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Poloprovozni vyroba betonovych dilctl z alkalicky aktivované strusky, Béstovice 2019

Podékovani:

Dékuji predevs§im skvélému tymu mych kolegu, bez kterych by tato prace a vysledky
spolecného vyzkumu vznikaly jen velmi obtizné. Zvlastni podékovani patfi zejména
doc. Ing. Frantisku Soukalovi, Ph.D., ktery mi poskytl vZdy cenné rady at uz s feSenim
otazek tykajici se zakladniho, tak i aplikovaného vyzkumu. Dale bych rad podékoval
Ing. Viastimilovi Bilkovi, Ph.D. (ml.) za sdilené nadSeni ve vyzkumu alkalicky aktivovanych
materialti a dlouholetou spolupraci, ktera prerostla az v pratelsky vztah nasich rodin i mimo
akademickou sféru. Podékovani patfii i Fakulté chemické a Centru materialového vyzkumu
za moznost profesniho rustu a poskytnuti pfistrojového vybaveni. Specialni dik vénuji mé
rodiné, jmenovité mym ,holkam*“ Helence a Anetce, které mi byly a stale jsou velkou oporou.



Abstrakt

Ekologické a ekonomické divody maji za nasledek, Ze v poslednich letech stoupa zajem o
netradiCni cementy a anorganické kompozity. Alkalicky aktivované materialy, zejména pak ty
na bazi alkalicky aktivované strusky (AAS), disponuji velkym potencialem pro uplatnéni ve
stavebnictvi. Mnohé pfednosti, které tato pojiva nabizi, jsou vSak ve stinu nékterych nevyhod
branici SirSimu vyuziti v mnoha praktickych aplikacich. Témto negativnim aspektim Ize
pfedchazet pouzitim vhodné zvolenych pfisad a pfimési. Prace proto shrnuje dosavadni
poznatky naseho a celosvétového vyzkumu tykajici se pusobeni riznych typl chemickych
pfisad v AAS. Jsou diskutovany skupiny pfisad, které mohou vyznamné zlepSit viastnosti
AAS a soucasné je popsan i vliv pfisad pfispivajici ke zmirnéni negativnich jevl spojenych
s produkci téchto netradi¢nich materidld. Dosazené vysledky naznacluji, Zze jiz mnohé
problémy byly pomoci pfisad vyfeSeny, nicméné je tieba se této oblasti i nadale vénovat a
posouvat alkalicky aktivované materidly do oblasti vy$&i atraktivnosti a zajmu z pohledu
stavebniho pramysilu.

Klicova slova: alkalicky aktivovana struska, pfisada, hydratace, stavebnictvi, ekologie

Abstract

Ecological and economic interests in recent years have resulted in an increased demand for
non-traditional types of cement and inorganic composites. Alkali-activated materials,
especially those based on alkaline activation of blast furnace slag (AAS), have been shown
to have high potential in the construction industry. However, many of the advantages that
these binders offer are overshadowed by some of the drawbacks that hinder their wider use
in many practical applications. This work summarizes our current understanding and the
worldwide research concerning the effects of different types of chemical admixtures in AAS.
Discussed are the admixtures which significantly improve properties of AAS, as well as their
contribution to the mitigation of negative effects associated with the production of these
non-traditional materials. The obtained results suggest that many of the problems have
already been addressed with the use of chemical admixtures, however further research into
this subject would be paramount in order to make alkali-activated materials more enticing for
practical use within the construction industry.
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Obsah

PFEAMIUVA ... 1
1. Uvod do feSené ProbIemMatiKy ............cc.eeeveueeeeieeeeeeeeeeeee ettt 2
2. Alkalicka aktivace: zaKIadni PriNCIPY .. .coooeeiiieiiiiee e 3
2.2 Alkalicka aktivace vysokopeCni StrUSKY ............ouuiiiiiiiiiiiiiiiiiiiiiiiiieiieieeeeeeeeeeeee e 5
2.2.1 Faktory ovliviujici proces alkalické aktivace vysokopecni strusky ...............cccccuees 5
2.2.2 HydrataCni ProduKLY ... 9
2.2.3 APlIKACNT POLENCIAL ........ueeii e e e e e e e e e earane 10

3. Chemické pfisady: pro€, CO @ jak? .......oooi i 12
3.1 OrganiCKe PriSAAY .......ceeiiiiiiiiiiiiiiiiiiii ittt ettt ettt e e e e e e e e e eeeees 14
3.1.1 PlastifikaCni PFSAAY.........uuuuiiiiiiii e 15
3.1.2 PFisady redukujici SMISTENT .........uuiii e 21
3.1.3 ProvzduSnovaci PriSady ..........cceeuuiiiiiii e e 29
3.1.4 Ostatni organické priSady ...........ouuiiiiiiii e 31

3.2 AnOrganiCke PriSAAY .........couuiiiiiii i 32
3.2.1 Anorganické pfisady ovliviujici dobu tuhnuti AAS.........cccooiii i, 32
3.2.2 Mineralni prisady/PrimeESi ........coovuiiiiiii i 34
Mikrosilika a specialné upraveny KFemen ..o 34

0T o111 36
IMEBTAKAOIIN ...ttt e e e s et e e e e e e e 38
PortlandsKy CEMENT...... .o 39

[ P TT=T TSI 7= T ] o [ T 42

4. ZAVEreCne SNIMULI.......ccoviiiiiiiiii e 45
5. ZKratKy @ SYMDIOIY ... ..ot 47
O 1 (=] = (1] - PP P PP P PP P PPPPPPI 48

7 PHIONY oottt ettt ettt 59



Predmluva

Cas neuprosné utikd a uz je to vice nez jedenact let, kdy zadala ma cesta k hlubsimu
poznani problematiky alkalicky aktivovanych materialt. Fascinace vyroby betonu bez pouziti
tradicniho cementu mé tehdy natolik nadchla, ze jsem ani na vtefinu nezavahal a pfijal
nabidku se této problematice naplno vénovat. PoCate¢ni nadSeni z propagovanych uzasnych
vlastnosti zminénych material( vSak brzy vystfidalo rychlé vystfizlivéni. Postupem €asu jsem
¢im dal tim vic dochazel k nazoru, Zze alkalicky aktivované materidly pfedstavuji jakeési
zamotané klubko ruznych neduhl a uskali, které vyznamné ovliviiuje jejich pouziti
v pramyslové praxi. Rada vyzkumnik(i proto na tyto materialy postupné zaneviela, nebo je jiz
na pocatku své védecké kariéry hodila pfes palubu. Cilem védy vSak je a vzdy bude tato
pomysina klubka rozmotavat, coz mé stale nabiji potfebou pochopit procesy probihajici
uvnitf téchto material, které Ize nasledné vhodnym zplsobem ovlivnit za ucelem ziskani
jejich pozadovanych vlastnosti. Inspiraci mi byl samotny beton. Tento heterogenni material je
v novodobé historii 0 mnoho let starSi neZli alkalicky aktivované materialy, a proto se stal
pfedmétem dlouhodobého testovani, ale i mnohého vylepSeni, za kterym stoji zejména
pouziti rozliénych pfisad a pfimési. Chemické pfisady mohou neuvéfitelnym zpisobem ménit
charakteristiky betonu, coz znamenalo v poloviné dvacatého stoleti doslova revoluéni zvrat
v technologii betonu. V této souvislosti proto vyvstava fada otazek: Dokazi vhodné zvolené
pFisady rovnéz zlepSovat, i eliminovat negativni vlastnosti alkalicky aktivovanych materiala?
Jaké pfisady tedy pouzit a jaké bude jejich chovani v silné zasaditém prostfedi? Hledanim
odpovédi na tyto otazky se jiz fadu let zabyva mnoho svétovych vyzkumnych center. Mym
cilem a cilem celé nasi malé védecké skupiny je rovnéz pfispét nami dosazenymi
vysledky celosvétovému vyzkumu na poli alkalické aktivace a pfivést tak tyto materialy na
pomysliné vysluni stavebniho pramyslu.

Alkalicky aktivované materialy na bazi vysokopecni strusky maiji z historického hlediska
zfejmé nejvétsi potencial pro vyuziti v praxi. Z tohoto divodu prace shrnuje dosavadni
poznatky tykajici se vyuziti organickych a anorganickych pfisad a pfimési v téchto
materialech. Vétsina kapitol je navic obohacena diskuzi nad vysledky naseho vyzkumu, které
byly publikovany v prestiznich impaktovanych ¢&asopisech daného oboru nebo byly
pfedstaveny na mezinarodnich védeckych konferencich. Nejvyznamnéjsi odborné publikace
jsou rovnéz soucasti této prace. Véfim, ze nasSe poznatky pfispély k pochopeni uc€inku
mnoha chemickych pfisad a pomohly tak nalézt feSeni nékterych uskali spojenych
s produkci téchto netradiénich materiald.



1. Uvod do Ffesené problematiky

Alkalicky aktivované materialy jsou netradi¢ni stavebni pojiva, jejichz vyzkum a nasledna
prakticka aplikace zaziva v sou€asné dobé& nebyvalého rozvoje. Proces alkalické aktivace
neni zadnou novinkou, nicméné nezadrzitelny vyzkum a vyvoj téchto materiall mizeme
dnes definovat jakousi pomyslnou vyvojovou spiralou, kdy v sou€asné dobé vytvafime z jiz
objevenych materiald materialy nové, ve smyslu komplexniho fizeni jejich vlastnosti.
Alkalicky aktivované materialy (AAM) si tak nachazeji ¢im dal tim rozsahlejSi uplatnéni
v priimyslové praxi.

