Table 7.2.: Average chemical analysis of the fibreent materials

. Autoclaved Autoclaved
Corrugated Roofing _ . . :
ARM High Density =~ Medium Density
Sheets Slates
Boards Boards
ARM/CS ARM/RS ARM/HD ARM/MD

CaOo (Wt%) 51.24+0.83 52.14 + 0.66 28.55+1.08 25.01 +0.43
SiO, (wt%) 18.85+0.86 18.42 + 0.44 44,2 +1.07 51.06 + 0.54
Al,O3 (Wt%) 2.80+0.10 3.55+0.31 5.95+0.17 4,95 +0.25
Fe,0O; (Wt%) 252 +0.17 3.15+0.16 2.37+1.25 1.74+£0.14
K,0 (wt%)  0.37 £0.04 0.28 £0.02 0.22 £0.01 0.15+0.01
Na,O (wt%)  0.20 +0.03 0.17 £0.01 0.06 £0.02 0.12 +0.01
SO, (Wt%) 1.87 +0.15 1.35+0.05 0.69 +0.10 0.61 +0.04
MgO (wt%)  1.38+0.12 1.57 £0.19 0.59 £0.17 0.71 +£0.07
TiO, (Wt%) 0.25 +0.05 0.43 +£0.04 0.34 +0.40 0.38 +0.09
P,Os (Wt%) 0.44 +0.07 0.31 +£0.03 0.16 £0.02 0.18 +0.01
Cl (Wt%) 0.03+0.01 0.01 £0.00 0.01 +0.00 0.01 +£0.00
LOI975°C (Q) (wt%) 19.65+1.38 18.11 £ 0.68 16.13+0.70 14.83+0.31
Cootal (Wt%) 3.94 +0.28 4.10+0.20 3.66 £+0.12 3.44 +0.13
Sotal (Wt%) 0.86 + 0.08 0.66 +0.03 0.33+0.04 0.31 +£0.02
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Figure 7.8.: CaQwt%)] as a function of SigJwt%] without L.O.I. of Air Cured FC materials
(White and grey label: Samples for TGA/DTA lysas)
(Grey label: Samples used for clinker simulatiod preparation)
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Figure 7.9.: CaQwt%)] as a function of SigJwt%] without L.O.I. of Hydro Thermal FC materials
(White and grey label: Samples for TGA/DTA analyses
(Grey label: Samples used for clinker simulatiod preparation)

7.5. Research description

The primary objective is to investigate how mucheath of the two described FC groups, air-cured
and autoclaved, could be applied in a Portlandkelirprocess to replace the Classic Raw Materials
(CRMs). This will be determined as a function otleaf the three kilns, CBR Antoing, CBR Lixhe
and ENCI Maastricht, with enumeration of possibiatations.

Numerical simulations will be carried out to maxsaithe use of FC waste in clinker kilns taking into
account the compositional variation of the wagtebehaviour within a clinker kiln, the impact dret
energy consumption and finally the influence on tbarbon footprint calculated from the
decarbonation.

Furthermore, experimental clinkers will be producsdresponding with waste dosages that were
esteemed as realistic by the numerical simulatidhsse clinkers will be fully analysed and evaldate

according to the evaluation concept describezhapter 3.

7.6. Results

Based on the articles “Waste fibrecement: An irgiemng alternative raw material for a sustainable
Portland clinker production” published in Constiaotand Building Material$10] and the congress
article “Fibrecement recycling as raw material fortland clinker production” for the third
International Symposium on Life-Cycle Civil Engimiggy in Vienna in 201311], the results of the
research on the use of FC as ARM for Portland elirgroduction is described below. Additionally
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some industrial tests, based on this investigatimre performed, but are not published in this PhD

thesis, due to their confidentiality.