Navzdory citatu amerického primysinika Henryho Forda: ,Historie je blbost...Jedina historie,
ktera za néco stoji, je ta, kterou vytvafime ted” je zcela namisté pfipomenou nékteré dllezité
vyznamné milniky souvisejici s vyvojem AAM, které dokladaji, ze rozvoj téchto materiall
neprobihal tak rychle, jak by si zasluhoval. V technickych kruzich pfedstavovaly AAM
donedavna spiSe raritu na poli stavebnich materiali, coz se v sou¢asné dobé velmi rychle
meéni. Vyzkum alkalicky aktivovanych materialt zacal v novodobé historii jiz pfed vice nez sto
lety praci Kuhla [1], ktery aktivoval vysokopecni strusku silnymi zédsadami. Od této doby,
vyvoj alkalicky aktivovanych material( zcela jisté vyznamné pokrocil. V této souvislosti nelze
opomenout praci Purdona [2] probihajici v letech 1930-1950. Aktivaci vysokopecni strusky
zZjistil, Ze alkalické hydroxidy maji ve smési podobné chovani jako katalyzatory. Po
rozpusténi strusky a nasledné tvorbé hydratl dochazi i k ¢astenému obnoveni puvodniho
alkalického aktivatoru, coz bylo potvrzeno o mnoho let pozdéji na zakladé vyzkumu
s pouzitim modernich analytickych metod. Dale pak nutno zminit rozsahly vyzkumny
program Glukhovského [3], ktery probihal v padesatych letech minulého stoleti s cilem o
velkoobjemou produkci téchto materiald. V prabéhu tohoto vyzkumu se dospélo k zavéru, ze
vznikajici pojivové faze AAM jsou velmi podobné jak fazim utvarejici se v prabéhu hydratace
portlandského cementu (OPC), tak i pfirodnim horninam. Na zakladé téchto skutecnosti byla
vysvétlena i vysokou ftrvanlivost téchto materiald v okolnim prostfedi. Vyznamnou
popularizaci alkalicky aktivovanych materialt pfinesla prace Davidovitse [4] v sedmdesatych
letech minulého stoleti, ktery patentoval pojiva zalozena na alkalické aktivaci metakaolinu,
pojmenoval je ,geopolymery“ a dal témto materialim atraktivni historicky podtext o
moznostech jejich pouzivani ve starém Egypté pfi stavbé pyramid. K celosvétovému
vyzkumu alkalicky aktivovanych material(i pfispéla i odborna verejnost v Ceskoslovensku a
potazmo v Ceské republice, zejména diky soustavné praci Brandstetra, Rovnanikové,
Skvary nebo Bilka (st.). V sougasné dobé se zabyva alkalickou aktivaci mnoho vyzkumnych
pracovist po celém svété. Lze fici, Zze jejich spole€nym cilem je rozsahlejsi vyuziti téchto
material( v praxi.

V dnesni dobé je bezesporu nejrozSifenéjSim stavebnim pojivem portlandsky cement.
Muzeme se tedy ptat, pro¢ se zabyvat i jinymi anorganickymi pojivy jakymi mohou byt
alkalicky aktivované materialy? Dulezitost poznani novych materiald souvisi pfedevSim
s objevenim jejich potencialnich moznosti, které jsou v mnoha pfipadech zcela zasadni
v porovnani s konvencéni cestou. KliCovym dlvodem, pro¢ po vice nez 100 letech
sporadického vyuziti alkalicky aktivovanych materialt o né opét roste zajem, souvisi zejména
s potencialnim snizenim emisi CO,, které maji velmi pravdépodobné vliv na globalni
oteplovani celé planety. Rovnéz je zapotfebi zminit, Zze vétSina alkalicky aktivovanych
materiald vychazi z prdmyslovych odpadnich a sekundarnich surovin, coz vyznamné



pfispiva k ochrané pfirodnich zdroju. Potencialni vyroba alkalicky aktivovanych materialu je
spojena i s nizSi energetickou naro¢nosti v porovnani s produkci portlandského cementu.
Zminéné souvislosti vedou k zavéru, ze i kdyz portlandsky cement bude jeSt€ minimalné
nékolik desetileti nasi nejrozSifenéjSi maltovinou, pokroky aplikovaného vyzkumu v oblasti
alkalické aktivace vedlejSich primyslovych produktl nenechavaji na pochybach, ze se AAM
stanou jednim z ekologicky i ekonomicky vyznamnych materiald 21. stoleti.

2. Alkalicka aktivace: zakladni principy

Zakladnim predpokladem alkalické aktivace je vzdy schopnost docilit rozpusténi zakladni
hlinitokfemicitanové suroviny v alkalickém prostfedi. Rozpus$téné hlinitanové a kiemicitanové
fragmenty nasledné vzajemné polykondenzuji a vytvari tak vzdy specificky typ pojivové faze.
Proces rozpousténi je zaloZzen na rozkladu iontovych nebo kovalentnich vazeb. VySsi stupen
vazeb s iontovym charakterem vede ke snadné&jSi hydrataci materialu ve vodé. Tento jev je
typicky napfiklad pro faze portlandského cementu, kde kfemic€itanové a hlinitanové tetraedry
pfitomné v disktrétnim stavu jsou obklopeny vapenatymi ionty. V okamziku kontaktu s vodou
dochazi k protonizaci Ca—O vazeb, coz vede k autokatalytické destrukci pfislusné faze [5].
Odlisna situace nastava v pfipadé, kdy ma byt rozpusténa faze obsahujici vazby s niz§im
stupném iontového charakteru. V této situaci iontova sila vody neni dostacujici pro rozklad
kovalentnich vazeb. Nicméné pokud roztok obsahuje ionty s charakterem donoru elektrond,
jako jsou napfiklad ionty alkalickych kovl, pH roztoku je zvy$eno, coz umozni ucinny rozklad
pfislusnych  vazeb, tedy rozpusténi vstupni suroviny. Hydrolytickou destrukci
hlinitokfemicitanu Ize popsat dle nasledujicich reakci [6]:

Al=Si vstupni surovina + OH~,, <—> Al(OH),~ + ~OSi(OH); (1)
~OSi(OH), + OH~,, <—> ~0Si(OH),0" + H,0 (2)
~0Si(OH),0~ + OH-,, «—> "OSi(OH)O" + H,0 (3)

|
~0OSi(OH), + M' <«<——> M"'"0Si(OH), (4)
Al(OH), + OH,,+ M' <«—> M*-OAI(OH);- + H,0 (5)

“0Si(OH); + M*0Si(OH);™ + M* <——> M*0Si(OH),-O-Si(OH); + MOH (6)

monomer monomer dimer

V pocatecni fazi dochazi k rozkladu kovalentnich vazeb v alkalickém roztoku, ve kterém hraji
hlavni roli OH™ ionty, ale i ionty alkalického kovu. VySSi koncentrace alkalického roztoku
podporuje prubéh vySe zminénych reakci zleva doprava. Rovnice 1-3 predstavuji hydratacni
reakce, ve kterych anionty OH™ reaguji s povrchem Al-Si prekurzoru za vzniku komplexnich
aniontd Al(OH),~, "OSi(OH); a pfislusnych dvojmocnych ¢i trojmocnych forem. Reakce 4-5
maji fyzikalné elektrostaticky charakter, kde kation alkalického kovu vyvazuje zaporny naboj



rozpusténych castic. Poté nasleduji kation-aniontové kondenzaéni interakce (reakce 6)
zalozené na principu Coulombickych sil, které vedou ktvorbé vysledné struktury. Dle
vyzkumu Glassera a Harveyho [7] nebyly prokazany kation-aniontové kondenzacni interakce
pfimo mezi AI(OH),” tetraedry, coz vyznamné& zpomaluje rozpousténi hliniku do roztoku.
Z tohoto dlvodu je pfitomnost hlinitanovych tetraedrd v pojivové fazi vzdy niz§i neZli
kfemiCitanovych. Reakce 4—6 naznacuji, Ze kation alkalického kovu ma nejen vyznamny vliv
na rozpusténi hlinitokfemicitanové faze, ale i na utvareni vysledné struktury pojivovych fazi.
Mezi nejpouzivang;jsi alkalické aktivatory patfi sodné a draselné slouceniny. | pfesto, ze Na*
a K" maji stejny naboj, jejich uginek v roztoku je odlisny, pfedevsim diky jejich rozdilné
velikosti iontu. Bylo prokazano, Ze kation-aniontové kondenzaéni interakce probihaji pomaleji
s rostouci velikosti kationtu. Z tohoto divodu Ize usoudit, Ze Na® s mensim iontovym
polomérem bude vice aktivni v porovnani s K*, coz bylo ovéfeno i vy$si rozpustnosti
vstupnich surovin [8].
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Obr. 1: Proces alkalické aktivace hlinitokfemicitanovych prekurzoru



Dle chemického sloZeni vstupnich surovin, Ize rozdélit alkalicky aktivované materialy na dva
zakladni typy; AAM s vysokym, nebo nizkym obsahem vapniku. Charakter vznikajicich fazi
v procesu alkalické aktivace je schematicky zobrazen na Obr. 1. Je patrné, Ze alkalicka
aktivace surovin s vy85im obsahem vapniku (portlandsky cement, vysokopecni struska) vede
k vytvorfeni hlavni pojivové faze C-A-S-H gelu, ve které mize dochazet k ¢aste¢né nahradé
chemicky vazanych Ca®* za Na® ionty. Bliz&i charakterizace této faze, stejné tak i dalSich
hydratacnich produktd vysokopecni strusky je shrnuta v kapitole 2.2.2. Alkalicka aktivace
nizko-vapenatych prekurzor (jily, elektrarenské popilky s nizkym obsahem vapniku,
metakaolin) dava vzniknout zejména trojrozmérnému anorganickému N(K)-A-S-H gelu,
nékdy nazyvanému téz ,geopolymer®, ktery muze rovnéz slouzit jako vhodny prekurzor pro
vznik zeolitickych struktur.

2.2 Alkalicka aktivace vysokopecni strusky

Princip hydratace portlandského cementu je pomérné dobfe zmapovan. Pfesto vSak dochazi
i nadale k zpfesnéni popisu jednotlivych déjlii béhem hydratace slinkovych fazi a to zejména
diky vyvoji a modernizaci novych analytickych metod [9]. Systém alkalicky aktivované
vysokopecni strusky (AAS) se zda byt jeSté mnohem komplikovanéjSi. Zalezi totiz na vice
faktorech, které mohou zasadnim zplsobem ovlivnit proces alkalické aktivace. Nasledujici
kapitoly proto shrnuji dosavadni poznatky tykajici se pribé&hu hydratace a tvorby
hydratacnich produktd souvisejici s charakterem mikrostruktury AAS.

2.2.1 Faktory ovliviiujici proces alkalické aktivace vysokopecni strusky
Vliv chemickych a fyzikalnich vlastnosti vysokopecni strusky

Pokud se zaméfime na samotné slozeni strusky, muzeme s jistotou fict, Zze dllezitou
vlastnosti strusky z pohledu alkalické aktivace je obsah amorfni faze. Dobfe zchlazena
struska neobsahuje zadné krystality. Chemické slozeni této strusky je definovano systémem
Ca0-SiO,-MgO-Al,O3 a je popsano jako smés amorfnich fazi o slozeni podobné gehlenitu
(2Ca0-Al;05'SiO;) a akermanitu (2Ca0O-MgO-2SiO,). Obsah amorfni faze Ize odhadnout
pomoci tzv. stupné depolymerace (DP), ktery definuje pomér ,volného” vapniku a kifemiku.
Pokud predpokladame, ze veSkery hofcik je pfitomny v krystalické fazi akermanitu a hlinik
v gehlenitu mizeme DP vypocitat nasledovné:

_ n(Ca0)-2n(Mg0) —n(AL,05)-n(SO,)

PP = (5i0,) = 2n(MgO) - 05n(ALO,) (1)

Tento pomér je obvykle pro granulovanou vysokopecni strusku v rozmezi 1,3-1,5. VySSi
hodnota signalizuje vice depolymerovany, tedy vic reaktivni systém [10].

Je rovnéz velmi dobfe znamo, ze reaktivita vysokopecni strusky stoupa s klesajici velikosti
zrn strusky. V silné alkalickém prostiedi je rozpousténi ¢astic nad 20 um podstatné nizSi
v porovnani s €asticemi s velikosti pod 2 ym, ktera jsou kompletné zreagovany jiz do
24 hodin od aktivace [11,12]. Néktefi autofi rovnéz davaji do souvislosti mérny povrch dle
Blainea s dlouhodobymi pevnostmi AAS. Talling a BrandStetr [13] dosli k zavéru, ze
optimalni mérny povrch pro alkalickou aktivaci vysokopecni strusky je kolem 4 000 cm?/g.



Nékteré prace se zabyvaly i zkouSenim vySSich mérnych povrchd, coz vzdy pozitivné
ovlivnilo pevnosti AAS [14,15].

Vliv koncentrace a vybraného druhu alkalického aktivatoru

Druh pouzitého aktivatoru pfedurCuje, jakym reakénim mechanismem bude alkalicka
aktivace probihat. Dle tvaru kfivek z isotermalni kalorimetrie popsali Shi a Day [16] prabéh
alkalické aktivace s pouzitim nejbéznéjSich alkalickych aktivatord, jakymi jsou hydroxid,
kfemicitan a uhli¢itan alkalického kovu. Nicméné prvni pokusy se tykaly pouhého smichani
vysokopecni strusky s vodou bez pfitomnosti alkalického aktivatoru. Vtomto pfipadé
dochazi k naruSeni vazeb Si—O, A-O, Ca—O a Mg—O na povrchu zrn strusky v disledku
polarizaéniho efektu OH™ iontd [17]. JelikoZ maji vazby Ca—O a Mg—O mnohem nizsi energii,
nez vazby Si-O a Al-O, koncentrace Ca?* a Mg®" iontl v roztoku je mnohem vy$si, nez
koncentrace kfemicitanovych a hlinitanovych aniont a na povrchu zrn strusky zacina vznikat
vrstva bohata na kiemik a hlinik [18]. Tato vrstva ma schopnost adsorbovat H*, coz
zpusobuje zvySeni koncentrace OH™ iontd v roztoku. Nicméné bez pfitomnosti alkalického
aktivatoru neni koncentrace OH™ iontl dostacujici k naruseni vétsiho mnozstvi vazeb Si—O a
Al-O, nezbytné pro vyssi tvorbu hydratanich produktl. Kalorimetricka kfivka v tomto
pfipadé vykazuje pouze jedno, velmi slabé maximum, které odpovidd smaceni strusky,
¢astecnému rozpusténi povrchu zrn a adsorpci iontd na povrch &astic strusky.

V pfitomnosti hydroxidu alkalického kovu je pocateéni pik mnohem vyraznéjsi, nez
v pfedchozim pfipadé. Vysoké pH roztoku ma za nasledek rozruSeni velkého mnozstvi
vazeb Si-O a AI-O. Na povrchu zrn strusky zaéne ihned vznikat vrstva hydrataénich
produktt [19]. Jelikoz Ca(OH), ma vyssi rozpustnost nezli C-S-H respektive C-A-S-H gel,
budou pfednostné pravé tyto pojivové faze velmi rychle precipitovat z roztoku. V pfipadg, ze
struska obsahuje velké mnozstvi hofCiku, je velmi pravdépodobna i tvorba hydrotalcitu
(MgeAl,CO3(0OH)16-4H,0). Kalorimetricka kfivka v tomto pfipadé vykazuje dvé maxima. Prvni
maximum (v prvnich minutach od aktivace), velmi dobfe méfitelné s pouzitim tzv. AdMix
ampuli [20], odpovida smaceni a rozpousténi zrn strusky. Daleko vyraznéjsi vyvoj tepla je
nasledné pozorovan po nékolika desitkach minut az hodin od zamichani, coz odpovida
tvorbé jiz zminénych pojivovych fazi (Obr. 2A).

Alkalicka aktivace strusky pomoci vodniho skla vykazuje odliSny hydrataéni mechanismus
(Obr. 2B). Zacgatek hydrata¢niho procesu zahrnuje stejné déje jak v predchozim pfipadé.
Nicméné diky vysoké koncentraci (SiO,)* iontl, pfitomnych v roztoku po pfidani vodniho
skla a rozpousténim strusky, dochazi velmi brzo k vytvofeni tzv. ,primarniho“ C-A-S-H gelu.
V nékterych pfipadech Ize pozorovat i zdvojeni pfislusného hydrataéniho maxima, coz Ize
vysvétlit nasledovné. Roztok vodniho skla ma zpravidla niz§i pH v porovnani s hydroxidem,
tedy koncentrace Ca®" iontl z rozpu$téné strusky nebude v roztoku tak vysoka. V prvnim
kroku je tedy vytvoFfeno ur&ité mnozstvi pojivové faze. Jakmile v8ak dojde k vy&erpani Ca**
iontd, kfemicitanové ionty se mohou polymerizovat a dochazi tak k uvolnéni dalSiho
hydrataniho tepla. Poté nastava ,indukéni perioda“, ktera muaze trvat i nékolik hodin.
V tomto ¢ase dochazi k opétovnému a postupnému rozpousténi castic strusky. V okamziku,
kdy je poérovy roztok pfesycen rozpusténymi ionty, dochazi ke vzniku tzv. ,sekundarniho®
C-A-S-H gelu [16].
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Obr. 2: Kalorimetrické krivky hydrataéniho procesu AAS s pouzitim rtizného druhu alkalického
aktivatoru: roztok hydroxidu sodného (A); roztok sodného vodniho skla
(B); roztok uhli€itanu sodného (C); prevzato z DP Langova (Skolitel: Kalina L.) [21]

Hydrataéni prabéh alkalické aktivace s vyuzitim uhli€¢itanu alkalického kovu (Obr. 2C) ma
velmi podobny prabéh jako v pfipadé aktivace vodnim sklem. Nutno v§ak zminit, Ze nizSi pH
roztoku uhli¢itanu povede k nizSimu vyvoji hydrataéniho tepla v porovnani s aktivaci vodnim
sklem. Charakter vznikajicich produktll je rovnéz odliSny. Diky vysoké koncentraci
uhli¢itanovych aniontd dochazi v predindukéni periodé predevS§im Kk jejich reakci
s rozpusténymi  Ca** ionty a nasledné tvorby podvojného uhligitanu, gaylussitu
(Na,Ca(C0O:s),'5H,0), za pfedpokladu aktivace sodnym uhli¢itanem. Roztok je tak ochuzen o
vapenaté ionty, coz podminuje vyvoj zeolitickych struktur z rozpusténych kiemicitanovych a
hlinitanovych jednotek. B&hem indukéni periody pokraduje rozpousténi strusky, faze
gaylussitu se méni na CaCO; za souéasného uvolnéni Na® iontli podporujici opét tvorbu
zeolitd. Posledni hydrataéni maximum je stejné jako v pfipadé aktivace vodnim sklem
pfifazeno vyvoji C-A-S-H gelu, jehoz precipitace je vyrazné podpofena snizenim koncentrace
uhli¢itanovych aniontl v roztoku [22].

Obecné Ize Fici, ze hydratac¢ni teplo v pribéhu alkalické aktivace vysokopecni strusky roste
s pfidavkem alkalického aktivatoru. Vyrazny vliv byl pozorovan v pfipadé aktivace vodnim
sklem. VySsi koncentrace alkalického kovu vede ke zkraceni indukéni periody a zaroven
k vyznamnému narlstu hydratacniho tepla zejména béhem prvnich 24 hodin souvisejici
s vySSi tvorbou pojivové faze, coz vede k pozitivnimu ovlivnéni mechanickych vlastnosti
pfipravovanych materialt [19]. Aktivace vodnim sklem je ovlivnéna i silikdtovym modulem
pouzitého vodniho skla, kdy nizSi moduly spiSe zpomaluji hydratacni procesy [23].



DalSi faktor, ktery byl jiz zminén a ma velky vliv na vlastnosti AAS, je druh pouzivaného
aktivatoru z hlediska prislusného alkalického kovu. Kationty Na* a K* maji rozdilny iontovy
polomér, proto Ize odekavat i odliSné chovani v priibéhu alkalické aktivace. Kation s mensi
velikosti (Na*) podporuje tvorbu malych silikatovych oligomert, jako napfiklad silikatové
monomery, dimery a trimery. Proto mizZeme oCekavat, Ze sodné aktivatory budou v reakcich
vice aktivni nez draselné, coz vede k lepSimu rozpusténi zakladniho hlinitokfemicitanu. Tuto
teorii potvrdili ve své studii Xu a van Deventer [8], ktefi zkoumali chovani pfirodnich
aluminosilikatu aktivovanych bud NaOH, nebo KOH. Vysledky ukazaly, Zze vSechny alkalicky
aktivované materialy vykazovaly vétSi pevnosti pfi pouziti KOH aktivatoru, navzdory tomu, ze
se zakladni suroviny rozpoustély lépe pfi uziti NaOH. Tuto skuteénost vysvétlil Phair a van
Deventer [24] nasledovné; jelikoz K kationy maji mensi solvata¢ni obal nez Na*, dochazi
k reakcim, které vytvareji t&€snéjsi a hustsi zesiténi vedouci k celkové vétsi pevnosti alkalicky
aktivované matrice.