7.6.1. Clinker feed calculations and prepar ations.

A simulation program based on linear equations escribed insection 3.3., calculated raw meal
compositions for each factory (CCM/Ant,Lxh,Maa/Refhese raw meal compositions were in line
with the chemical and mineralogical requiremergtetl intable 2.5. These compositions indicated as
classic Cold Clinker Meals (CCMs) are very clos¢h compositions actually used in these factories.
The composition of the raw materials was merelyustéid to obtain the mineralogical settings, but
without taking into account the ashes of the ftiedd will actually be used to heat up the clinkexam
The compositions of these classic Cold Clinker eaé presented table 7.3.

Furthermore, alternative compositions were caledatith the same program and limits, aiming at the
maximisation of the use of the FC ARMs. These altdve Cold Clinker Meals (CCMs) are also
presented itable 7.3.

The chemical analyses of the limestonetabie 2.3., show that the limestones of Antoing have a high
SG; contentby which that kiln already operates close to its;-8@it (Table 2.5.) in the routine
condition. After simulation, it is clear that thatroduction of air-cured ARMs increases the
SOs-content of the Hot Clinker Meal (HCM) because leéit higher level of S©compared with that
of the CRMs of CBR Antoing. Unlike Air-cured FC ARMthe use of autoclaved FC ARMs lowers
the SQ in the HCM since its SO[wt%] is lower than that of the two limestones used BRC
Antoing. Clogging phenomena should logically desechy the lower SOcontent of the HCM.
Therefore, it was chosen to maximise the autoclaMe with the highest CaQwt%)] (Table 7.2.)
namely autoclaved High Density FC Boards (ARM/HD}he CCM/Ant/FC as presentedtable 7.3.
The sample closest to the average Loss Of Ignitd®75°C (L.O.1. (975°C)) of the autoclaved High
Density FC BoardsTgable 7.4. andFigure 7.9.) or ARM/HD/S8 was chosen as reference for the FC
maximisation in the alternative CCM of CBR Antoing.

The limestone or tufa used by CBR Lixhe has anr8ert that is much lower than the limestones of
Antoing. Also the S feed by the fuel mix is limitetherefore the Sgcontent of the HCM is not as
critical as the one of CBR Antoing. An increasetitd SQ [wt%)] could therefore be accepted. By
maximisation of the air-cured ARMs in the CCM/LxKk/kTable 7.3.), the SQ[wt%)] of the simulated
final clinker was increased to 0.73 wt% which wal lselow the maximum of 1.2 wt%T@ble 2.5.)
that is allowed foandin line with the limits set for the DoS factdrable 2.5.). Even with the typical
fuel mix of CBR Lixhe, the SQwt%] would be 0.98 wt%. The sample closest to the geetaO.l.
(975°C) of the air-cured Roofing SlateBable 7.4. andFigure 7.8.) or ARM/RS/S7 was chosen as
reference for the FC maximisation in the alterra@CM of CBR Lixhe.

The limestone or marl used by ENCI Maastricht cimsta higher S content than the limestone or tufa

used by CBR Lixhe. Also the used fuel mix bringsren8 to the HCM compared to the fuel mix of

128



Fibrecement recycling as raw material for Portlalitker production

CBR Lixhe. Also the maximum allowed ${Wt%] is lower than that of CBR Antoing. The $[v%]
could therefore not be changed significantly whabmatically suggests the use of autoclaved ARMs.
In the case of ENCI Maastricht, the autoclaved AR still quite high in S@[wt%] compared to
the used limestone or marl. This differentiates ube of autoclaved ARM in this plant from that in
CBR Antoing. Because the ARMs from autoclaved MedDensity FC Boards (ARM/MD) were the
lowest in SQ[wt%], they were maximised in the CCM/Maa/FC as preskeinteable 7.3. The sample
closest to the average L.O.l. (975°C) of the aatoedi Medium Density FC Board$able 7.4. and
Figure 7.9.) or ARM/MD/S5 was chosen as reference for the EQimisation in the alternative CCM
of ENCI Maastricht.