Pouzity druh alkalického aktivatoru ma rovnéz vliv na tvorbu vykvéta. Na zakladé MAS NMR
spektroskopie bylo prokazano, ze se alkalické ionty v alkalicky aktivovanych strukturach
vyskytuji ve formé Na,K(H,0)," [25]. Zaclenéni Na,K(H,O)," ve struktufe materidlu je slabsi
nezli za situace, kdyby se alkalické kovy vyskytovaly ve form& samostatnych Na* a K* iont,
coz usnadnuje jejich migraci na povrch vzorku a tim tvorbu vykvétd. Vykvétim lze
predchazet zaménou sodného za draselny alkalicky aktivator. Draselné ionty jsou totiz hare
vyluhovatelné ze struktury [26], navic reakce se vzdusnym CO, dava vznik K,COg, ktery
nevytvafi viditelné hydraty. Rozpustnost K,CO;, ktery se tvofi na povrchu alkalicky
aktivovaného materialu je vysSi nez u Na,CO3'nH,0, proto v kontaktu s vodnim prostfedim
se rozpousti prakticky bez tvorby viditelnych vykvétl [27].

Vliv vodniho soucinitele

Je velmi dobfe znamo, ze vodni soucinitel ma podstatny vliv na vlastnosti cementovych pojiv.
Stejné tak je tomu i v pfipadé alkalicky aktivovanych materiald. Nicméné vstup dalSi
proménné, v podobé rizného druhu pouzitého alkalického aktivatoru se stava opét velmi
klicovym faktorem. Niz§i hodnota vodniho soucinitele zpusobuje vy$si narust hydrataéniho
tepla spojeného s vyvojem pojivovych fazi. Toto pravidlo plati rovnéz i pro systém aktivovany
vodnim sklem, zaroven vSak dochazi vlivem niz§iho vodniho soucinitele k podstatnému
urychleni hydratace a to az o nékolik hodin [28]. Vyrazné zmény hydrataéniho procesu
souvisi predevsim s distribuci kfemiCitanovych aniontu, ktera je ovlivnéna nékolika faktory
(kfemicity modul, teplota, pH ...) [19].

Vliv teploty

Narust teploty, pfi které je vzorek vytvrzovan vykazuje velmi podobny vliv na hydrataci AAS,
jako je tomu v pfipadé narGstu koncentrace aktivatoru. VysSi teplota, pfi které probiha
alkalicka aktivace, vede kuvolnéni vySSiho hydrataniho tepla souvisejici s tvorbou
pojivovych fazi [29].



2.2.2 Hydrataéni produkty

Dosavadni studie se shoduji na tom, Zze hlavnim hydratacnim produktem alkalicky aktivované
strusky je hlinikem CasteCné substituovany C-S-H gel [30-32]. Ur€ité mnozstvi chemicky
vazanych Ca?* mlze byt také nahrazeno ionty alkalického kovu. PFitomnost hlinitanového
tetraedru a kationtu alkalického kovu (napf. Na®) v gelu vede k jeho oznadovani zkratkou
C-A-S-H nebo C-(N)-A-S-H faze, aby byl zfetelné odliSen od hydrataénich produkti
portlandského cementu. Obecné plati, Ze se sniZujicim se pomérem Ca/Si v pojivové fazi
roste schopnost gelu vazat ostatni alkalické ionty, coz bylo potvrzeno i vyzkumem
Kaliny a kol. [33]. Geometrie kfemicitanovych fetézcd limituje mnoZstvi hlinitanovych
jednotek, které je C-S-H gel schopny pojmout. Maximalni pomér Al/Si byl stanoven na 0,20
[34]. Struktura C-A-S-H gelu je podobna struktuife neuspofadaného tobermoritu. Vysoka mira
neusporadanosti na delSi vzdalenosti zpUsobuje, Ze se pfi identifikaci tradiCnimi
krystalografickymi technikami gel jevi jako pfevazné amorfni [35]. Tvorba gelu alkalicky
aktivované vysokopecni strusky vychazi z modelu navrzeného Myersem [36], ve kterém se
hlinitanové tetraedry vdlefuji do struktury a nahrazuji tak kfemicitanové ,pfemostujici®
tetraedry, coz vede kprodlouzeni linearnich Fetézci a k moznému nahodilému
mezifetézcovému zesiténi skrze Si—-O—Al vazby (Obr. 3). Mnozstvi Q® jednotek a tedy stupef
propojeni je relativné nizky pfi aktivaci roztokem hydroxidu, zatimco pfi pouziti vodniho skla
vyrazné vzrusta [32].
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Obr. 3: Schematické znazornéni propojenych a nepropojenych tobermoritovych struktur, které
reprezentuji obecnou strukturu C-(N)-A-S-H gelu, prevzato z [36]

Alkalickou aktivaci strusky vznikaji kromé C-(N)-A-S-H gelu také sekundarni produkty. Jejich
tvorba a charakter je silné ovlivnén Fadou faktor(i, které jiz byly diskutovany v pfedchozi
kapitole. Nicméné v obecné roviné Ize na minoritni hydratacni produkty AAS uplatnit nékolik
nasledujicich vdeobecnych zakonitosti:

e Stupen substituce hlinitanového tetraedru do struktury C-S-H gelu je, jak jiz bylo
zminéno, omezeny. Z termodynamického hlediska je navic pfitomnost vazby Al-O-Al
v gelu zcela vylou¢ena [36,37]. Z toho vyplyva, Ze sekundarni produkty alkalické
aktivace budou bohaté na hlinik.

e Substituce hof¢iku do pojivové faze je rovnéz omezena. Z tohoto divodu se velmi
Casto v systémech AAS nachazi faze hydrotalcitu. Pfi alkalické aktivaci vysokopecni
strusky s nizkym mnozstvim hofCiku je velmi pravdépodobna tvorba zeolitickych
struktur namisto tvorby hydrotalcitu [38].



o AFm faze, jako napfiklad stratlingit (Ca,Al,SiO;-8H,0), vykazuji v prvnich fazich
alkalické aktivace silnou neuspofadanost. Krystalizuji az v dlouhodobych stadiich
hydratace [39].

e N-A-S-H gel je rovnéz minoritnim sekundarnim produktem AAS. Jeho obsah stoupa
S vyuzitim pfimési, s nizkym obsahem vapniku, jako jsou vysokoteplotni popilky [40]
nebo metakaolin [41].

e Pfitomnost aluminatovych hydratd (C,AH:3, C,AHg) ovliviiuje pfedevSim slozZeni
vstupni suroviny. V alkalické aktivaci strusek bohatych na hof¢ik mize Mg nahradit
v hydratech Ca za vzniku M;AH;3 [28].

e Stejné tak typ aktivatoru rozhoduje o vzniku minoritnich hydrataénich produktd.
Strusky aktivované sirany vykazuji pfitomnost AFt faze (ettringit) [42], zatimco
aktivace uhli¢itany davaji vznik karbonatovym hydratim AFm [19].

2.2.3 Aplikaéni potencial

AAM zalozené na aktivaci vysokopecni strusky byly vyuzivany ve stavebnim pridmysilu jiz od
roku 1950 v byvalém Sovétském svazu, Cing, ale i v jinych statech svéta. Zejména na Gzemi
dnesni Ukrajiny bylo v minulosti pfikroeno k produkci alkalicky aktivovanych prefabrikatl
zahrnujici drenazni trubky, sildzni panely nebo betonové prvky zpevriujici Zelezniéni naspy.
Od produkce téchto jednoduchych vyrobkl bylo v roce 1988 nasledné pfistoupeno k vyrobé
predpjatych Zelezni¢nich prazcu a vystavbé 24-podlazni budovy v Lipetsku (Obr. 4A), ktera
byla dokonéena v roce 1994. VSechny zminéné vyrobky a stavby byly dikladné testovany
v riznych Casovych obdobich. Bylo zjisténo, Zze betony na bazi AAM prekracuji moznosti
bézné pouzivanych betonl na bazi portlandského cementu. Aplikace AAM se v minulém
stoleti rozvijela i v ostatnich statech. V roce 1974 bylo v polském Krakové postaveno
skladisté z prefabrikovanych Zelezobetonovych panell. Dale byly vyrabény napfiklad
betonové prazce (Spanélsko a Japonsko, 1980), stfesni krytina (Finsko, 1988) nebo mostni
prvky a chodniky (Australie, 2006) [28]. V Australii byl vroce 2014 proveden jeden
Z nejrozsahlejSich projektl vyroby alkalicky aktivovaného betonu z vysokopecni strusky, kde
letiStni runway West Wellcamp Brisbane byla vystavéna s pouzitim betonovych panell o
objemu pfiblizné 40 000 m® (Obr. 4C) [43].

Od roku 2003 byly v Ceské republice rovnéz zahajeny poloprovozni zkousky s cilem
produkovat beton na bazi alkalicky aktivovaného elektrarenského popilku. Tento beton, ktery
byl pojmenovan POPbeton® [44], vznikl ve spolupraci mezi Ustavem skla a keramiky VSCHT
a Katedrou technologie staveb CVUT v Praze. Vroce 2016 byl patentovan nasim
vyzkumnym tymem na FCH VUT Brno zplUsob vyroby alkalicky aktivovanych materialQ
s pouzitim odpadnich produktl z vyroby vodniho skla [45]. PfedevSim diky nahrazeni
finanéné nakladnych alkalickych aktivatord odpadnimi surovinami byl tento patent nasledné
komercializovan a prostfednictvim spoluprace s ZPSV a.s. byly v poloprovoznich
podminkach vyrobeny betonové prvky délicich stén slouzici jako silni¢ni zachytné systémy
(Obr. 4B) [46,47]. AAM skytaji moznost vyuziti i pro specialni aplikace jakymi jsou napfiklad
lehéené materialy, materialy pro vysokoteplotni aplikace, vlaknobetony, stejné tak i pro
stabilizaci/solidifikaci nebezpecnych a radioaktivnhich materiald. Produkce zminénych AAM
vzdy spojuje kombinace vhodného pojiva, kameniva a pfisad, které vyrazné ovlivhuji
pozadované vlastnosti produkovanych materialu.
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Obr. 4: Priklady aplikace alkalicky aktivované vysokopecni strusky. 24-podlazni budova v
Lipetsku (A); betonova svodidla v ZPSV a.s. (B); letistni runway West Wellcamp Brisbane (C)

Shrnuti

Kratky Uvod ktémto netradiénim materidlim poskytuje c&tenafi prfehled o zakladnich
principech alkalické aktivace a moznostech jejich vyuziti v produkci stavebnich materiald.
V souCasné dobé tato pojiva pfitahuji velkou pozornost jak z hlediska technického, tak i
environmentalniho vyznamu. Stale vSak zUstava fada nedofeSenych souvislosti tykajici se
zejména reakCnich principu a trvanlivosti, které je tfeba pochopit natolik, aby zminéné
materidly dostély svym propagovanym vlastnostem. Tento vytyCeny cil |ze dosahnout
pfedevsim multioborovym vyzkumem zahrnujici znalosti z fyziky, chemie, materialnich véd a
stavebniho inZzenyrstvi. Kazdy obor pfinasi jiny pohled na danou problematiku, coZz vede
k velmi uCinnému feSeni kliCovych otazek. Alkalicky aktivované materialy byly a jsou
pfedmétem zajmu mnoha vyzkumnych instituci, nicméné stale zbyva odhalit mnoho novych
poznatkd, které pomohou témto materiallim na trnité cesté od vyzkumu k praktické aplikaci.
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3. Chemické prisady: pro¢, co a jak?

Proc¢?

V poslednich desetiletich bylo dosaZeno obrovského uspéchu s pouZzitim chemickych pfisad
pro vyrobu betonovych produkti. Spravné pouziti pfisad totiz nabizi pfiznivé ucinky na
beton, at uz se jedna o vyssi trvanlivost, zlepSenou zpracovatelnost, ale i kontrolu nad
tuhnutim celého systému. Viastnosti finalniho produktu Ize tak s vyuzitim pfisad modifikovat
pro konkrétni ucel pouziti, coz vede v koneéném dusledku ke snizeni celkovych financ¢nich
nakladd. V dnesni dobé tak bezesporu chemické pfisady hraji hlavni roli v modernich
betonovych materidlech a technologiich. Chemické pfisady obecné zlepSuji jak vySe
uvedené vlastnosti betonu tak napomahaji vyvoji novym betonovym technologiim, jako jsou
napfiklad Cerpané a samonivelacni betony, betonaze pod vodou, ¢i moznosti vyuziti
stfikanych betond.

Co?

MySlenka pfidavani chemickych latek o malé koncentraci s potencialem vyznamné ovlivnit
vlastnosti stavebnich materialt neni zadnou novinkou. Jiz stafi Rimané a Egyptané nékolik
stovek let pred Kristem popsali Uc¢inek organickych materiall, jako napfiklad volska krev,
vejce nebo ovocné Stavy, na viastnosti produkovanych malt a betonl tehdejSiho typu [48,49].
Moderni pfisady jsou spiSe na bazi syntetickych molekul a polymer( vyrabénych specialné
pro betonafsky primysl. Rozdéleni pfisad do jednotlivych skupin vSak v celosvétovém
méfitku pfinasi vice zmatku nez objasnéni, coz je spojeno pfedevsim s faktem, Ze dlouhou
dobu byly pouzivany pfisady na bazi odpadnich primyslovych produktl s vice nez jednim
konkrétnim uc€inkem na Cerstvy Ci ztuhly beton. K velmi logickému ¢lenéni pfisad vSak bylo
pfistoupeno v pfipadé CR. Pfisady jsou vzdy zafazeny do pfislusnych skupin souvisejicich s
jejich konkrétnim modifikacnim u€inkem na betonovou zameés:

» vodoredukujici/plastifikacni

» silné vodoredukujici/superplastifikacni

+ stabilizani

* provzdusinovaci

» urychlujici tuhnuti a tvrdnuti

» zpomalujici tuhnuti

« tésnici

» ostatni (injektazni, inhibitory koroze, biocidni, plynotvorné, pénotvorné, adhezivni)
Jak?

Prisady jsou definovany jako zcela jiny material nez cement, voda nebo kamenivo. Pouzivaji
se jako sloZka betonu, ktera se pfidava do betonové zamési bezprostfedné pred nebo
béhem michani. Jejich davkovani je velmi malé a pohybuje se nejcastéji v rozmezi od 0,005
do 2 hm. % na celkovou hmotnost sloZek tvoficich cementové pojivo. Celkové mnoZstvi
prisady vSak nesmi pFekroCit 5 hm. % [50]. V mnoha pfipadech je pfisada pfidavana do
betonu i v tekuté formé&. Pokud vSak jeji mnozstvi pfevysuje 3 I/m* betonu, musi byt brana
v Uvahu i voda pfitomna v pfisadé a nasledné zapocCtena do vodniho soucinitele [51].
V situaci, kdy je pouzita vice nez jedna pfisada, je rovnéz velmi dilezité ovéfit jejich
vzajemnou koexistenci v systému. V nékterych pfipadech se totiz rizné typy pfisad mohou
vzajemné negativné ovlivhovat. Naproti tomu existuje i celd fada pfikladd, kdy jednotlivé
prisady vykazuji vzajemné synergické ucinky.
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Chemickeé pfisady v AAS

Pfedtim, neZli budou v nasledujicich kapitolach diskutovany pfisady v AAS, je nezbytné
nejdfive kratce definovat samotny pojem "pfisada" z pohledu alkalické aktivace. Méli bychom
vzit totiz na védomi, Ze mnoho sloucenin, které patfi mezi nezbytné slozky pfi tvorbé
alkalicky aktivovanych material(l, jsou bézné definovany jako pfisady, ¢i pfimési v systémech
na bazi portlandského cementu. V kontextu alkalické aktivace tedy neni samotny alkalicky
aktivator, €i snad aktivovany hlinitokfemicitan povazovan za pfisadu, protoZze vytvafi pojivo
jako takové. Obecné lze fici, Zze u€inek organickych a anorganickych pfisad (pouzivanych
pro bézné cementy) na chovani a vlastnosti alkalicky aktivovanych materiald dosud nebyl
v dosavadnim vyzkumu pfFili§ popsan. Krom toho je tfeba zminit i publikovani naprosto
protichudnych vysledkd popisujici U€inky konkrétni pfisady, coz souvisi zejména s pouzitim
riznych typl alkalicky aktivovanych materiall. Je vice nez pravdépodobné, Zze chovani
pouzité pfisady bude ovlivnéno nékolika faktory: tj. typem hlinitokfemicitanu, ktery je
aktivovan (struska, popilek, metakaolin ...), ale i koncentraci, pfidavkem a druhem
alkalického aktivatoru. Co v8ak dosavadni studie jednoznacné prokazaly, je vétSinou
naprosto odliSné chovani pfisad v alkalicky aktivovaném materidlu v porovnani s jejich
uginkem v systému na bazi portlandského cementu. Rada praci se zabyvala i vysvétlenim
téchto odliSnosti, nicméné i tak je v této oblasti potfeba dalSiho vyzkumu [52]. Nasledujici
kapitoly proto shrnuji dosavadni poznatky vyzkumu tykajici se pusobeni riznych typu
chemickych pfisad v AAS. Jsou diskutovany skupiny pfisad, které mohou vyznamné zlepSit
vlastnosti AAS a soucasné je popsan i vliv pfisad pfispivajici ke zmirnéni negativnich jeva
spojenych s produkci téchto netradi¢nich materiald.

Z pohledu vyuziti riznych druht chemickych pfisad v AAS vSak stale existuje fada obecnych
souvislosti a otaznikl, které by mély byt v budoucich vyzkumech feSeny:

e VétSina pfisad je navrzena pro cementové systémy, ve kterych hodnota pH pérového
roztoku je nizSi nezli v AAS. Nékteré pfisady se tak ve vysokém alkalickém prostredi
rozkladaji, napfiklad reakénim mechanismem alkalické hydrolyzy, a ztraci tak svdj
pavodni U&inek. Obecné principy tykajici se vlivu silné zasaditého prostfedi na
chemickou strukturu pfisady by mély byt v budoucnu diskutovany s cilem napovédét
potencialnimu uzivateli, zda je vhodné pfisadu pouzit, &i nikoli.

¢ V cementovych systémech se velmi Casto vyuziva synergickych efektd nékterych
rdznych druhl chemickych pfisad. Navzdory tomuto se v sou€asnosti jen velmi malo
vyzkumnych praci zabyva kombinaci jednotlivych pfisad v AAS.

e Pokud je pfisada pfidavana v tekuté formé do zamési AAS, ma byt voda v prisadé
zapoctena do vodniho soucinitele? Je totiz velmi dobfe znamo, ze i velmi mala
zména ve vodnim souciniteli mize vyrazné ovlivnit vilastnosti alkalicky aktivované
zamesi.

e Systémy na bazi AAS jsou bezesporu diky rlznym moznym typum alkalickych
aktivator. mnohem komplexné&jsi v porovnani s materialy na bazi portlandského
cementu. Sjednoceni a popis uCinku jednotlivych pfisad v zavislosti na pouzitém
aktivatoru predstavuje do budoucna dalSi dulezity krok k pochopeni reakéniho
mechanismu pfisad v AAS.
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3.1 Organické prisady
Uvod do problematiky organickych povrchové aktivnich latek

Povrchové aktivni latky, znamé jako surfaktanty, pfedstavuji v cementovych systémech
skupinu chemickych pfisad s Sirokym a dnes jiz zcela nenahraditelnym pouzitim. Obecné je
Ize nazvat jako interaktivni pfisady spojené vzdy s mezifazovym rozhranim kapalina-vzduch,
nebo pevna latka-kapalina, kde dochazi k jejich orientaci a adsorpci. Je tak vSeobecné
znamo, Ze typickymi povrchové aktivnimi pfisadami v technologii silikdtovych pojiv jsou
provzduShovaci prisady, plastifikatory, ale i pfisady redukujici smrsténi. Pro pochopeni
mechanismu jejich plsobeni je proto nezbytné predstavit jejich samotnou koncepci.
Zakladnim znakem téchto pfisad je jejich amfifilni charakter sestavajici se z hydrofobni ¢asti
(vétSinou dlouhy alkylovy fetézec) a hydrofilni hlavy. V pfipadé, Ze je takova molekula
obsazena ve vodném prostfedi, hydrofobni ¢ast ma vzdy snahu minimalizovat kontakt
s rozpoustédlem [53]. Na zakladé povahy hydrofilni hlavy mazeme povrchové aktivni latky
rozdélit do nasledujicich skupin:

aniontové
kationtové
amfoterni
neionogenni

Dllezitym parametrem, ktery urCuje charakter povrchové aktivnich latek je tzv.
hydrofilné-lipofilni rovnovaha (HLB). Hodnota HLB charakterizuje pomér vlivu hydrofilni a
lipofilni &asti molekuly surfaktantu na jeji vlastnosti. Vysoké hodnoty HLB maji hydrofilni
surfaktanty s velkou rozpustnosti ve vodé, naopak nizké hodnoty HLB jsou typické pro
slouéeniny ve vodé malo rozpustné. Hodnoty HLB mohou byt pocitany dle raznych
empirickych vzorcll, nej¢astéji je vSak pouzivan vtah (2) zalozeny na pfispévcich jednotlivych
skupin v molekule, kde parametr k pfedstavuje individualni hydrofilni a lipofilni skupiny, ¢len i
mnozstvi skupin k a GN Ciselnou hodnotu skupiny uréenou dle Daviese [54].

n
HLB = (i, GN,) (2)
k=0

Chovani povrchové aktivnich latek v riznych prostfedich lze odhadnout i z charakteru
hydrofobni Casti [49].