Table 7.3.: Compositions of the different clinkerade to be fed to the static kiln

Quantity Quantity

ccM CRM oy CCM CRM+ARM )
CRM/ANnt/CP 55.25 CRM/Ant/CP 0.00

CRM/ANt/CR 37.50 CRM/ANt/CR 79.08

CRM/ANt/FA 6.38 CRM/ANt/FA 7.03

CCMANUReT pmiAntic 087 COMANFC  owanIC 0.61
ARM/HD/S8 0.00 ARM/HD/S8 13.28

Sum 100.00 Sum 100.00

CRM/Lxh/Tu 79.44 CRM/Lxh/Tu 38.52

CRM/Lxh/Lo 6.63 CRM/Lxh/Lo 0.00

CRM/Lxg/FA 12.34 CRM/LXh/FA 9.32
CCMILXh/Ret — ~eMiLxhiic 159 COMBNEC  oiLxhic 0.53
ARM/RS/S7 0.00 ARM/RS/S7 51.63

Sum 100.00 Sum 100.00
CRM/Maa/Ma 84.38 CRM/Maa/Ma 81.89
CRM/Maa/SC 2.90 CRM/Maa/SC 0.00
CRM/Maa/FA 11.02 CRM/Maa/FA 10.33
CCMMaalRel o MiMaarc 170 CEMMaFC o iMaaric 1.77
ARM/MD/S5 0.00 ARM/MD/S5 6.01

Sum 100.00 Sum 100.00

7.6.2. Chemical analysis

The chemical analyses of the Classic Raw Matef@@iMs) are presented gection 3.4. and these of
the ARMs and CCMs itables 7.2. and7.4. The average analyses of the CRMs were as expeoted a
were directly used in the simulation program. Thalgses of the ARMs were evaluated by sorting
them by source and plotting themfigures 7.8. and7.9. by their respective CaO and Si@ithout
L.O.l. since that is the way how the ARM will bedfeo the HCM. Out ofigures 7.8. and7.9., it is
clear that air-cured ARMs are very similar regasdlef their source whereas the different autoclaved
ARMs were chemically totally different.

129



Chapter 7

Table 7.4.: Chemical analysis of the Cold Clinkezdi$ (CCM) fed to the static kiln
CCM/ CCM/ CCM/ CCM/ CCM/ CCM/

ccM Ant/Ref Ant/FC  Lxh/Ref Lxh/FC Maa/Ref Maa/FC
CaO (wWt%) 43.48 44.63 45.26 47.92 44.79 44.85
SiO, (wWt%) 14.00 13.56 12.01 14.03 12.83 12.71
Al,Os (wWt%) 2.89 2.72 2.90 3.35 3.09 3.05
Fe0s (wWt%) 1.84 1.80 2.72 2.65 2.42 2.40
K,0 (wWt%) 0.59 0.33 0.41 0.32 0.39 0.34
Na,O (wWt%) 0.11 0.10 0.13 0.12 0.13 0.13
SG; (Wt%) 0.48 0.41 0.24 0.81 0.28 0.29
MgO (wWt%) 1.10 0.94 0.88 1.18 0.97 0.96
TiO, (Wt%) 0.16 0.26 0.21 0.29 0.20 0.21
P,Os (wWt%) 0.12 0.12 0.15 0.23 0.09 0.10
Cl (wWt%) 0.02 0.02 0.04 0.04 - -
LOI 975°C(Q) (wt%) 34.89 34.79 34.75 28.61 34.51 34.68
Ciotal (wWt%) 8.98 8.89 8.82 6.66 8.79 8.76
Sotal (wWt%) 0.36 0.25 0.09 0.36 0.15 0.16

From each source, three samples were selected baséeir L.O.l. namely the one with the lowest
and highest L.O.I. and the one closest to the geela0.1. of the specific source. For each soutre,
chemical analysis of the ARM closest to the averhg®.l. was used in the simulation program
(Paragraph 7.6.1.) as also they were used as source for the expat@groduction of the different
alternative clinker feedsTé@ble 7.3.). Furthermore the GC-MS and MS analysis were peréa on
these samples. TGA/DTA analysis was performed bsescted samples.