¢ dlouhy hydrofobni fetézec
= sniZena rozpustnost ve vodé, zvySena v organickych rozpoustédlech
= t&snéjSi usporfadani molekul na mezifazovém rozhrani
= vyS$8i moznost precipitace ¢&astic s opacnym nabojem v pfipadé
iontovych surfaktanta
e rozvétveny fetézec a pfitomnost nenasycenych vazeb
= vyS$§i rozpustnost ve vodé v porovnani s pfisadou s linearnim
fetézcem nebo fetézcem obsahujici nasycené vazby
= niz8i tendence k vzajemnému sdruZovani
e pfitomnost aromatickych jader
= vyS$§i adsorpce surfaktantu na pozitivné nabity povrch
= voIngjSi uspofadani molekul na mezifazovém rozhrani
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3.1.1 Plastifikacni prisady

Plastifika¢ni pfisady jsou polymerni latky, které patfi bezesporu k nejdulezitéjSim chemickym
pfisadam. Pfidavaji se do betonu pro zlepSeni jeho zpracovatelnosti, stejné tak pro snizeni
mnozstvi zamésové vody. Takto Ize dosahnout lepSich vlastnosti ztvrdlého betonu,
konkrétné pevnosti a trvanlivosti. SniZzeni obsahu zamésové vody je dano evropskou normou
EN 934-2 [50] a musi byt nejméné 5 % pfi nartstu 28-denni pevnosti v tlaku betonu o 10 %.
Tyto pfisady Ize pouzit i takovym zplsobem, Zze kromé vody je mozné snizit i obsah cementu
v betonu pfi zachovani pavodniho vodniho soucinitele, zpracovatelnosti a pevnosti
v porovnani s betonem bez pfisady. Kromé uspory cementu je dalSim pfinosem i snizeni
hydratacniho tepla. Povrchové aktivni latky, které sniZzuji obsah zadmésové vody minimalné o
10 % oproti kontrolnimu betonu se stejnou zpracovatelnosti se dnes nazyvaji
superplastifikatory. Norma EN 934-2 [50] rovnéz wuklada pevnost vtlaku
superplastifikovaného betonu vys3i nejméné o 40 % po dvou dnech a 0 15 % po 28 dnech
oproti kontrolnimu betonu [55].

Na trhu se vyskytovalo v uplynutych letech znaéné mnozstvi plastifikaCnich pfisad. Ve
vétSiné prfipadl jsou pfipraveny v podobé vodnych roztoku, jejichz hustoty se pohybuji v
rozmezi 1,10 az 1,15 g/cm® a koncentrace uginnych slozek 35 az 40 %. Dnes rozdélujeme
plastifikacni pfisady podle jejich struktury na 4 zakladni typy (Obr. 5) [56]:

e sulfonované soli polykondenzatl naftalenu a formaldehydu, obvykle oznacované jako
sulfonaty polynaftalent, nebo jednoduse naftalenové superplastifikatory

e sulfonované soli polykondenzati melaminu a formaldehydu, obvykle oznaované jako
sulfonaty polymelaminu, tedy melaminové superplastifikatory

e lignosulfonaty s velmi nizkym obsahem sacharidl a povrchoveé aktivnich ¢inidel

e polyakrylaty (polykarboxylaty)

R
CH: |
CH:0H @ @ H
|
H o@ CH—CH OH
|
SO3Na
o
|
CHs3

n SO:M SOsM &
R =H, CHs, C2Hs
M=Na
C D
H H
HO— CH —N N N— CH:0+H
\[/ \‘( CHa —(|:H CH:—CH—
|
N N = =
N YL ? (o] (|:_O
OCH;3 " OCH2CH2(EO)12CH2CH,OH

HNCH20S0:0M

M=Na

Obr. 5: Chemické struktury plastifikacnich pfisad na bazi lignosulfonatu (A); polynaftalent (B);
polymelaminu (C) a polykarboxylatu (D)
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Mechanismus plsobeni plastifikacnich pFisad

Béhem hydratace cementu dochazi diky pfitomnosti velkého mnozstvi nenasycenych
povrchovych naboji na ¢asticich cementu k jejich flokulaci. V takové flokulované struktufe se
zachycuje urCité mnozstvi vody, ktera nasledné neni k dispozici na ztekuceni smési. Pro
dosazeni pozadované zpracovatelnosti je nutné pouzit vice vody, nez je tfeba k uplné
hydrataci vS8ech cementovych zrn. Tento nadbytek vody, kterd nikdy nezreaguje
s cementem, pfispiva poréznosti cementové pasty a zplUsobuje zhorSeni mechanickych
vlastnosti a trvanlivosti betonu. Uginek plastifikaénich pFisad tkvi ve schopnosti dispergovat
Castice cementu diky neutralizaci jejich povrchovych naboji, ¢imz vyznamné omezuji
pfirozeny sklon k flokulaci. Timto zplsobem Ize docilit znaéného snizeni mnozstvi zamésové
vody [56]. V minulych letech byl dispergacni ucinek pfisuzovan pouze vytvafenim zaporného
elektrostatického naboje na Casticich cementu. Na tomto principu spolehlivé funguji
plastifikatory disponujici zaporné nabitymi skupinami navazanymi na hlavnim polymernim
fetézci (napf. lignosulfonaty). V alkalickém prostfedi dochazi u sulfonovanych plastifikacnich
pfisad obsahujicich —SO3;™ skupinu k jeji disociaci. Pfitazlivé sily mezi &asticemi jsou
neutralizovany diky adsorpci aniontovych polymerli na cementova zrna pravé pomoci
zminénych —SO;3;  skupin. Na druhém konci polymerniho Fetézce jsou vytvofeny zaporné
nabité skupiny SO, ¢imz dochazi k elektrostatickému odpuzovani ¢astic cementu (Obr. 6).

Naftalenovy superplastifikator
< <

Bocni sulfonové skupiny (zapomeé nabité)

Hlavni polymerni fetézec v?‘

Sulfonové skupiny
zodpovedné za adsorpci

Zrno cementu
Sulfonové skupiny vyvolavajici
elektrostatické odpuzovani

Obr. 6: Znazornéni superplastifikatoru na bazi naftalenu a jeho ucinek elektrostatického
odpuzovani cementovych ¢astic, prevzato z [55]

Naproti tomu ucinek superplastifikatorll na bazi polykarboxylatll je odliSny. Disperzni
mechanismus téchto superplastifikatorl je pfipisovan spiSe sterickému odpuzovani diky
pfitomnosti neutralné nabitych dlouhych bocénich fetézcl, nezli pfitomnosti nabitych
aniontovych skupin COQ™, které zpUsobuji adsorpci polymeru na povrch cementovych &astic
(Obr. 7). Retézce naroubované na molekulach polymeru, ktery je navazan na povrch
cementovych ¢astic, ma schopnost tyto Castice od sebe odtlacovat, coz brani jejich spojeni
do velkych a nepravidelnych aglomerata [55].
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Bocm karboxvlova skupiny (zaporné nab:ta)

Hlavm polvmerm
< etézec

.
Naroubovany fetézec mo cementu

l\aroubox any dlouhy bocni fetézec Efekt sterického odpuzovani

Obr. 7: Znazornéni superplastifikatoru na bazi polykarboxylatu a jeho ucinek sterického
odpuzovani cementovych ¢astic, prevzato z [55]

Plastifikacni pfisady v AAS

Prvni pokusy zakomponovani plastifikacnich pfisad do alkalicky aktivovanych systému se
datuji do osmdesatych let minulého stoleti, kdy ve Finsku a Norsku byly poprvé pouzity
pfisady na bazi lignosulfonatd redukujici mnozstvi zamésové vody [57,58]. Tyto studie vSak
nevedly k objasnéni chovani zminénych pfisad v alkalicky aktivovanych materidlech.
Douglas a Brandstetr [59] v devadesatych letech rovnéz pouzili plastifikacni pfisady na bazi
ligno- a naftalensulfonatu v alkalicky aktivované vysokopecni strusce. Pfisady byly vSak
shledany jako neucinné. Velmi podobné chovani téchto povrchové aktivnich latek popsali ve
své studii i Wang a kol. [15], ktefi testovali plastifikatory na bazi lignosulfonatu. Dosli k
zaveéru, ze pfi pouziti téchto pfisad dochazi ke snizeni pevnosti bez viditelnych zmén
zpracovatelnosti. Bakharev a kol. [60] naopak dospéli k opacnému zavéru nez jejich
predchidci. Jejich systém zaloZeny na bazi vysokopecni strusky aktivovany roztokem NaOH
a vodnim sklem vykazoval pfi pfidavku lignosulfonatu podobné chovani jako v pojivo na bazi
portlandského cementu. Bylo pozorovano vyznamné zlepSeni zpracovatelnosti pfi
souCasném snizeni smrsténi. Prfidavek pfisady nicméné zpomaloval tuhnuti a vyvoj
mechanickych pevnosti.

Obdobné vysledky byly dosazeny i ve studii Kaliny a kol. [61]. Malty pfipravené aktivaci
vysokopecni strusky roztokem NaOH s velmi malym pfidavkem lignosulfonatu vykazovaly
vyrazny narust zpracovatelnosti (Obr. 8A). Mechanické vlastnosti byly ovlivnény pouze v
pocatec¢nich stadiich hydratace. Jiz po sedmi dnech dosahovaly vSechny vzorky s pfidavkem
lignosulfonatu (0,1-1,0 hm. % pfepocéteno na mnozstvi VPS) obdobné pevnosti jako
referenéni smés. Stejné tak tomu bylo i po 28 dnech zrani. V této studii byl navic popsan i
mechanismus pulsobeni pfisad na bazi lignosulfonatu v AAS. Pomoci metody XPS byl
prokazan silny vliv alkalického prostfedi na chemickou strukturu molekul lignosulfonatd
(Obr. 9). Diky alkalické hydrolyze dochazi k rozkladu polymernich fetézcd na mensi
fragmenty, coz bylo potvrzeno vyraznym ubytkem jednoduchych vazeb mezi uhlikem a
kyslikem (—C-O-) a zaroven detekci nové vytvofenych hydroxylovych skupin. Zaporné
nabita sulfonatova skupina v8ak ve struktufe molekuly zistdva nezménéna, a proto je
elektrostaticky u€inek pfisady stale zachovan.
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Obr. 8: Zpracovatelnost rozlitim na stfasacim stolku AAS aktivované roztokem NaOH
s pouzitim pridavku plastifikatoru na bazi lignosulfonatu (A); polykarboxylatu (B); prevzato
z Kalina a kol. [61]

Potvrzeni interakce mezi ¢asticemi VPS a pfisady pfinesly vysledky méfeni zeta potencidlu
suspenze Castic strusky v alkalickém roztoku NaOH. V prabéhu alkalické aktivace VPS
dochazi diky vysoké hodnoté pH k rozpusténi &astic strusky za soudasného uvolnéni Ca?*
iontd do roztoku. Diky tomu by méla byt povrchova vrstva strusky tvofena silanolovymi
skupinami deprotonizovana, tedy zaporné nabita [62]. Vzhledem k pfitomnosti kationtl
alkalickych kovl, pochazejicich z roztoku hydroxidu, vSak rozpusténé M® ionty interaguji
s povrchem strusky, coz vede k jeho kladnému nabiti, které je zavislé na koncentraci
pouzitého aktivatoru (Obr. 10A). Uginek lignosulfonatového plastifikatoru je velmi dobie
patrny z Obr. 10B, kdy jeho pfidavek zpusobuje vyrazné snizeni hodnot zeta potencialu.
Interakce mezi kladné nabitymi Casticemi strusky a pfisadou obsahujici zaporné nabité

sulfonatové skupiny je tak nezpochybnitelna, stejné tak i zachovani elektrostatického efektu
pfisady.

C1s —c-C;C-H C1s —C-C;C-H
—C-0- \
C-OH
—C-S- S
— 0-C=0 ——CuS
— satellite — 0-C=0

—— satellite

intensity (a.u.)
tensity (a.u.)

=)

alkalicka aktivace

in

T T T T T T 1 T T T T T T T T T T T T T 1
294 292 290 288 286 284 282 280 294 292 290 288 286 284 282 280
binding energy (eV) binding energy (eV)

Obr. 9: Mechanismus rozkladu molekuly lignosulfonatu v silné alkalickém prostredi vytvorené
na zakladé vysledkll z XPS analyzy); prevzato z Kalina a kol. [61]

18



V posledni dobé se vyzkum zaméfil i na superplastifikatory na bazi polykarboxylatd. Tato
nova generace pfisad dosahuje velmi dobrych vysledku v systémech na bazi portlandského
cementu, nicméné jejich pouziti v alkalicky aktivovanych pojivech byla donedavna velkou
neznamou. Puertas a kol. [63] studovali efekt polykarboxylatového superplastifikatoru jak na
systémech alkalicky aktivované strusky, tak i popilku. Pfidavek pfisady vSak nepfinesl
kyZzené zlep3eni zpracovatelnosti ani mechanickych vlastnosti testovanych smési. K velmi
podobnym zavéram dosel i Criado a kol. [64]. Puertas a Palacios [65] se nasledné zabyvaly
chemickou stabilitou polykarboxylatl ve vysoce zasaditém prostfedi. Vysledky vyzkumu
naznacuji, Zze pfisady na bazi polykarboxylatd byly v alkalickém prostfedi pfi pH vy$$Sim nez
13 chemicky nestabilni.
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Obr. 10: Méreni zeta potencialu suspenze vysokopecni strusky s riznou koncentraci NaOH
aktivatoru (A) a po pridavku plastifikacni pfrisady (B) ); prevzato z Kalina a kol. [61]

Studie Kaliny a kol. [61] potvrzuje vysledky tohoto vyzkumu a pfinasi jasné zdGvodnéni
velmi nizké efektivity téchto pfisad. Pfidavek polykarboxylatl do AAS nejenze nezlepsSil
zpracovatelnost zamési, ale navic ve vét§im pfidavku dochazelo dokonce k jejimu poklesu
(Obr. 8B). Naprosto zadné zlepSeni zpracovatelnosti je opét spojeno s alkalickou hydrolyzou
polymerniho fetézce (Obr. 11). Dlouhy boéni fetézec, ktery by mél v téchto systémech plinit
funkci sterické zabrany mezi jednotlivymi ¢asticemi strusky, je v disledku hydrolyzy esterové
skupiny odstépen od hlavniho fetézce, ¢imz celda molekula kompletné ztrati svdj ucinek.
Molekuly polykarboxylatu se diky COO™ skupiné sice navazuji na zrna strusky (Obr. 10B),
nicméné k silnému ovlivnéni naboje ¢astic, kieré by pfipadné plnilo funkci elektrostatického
odpuzovani, nedochazi.
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Obr. 11: Mechanismus rozkladu molekuly polykarboxylatu v silné alkalickém prostredi
vytvorené na zakladé vysledk( z XPS analyzy); prevzato z Kalina a kol. [61]

Detailni studium ucinnosti superplastifikatord na bazi polykarboxylatl v AAS aktivované
kiemicitanem sodnym pfinesl vyzkum Kashani a kol. [66] Diky niz§imu pH v porovnani
s pfedchozimi systémy aktivovanymi roztokem NaOH zfejmé nedochazi k hydrolyze
esterové skupiny, a proto Ize studovat jak vliv délky hlavnich a bo&nich polymernich fetézcl
molekuly, stejné tak i naboje (kladny x zaporny), ktery byl vymezen na zakladé naroubovani
konkrétnich funkénich skupin na bocni polymemi fetézec. Bylo zjisténo, ze molekuly s
dlouhym hlavnim a kratkymi postrannimi fetézci zplsobuji znatelné zvySeni napéti meze
toku, coz vede k poklesu zpracovatelnosti v porovnani s alkalicky aktivovanou vysokopecni
vazby, jelikoz nabity fetézec mlze byt sou€asné adsorbovan na vice €asticich vysokopecni
strusky. V souladu s timto mechanismem je ve vysledku pfitomno vice pfitaZlivych
mezi¢asticovych sil, které zvySuji seskupeni Castic a zplsobuji zvySeni meze toku.
Zminéného efektu lze zamezit zavedenim sterické zabrany pomoci delSich postrannich
fetézcl a zkracenim hlavniho fetézce. Mirné pozitivhiho efektu polykarboxylatového
superplastifikatoru Ize rovnéz docilit pfitomnosti kladné nabitych funkénich skupin na bo¢nim
fetézci z dlvodu vysSi adsorpce pfisady na zrna strusky, ktera maji v prostfedi aktivace
kfemicitanem alkalického kovu spiSe zaporny naboj.

Ostatni druhy plastifikatnich pfisad byly studovany zejména diky rozsahlému vyzkumu
Palacios a kol. [65,67-69], ktefi zjistili napfiklad velmi dobrou chemickou stabilitu
plastifikatoru na bazi polynaftalenu v silné alkalickém prostfedi. Nizka davka této pfisady
(cca 0,1 hm. %) vedla k uéinnému snizovani napéti na mezi toku pfipravené zamési. Dale
byla studovana i povrchova aktivita plastifikatord na bazi melaminu a vinylového kopolymeru.
V této souvislosti bylo zjiSténo, ze adsorpce vySe jmenovanych pfisad je v AAS 3 az 10x
niz8i v porovnani v systému na bazi OPC. Jejich uc€innost v prostfedi s vysokymi hodnotami
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pH znacné klesa. B&hem aktivace roztoky vodnich skel, kde Ize oekavat méné alkalické
prostfedi v porovnani s hydroxidy, byl zaznamenan pozitivni efekt pfisad ve smyslu zvySeni
tekutosti pfipravenych zamési, nicméné soucasné bylo stanoveno prodlouzeni Casu poc¢atku
a konce tuhnuti az o nékolik hodin.

Vzhledem k vysledkim uvedenym v literatufe je tedy zfejmé, ze pfipadny vyvoj nové
generace plastifikaCnich pfisad, pouzitelnych pro alkalicky aktivované materialy, musi byt
zejména zaméfen na zlepSeni chemickeé stability polymernich struktur ve vysoce alkalickém
prostfedi. Pfi vyvoji je nutné rovnéz docilit potladeni retardac¢niho uc€inku na prabéh
hydratace, coz je v souCasné dobé pfi pouZiti bézné dostupnych komercénich plastifikacnich
pfisad obvyklym jevem.

3.1.2 Prisady redukujici smrsténi
Uvod do problematiky smrsténi cementovych systéma

Smrsténi je definovano jako sniZzovani objemu materidlu za konstantni teploty bez vnéjsiho
zatézovani. Je to velmi dulezitd materidlova vlastnost, ktera vyrazné ovlivhuje chovani
materialu z dlouhodobého hlediska [70]. Silikatové materialy mohou podléhat nasledujicim
typum smrsténi:

» plastické smrsténi

* autogenni smrsténi

* smrsténi vysychanim

+ dekalcifikacni smrsténi

VSechny zminéné typy smrsténi mohou vést az ke vzniku trhlin, ke kterému dochazi, pokud
napéti v tahu o, vyvolané smrsténim zpUsobujici deformaci pfi dotvarovani ¢, dosahne vyssi
hodnoty, nez je pevnost v tahu daného materialu f dle vztahu (3).

o=Ee>f (3)

Tvorba trhlin samoziejmé negativné ovliviiuje jak mechanické vlastnosti materialu, tak i jeho
Dle Wittmanna a kol. [71] je obecné smrsténi vysledkem nékolika nezavislych faktort jako
jsou zmény ve vlhkosti materialu, chemické reakce a fyzikalni interakce povrchu
hydratacnich produkti a poérového roztoku. V pfipadé AAS je smrsténi obvykle
nékolikanasobné vyssi nez u systémua zalozenych na bazi portlandského cementu, coz se
vétSinou pfipisuje vy$Simu obsahu mesopoéri [72], rozdilné povaze C-S-H gelu, nizSimu
mnozstvi vytvofenych krystalickych hydrata¢nich produktl [73] a v pfipadé aktivace vodnim
sklem i vzniku kfemicitého gelu, ktery ma vysSi sklon ke smrsténi [23,74]. Neni divu, ze
snizeni smr§téni AAS je jednim z hlavnich cild sou€asného vyzkumu. Pochopeni pficin a
mechanismu smrsténi je tak bezpochyby klicem k jeho ucinné redukci v AAS. Diky zna¢né
podobnosti mikrostruktury bézného hydratovaného cementu a AAS Ize principy smrsténi
charakterizovat dle obecné znamych teorii platnych pro cementové systémy.