The chemical analysis of the CCMstable 7.4. and that of the final clinkers table 7.9. shows that
the mass percentages of the used ARMs and CRMspx@perly assessed by the simulation program.
The calculated CCMs which are presentedainle 7.3., generate specific mass percentages for the
four critical metal oxides that after decarbonatand sintering at 1450°C, give a chemical analysis
similar to that of the targeted reference clinkempaesented itable 2.1.. The chemical influence on
possible mineralogical differences between thekelirbased on the CRMs and the clinker partly

produced with the ARMs should therefore be minimal.

7.6.3. TGA/DTA analysis

TGA/DTA analyses of the FC materialables 7.5. and 7.6.) give a lot of information on their raw
materials and how they will behave when thermakgrdded up to 1450°C. The meaning of each
column was already explainedparagraph 3.5.2. The TGA peaks of the autoclaved ARMs show the
absence of limestone filler which is present forxmmum 15 wt% in the air-cured materials. This
makes it possible to quantify the €@art coming from the limestone filler of the aured products
(Figure7.10.).
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Table 7.5.: TGA/DTA evaluation of all the used Aitative Raw Materials (ARMs) coming from FC

ARM Inorg CGQ OrganictHO CaCQ CaO MgO  [Ca,Mg]|CQ
TGA TGA TGA Der XRF XRF XRF Der
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
ARM/CS/S2 7.1 11.1 16.1 52.09 1.54 70.99
ARM/CS/S3 9.6 12.7 21.9 49.99 1.36 70.22
ARM/CS/S5 10.0 13.5 22.7 50.86 1.64 71.53
ARM/RS/S3 7.7 9.8 17.5 52.55 1.62 71.81
ARM/RS/S7 8.2 11.0 18.7 51.89 1.52 71.41
ARM/RS/S9 7.9 11.6 17.9 52.20 1.56 71.53
ARM/HDB/S8 0.6 16.1 14 28.20 0.67 42.32
ARM/HDB/S9 0.5 16.8 11 28.62 0.59 42.67
ARM/HDB/S11 0.5 15.8 1.2 28.53 0.67 42.68
ARM/MDB/S5 0.3 14.3 0.6 24.83 0.79 38.28
ARM/MDB/S6 0.3 14.5 0.6 25.24 0.75 38.73
ARM/MDB/S11 0.2 16.6 0.6 25.12 0.59 38.35

Table 7.6.: TGA/DTA evaluation of all the used Aitative Raw Materials (ARMs) coming from FC

ARM Decarb E CaC® Decarb E CaC®
DTA (uVs/mg) TGA Der (J/g)

ARM/CS/S2 14.6 287
ARM/CS/S3 22.5 389
ARM/CS/S5 41.5 405
ARM/RS/S3 26.9 312
ARM/RS/S7 33.6 334
ARM/RS/S9 32.9 319
ARM/HDB/S8 5.3 25
ARM/HDB/S9 9.7 20
ARM/HDB/S11 8.6 21
ARM/MDB/S5 4.8 11
ARM/MDB/S6 5.2 10
ARM/MDB/S11 4.2 10

The TGA peaks of the autoclaved ARMs show the ateser limestone filler which is present for
maximum 15 wt% in the air-cured materials. This esmk possible to quantify the G@art coming
from the limestone filler of the air-cured produffsgure 7.10.).

Nicely visible is also the two-step degradationtstg at 480°C of PVA, present at about 1.7-1.9 wt%
in the air-cured materials ifigure 7.10. and the absence of PVA in the hydro-thermally baed
materials like plotted irfigure 7.11. This indicates that the reaction products of PU§gested by
Zheng Pend12] will be formed when heated.
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Figure 7.10..: TGA/DTA analysis of the three sedecAir-cured FC Roofing Slates (RS)
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Figure 7.11.: TGA/DTA analysis of the three seld@deatoclaved High Density FC materifiD)

Also perfectly quantifiable is the mass loss of thar that is generated by the thermal degradafion
cellulose between 800°C and 1000°C.
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The presence of char in the TGA/DTA analysis ofAfRMs, confirms the Broido-Shafizadeh reaction
mechanismKigure 7.12.) and therefore indirectly, the presence of levogtaco

char + gases
/ Anhydrocellulose

\ tar (2) (e.g.. levoglucosan)

Cedlulose —= Active Cdllulose

Figure 7.12.: Reaction mechanism of Broido-Shatpad

Furthermore, TGA/DTA coupled with XRF analysis make possible to calculate the g@action
originating from [Ca,Mg](C@. and the associated energy consumption of each material
presented irtables 7.5. and7.6. as already explained jpar agraph 3.5.2. Unfortunately the gain in
energy by the decomposition of organic componemd the loss of energy coming from the
decomposition of chemically bound®l is not quantifiable by the performed analysisSTBA/DTA.

By comparing the TGA/DTA analyses of the raw materand the Cold Clinker Meals (CCMs), the

reduction of CQ emission as well as the associated energy gainthbylowered endothermal
decarbonation can be quantified as presenteables 7.7. and7.8.

Table 7.7.: TGA evaluation of the reference andraktive Cold Clinker Meals
of CBR Antoing, CBR Lixhe and ENCI Maastricht (RMa® Materials)

CCM Inorg CGQ Organic+HO CaCQ Inorg CQ RM CaCQRM
TGA TGA TGA Der TGA TGA Der
(wt%) (wWt%) (wWt%) (wt%) (wt%)
CCM/Ant/Ref 34.0 0.6 77.3 34.3 78.0
CCM/Ant/FC 29.7 4.8 67.6 31.7 72.1
CCM/Lxh/Ref 325 0.5 73.9 31.8 72.2
CCM/Lxh/FC 16.9 9.3 38.4 19.5 44.3
CCM/Maa/Ref 34.2 0,0 77.7 33.9 77.0
CCM/Maa/FC 33.3 1.2 75.8 32.9 74.7

Table 7.8.: TGA/DTA evaluation of the reference aitdrnative Cold Clinker Meals
of CBR Antoing, CBR Lixhe and ENCI Maastricht (RMa® materials)

CCM Decarb E Decarb E RM Decarb E Decarb E RM
DTA (uVs/mg) DTA @Vs/mg)  TGA Der (J/g) TGA Der (J/g)

CCM/Ant/Ref 213.4 206.3 1378 1390
CCM/Ant/FC 190.5 179.7 1205 1284
CCM/Lxh/Ref 189.3 203.0 1318 1287
CCM/Lxh/FC 105.9 115.3 685 800
CCM/Maa/Ref 219.3 215.7 1385 1373
CCM/Maa/FC 199.7 209.3 1350 1332
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This is done by calculating the decarbonation aasrgf CaCQ@ (Table 7.8.) out of the TGA/DTA
analysis of the CCMsT@ble 7.7.) and calculating the decarbonation energies ouh@fTGA/DTA
analysis Table 7.6.) of the Raw Materials (RMs) taking in account taculated compositions of
table 7.3. (Paragraph 3.5.2.). The fact that these two totally separated cateuis gave a comparable
result, proofs that the interpretation of the TGAManalyses were objective as well as correct and
could therefore be used to evaluate the &@duction as well as the gain in Decarb E by e af the
ARMs.

7.6.4. XRD Analysis

The XRD analyses of the final clinkers presentedalrie 7.10., show different weight percentages
than those calculated by Bogue equations out oftileenical analysis of the final clinker presented i
table 7.9. As stated irmparagraph 7.6.2., the chemical analyses were as expected andamitin the
average values of the clinkers produced in thé @irmonths of 2011 on the 3 factory sites as ptesen
in table 2.1. The difference between theACand the GAF measured with XRD and the corresponding
values calculated with the Bogue equations steam the method itself.

For the kilns of CBR Antoing and ENCI Maastricht,can be noted that the 13.28 wt% dosed
autoclaved High Density FC Boards ARM (Antoing) tbe 6.01 wt% dosed autoclaved Medium
Density FC Boards ARM (Maastricht) had no significénfluence on the mineralogy of the clinker
(Tables 7.9. and7.10.).

Table 7.9.: Chemical analysis and Bogue calculatafrthe final clinkers produced in a static kiln

Clinker Cl/Ant/Ref CI/Ant/FC Cl/Lxh/Ref Cl/Lxh/FC Cl/Maa/Ref Cl/Maa/FC
CaO (Wt%) 65.90 66.71 66.28 65.61 66.18 66.44
SiO, (Wt%) 22.27 22.72 21.93 21.53 21.39 21.56
Al,0s (Wt%) 4.14 3.97 4.40 4.77 4.54 4.45
Fe0; (Wt%) 3.02 2.79 4.21 3.81 3.98 3.99
K,O (Wt%) 0.59 0.24 0.21 0.25 0.33 0.29
Na,0O (Wt%) 0.17 0.14 0.20 0.20 0.21 0.19
SO (Wt%) 0.89 0.44 0.12 0.58 0.36 0.29
MgO (Wt%) 1.73 1.48 1.28 1.7 1.52 1.44
TiO, (Wt%) 0.25 0.39 0.30 0.40 0.30 0.3
P.Os (Wt%) 0.21 0.20 0.24 0.33 0.17 0.16
Cl (wWt%) n.a. n.a. n.a. n.a. n.a. n.a.
;(7)5I°C Q) (Wt%) 0.48 0.39 0.39 0.33 0.48 0.45
DoS-factor  (wt%) 123.42 114.33 27.47 123.18 65.24 895
Alite (Wt%) 66.84 68.19 67.52 65.92 70.61 70.97
Belite (Wt%) 13.44 13.71 11.95 12.01 8.07 8.29
Celite (Wt%) 5.86 5.80 4.54 6.20 5.30 5.04
Ferrite (Wt%) 9.19 8.49 12.81 11.59 12.11 12.14
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Table 7.10.: Mineralogical analysis by XRD of thedt Clinkers produced in a static kiln

Clinker Cl/Ant/Ref Cl/Ant/FC Cl/Lxh/Ref Cl/Lxh/FC Cl/Maa/Ref Cl/Maa/FC
Alite (Wt%) 64.52 64.50 65.04 62.72 71.33 70.58
Belite (Wt%)  19.73 20.61 14.93 17.61 8.56 9.79
Celite (Wt%) 1.79 2.58 3.68 1.56 4.64 4.22
Ferrite (Wt%) 12.86 11.23 15.87 17.61 14.89 14.53
Free Lime (wt%)  0.23 0.51 0.23 0.28 0.35 0.75
Periclase (wt%)  0.39 0.19 0.18 0.22 0.23 0.13
Arcanite (wWt%) 0.32 0.20 0.07 - - -

(Full XRD analysis of CI/Lxh/FC in Figure A.4. (Appdix A))

Although a difference of 1-2 wt% could be interpgetto be within the error range as explained in
section 3.10., it can be noted that in case of the CBR Lixh@,kihe alitefwt%] of the alternative
clinker (Cl/Lxh/FC) is lower compared to the classiinker (Cl/Lxh/Ref) for XRD analyses and
Bogue calculations. Because the difference in &l between Cl/Lxh/Ref and CIl/Lxh/FC is
bigger by XRD analysis (-2.32 wt%) than by Bogu&gktion (-1.6 wt%), it may be concluded that
the difference in alitdwt%] does not only originate from a small difference tive chemical
compo