V tficatych letech Bangham [75] publikoval prvni prakopnické studie tykajici se souvislosti
mezi vysychanim a smrsténim porézni hmoty a béhem nasledujicich desetileti byly popsany

rizné pfistupy popisujici smrdténi vysychanim vzniklych cementovych systéml. Teorie
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kapilarniho a rozpojovaciho tlaku jsou znamy a hojné pouzivany k vysvétleni pficiny
smrsténi. Prvni je zaloZzena na pfedpokladu vzniku menisku, jez se vytvafi béhem vysychani
cementové matrice jako dusledek sil povrchového napéti. Rozdil mezi tlakem v kapalné fazi
pi a v plynné fazi p, je nazyvan tzv. kapilarnim tlakem Ap. a je dle rovnice (4), ktera se
nazyva Laplaceovou-Youngovou, roven soucinu zakfiveni rozhrani kapalina-para k a
povrchového napéti y. Zakfiveni mezifazového rozhrani « Ize charakterizovat pomoci jeho
poloméru kfivosti R a nasledné zjednodusit rovnici (4) na vysledny tvar (5). Pokud chceme
vyjadfit kapilami tlak v zavislosti na poloméru velikosti pord r, je mozné polomér kfivosti
vypocitat dle smaceciho uhlu 6 (Obr. 12).

Ap. =p| —py =Ky (4)
2 2
Ap. :EV:—TVCOSG (5)

Obr. 12: Zavislost poloméru kfivosti fazového rozhrani R a polomérem péru r, prevzato z [70]

Vzhledem k jistym pochybnostem o pouzitelnosti této teorie na cementovy systém s velmi
jemnymi péry (nékolik nanometri) a za podminek hydratace s okolni relativni vihkosti pod
50 %, byla v roce 2006 predstavena teorie, zaloZzena na konceptu rozdélovacich tlaku, podle
niz jsou disjunkéni sily hlavnim mechanizmem smrsténi vysychanim. Pojem rozpojovaci tlak
pq pfedstavuje komplexni interakce mezi vodou a dvéma pevnymi povrchy, které mohou byt
ve zjednoduSené verzi psané jako superpozice pfinosu pfitazlivych nebo molekularnich sil
(pFevazné van der Waalsovych sil) pm, odpudivych sil elektrické dvojvrstvy pe a strukturnich
slozek ps dle rovnice (3).

Pg =Pm *Pe *Ps (6)

Pokud jsou dva pevné povrchy ve vakuu nebo suchém vzduchu blizko sebe, dominuji
pritazlivé sily a pevné povrchy jsou v tésném kontaktu. Se vzristajici relativni vihkosti vytvari
adsorbovana a kapilarni voda film zpUsobuijici jejich rozdéleni [76].

Pfisady redukujici smrsténi v cementovych systémech
S ohledem na kapilarni model, popsany v pfedchozi kapitole, je jednou z moznosti jak

ucinné snizovat smrsténi pouziti pfisad redukujicich smrsténi na bazi organickych povrchové
aktivnich latek, které snizuji povrchového napéti pérového roztoku [77].
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Pfisady redukujici smrsténi (SRA) byly pouzity ke snizeni smriténi cementovych systému
pfed vice nezZ tficeti lety. Obecné patfi do skupiny organickych slou¢enin nazyvanych
povrchové aktivni latky, které jsou chemickymi latkami s amfifiinim charakterem, tj. jsou
sloZeny z hydrofilni hlavy a hydrofobniho fetézce. Z tohoto divodu se mohou adsorbovat na
rozhrani a ménit jejich vlastnosti. Jejich adsorpce na rozhrani kapaliny a pary je zasadni pro
snizeni smrsténi porézniho systému, a to pfedevsSim diky snizovani povrchového napéti
kapaliny pfitomné v porech, které vSak mlze byt omezeno jejich misitelnosti v pérovém
roztoku nebo jejich interakci s jinymi slozkami v systému. Obecné Ize Fici, Ze povrchové
napéti postupné klesa s rostouci davkou SRA, avsak za urCitym bodem, nazyvanym kriticka
koncentrace micel (CMC), se jejich vliv na povrchové napéti snizuje (Obr. 10br. 13). Diky
vytvofeni micel nasledné nedochazi k jejich adsorpci na rozhrani mezi kapalnou a plynnou
fazi [78]. SRA molekuly mohou také adsorbovat na rozhrani pevna latka-kapalina, coz v
cementovych systémech obvykle znamena fyzickou adsorpci polarni ¢asti SRA na polarni
povrch Castice. Tato vlastnost je rovnéz nezadouci, protoZe sniZuje u€innost SRA, nebot tyto
molekuly jiz nejsou schopné se podilet na snizeni povrchové napéti pérového roztoku.
Rovnéz dochazi i k negativnimu ovlivnéni hydratacnich procesl, které jsou v pfimé
souvislosti s kone€nymi vlastnostmi malty nebo betonu. Pro zabranéni této adsorpce se v
cementovych systémech pouZzivaji pfevazné neionogenni SRA [49].

T2

3 . CMC

E \
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> \ micellation concentration

5 \\
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Obr. 13: Zavislost povrchového napéti na koncentraci SRA, prevzato z [79]
Dle molekulové struktury Ize neionogenni SRA rozdélit do nasledujicich skupin:

. monoalkolohy (linearni, rozvétvené, cyklické)
. glykoly (alkandioly nebo oxyalkylenglykoly)

. alkylether polyoxyalkylenglykoly

. polymerni surfaktanty

. jiné SRA (aminoalkoholy, amidy atd.)

Pfisady redukujici smrsténi v AAS

Dosud bylo publikovano pouze nékolik studii, které zkoumaly uCinek organickych pfisad
redukujici smrsténi v AAS. Jak uz byva Zeleznym pravidlem na poli alkalicky aktivovanych
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materiall, pfisady, které spolehlivé funguji v béznych cementovych systémech, naprosto
selhavaji v pfipadé AAS. Ukazalo se, Ze ucinnost komerénich produktl efektivné snizovat
smriténi AAS je nedostacujici a spiSe funguje principem vyrazného zpomaleni hydratace.
Z tohoto dlvodu byl celosvétovy vyzkum zaméfen na studium rdznych skupin organickych
latek, které by u&inné redukovaly smrsténi a zaroveh nezhordovaly ostatni vlastnosti
alkalicky aktivovaného materialu. Nasledujici kapitola shrnuje dosavadni vyzkum v této
oblasti a pfinasi tak nadéji pochopeni problematiky smrsténi AAS vedouci k volbé vhodného
druhu a davkovani SRA.

Rada komerénich SRA navrzenych pro systémy s b&Znym portlandskym cementem jsou na
bazi neionogennich povrchové aktivnich latek, zejména alkoholll a glykolG. Palacios a
Puertas [80] studovaly vliv SRA na bazi polypropylenglykolu na smrsténi a dalsi viastnosti
AAS aktivované pomoci vodniho skla. Pfi relativni vihkosti 50 % se smrténi malty AAS
shizilo pfiblizné o 7 a 35 % pfi 1%, respektive 2% davky SRA. Naproti tomu snizeni smrsténi
pfi 99% relativni vihkosti bylo podstatné vétsi: pfiblizné 50 % a 75 % pfi zachovani stejnych
davek SRA. Ztéchto vysledkl Ize fici, Zze SRA postupné ztraceji schopnost snizovat
smrsténi pfi nizSich hodnotach relativni vihkosti. V této praci byl rovnéz studovan vliv
vodniho soucinitele na rozsah smrsténi AAS. Bylo zjisténo, ze pfidavek SRA snizil spotfebu
vody pro stejnou konzistenci, jakoz to i povrchového napéti v pérovém roztoku. Zaroven
dochazelo k odlisné distribuci velikosti porl smérem k vétSim pdérdm ve srovnani
pouzivali SRA na bazi polypropylenglykolu pro zmirnéni smrsténi AAS. Pfi vytvrzovani za
vysoké hodnoty relativni vihkosti se opét smrsténi vysychanim vyrazné snizilo (az o 40 % po
180 dnech) a to jak pfi aktivaci metakiemicitanem sodnym, tak i roztokem vodniho skla.
Vyzkum potvrdil, Ze béhem prvnich dnl vysychani bylo snizovani smrsténi mnohem vétsi,
napf. po 3 dnech asi 80 %.

Studie Bilka a Kaliny [83-85] potvrdily az 70% sniZeni smrsténi vysychanim s pouzitim
2 hm. % komeréni pfisady na bazi hexylenglykolu oproti referenéni malté. Zjistilo se vsak, ze
komercni prisady obecné vykazuji znaény retardacni ucinek na hydratacni proces AAS, tedy
i tvorbu pojivové faze (Obr. 14). Pfi testovanych komercnich pfisad v AAS je tak vysledkem
material, ktery se jen velmi malo smrstuje, ale dulezité vlastnosti jako pocCatecni a
dlouhodobé pevnosti jsou silné potlaceny. Toto zjisténi vedlo ke zkoumani jinych skupin
povrchoveé aktivnich latek s lepSim potencialem pro uziti v AAS.
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Obr. 14: Uéinek rtznych alkoholi a glykoli na hydrataci AAS;
prevzato z Bilek, Kalina a kol. [84]

Polyoxyalkylen glykoly se ukazaly jako velmi slibna skupina organickych latek, ktera byla
podrobena dalSimu vyzkumu. Kalina a Bilek [86] prokazali, Zze charakter alkalického
prostfedi vyznamné ovliviiuje schopnost polyoxyalkylen glykolovych pfisad redukovat
smrsténi v AAS (Obr. 15). Ve struCnosti Ize shrnout, Zze s klesajicim molarnim pomérem
oxidu kfemic€itého a oxidu alkalického kovu (Na,O, K,O) v pouzitém aktivaCnim roztoku
dochazi ke zvySovani ucinnosti protismrstovacich pfisad (pouzit polypropylen glykol;
M,=425). Zaroven byla pozorovana i jejich lepSi misitelnosti s aktivacnim roztokem.
Misitelnost pfisady s aktivacnim, resp. pérovym roztokem se zvySuje také b&hem hydratace
AAS, nebot zejména v prvnich hodinach hydratace dochazi k rychlému spotiebovavani
kfemicitanovych iontu, které maji na misitelnost negativni vliv.
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Obr. 15: Zavislost povrchového napéti (vievo) a smrsténi vysychanim (vpravo) s pouzitim
PPG 425 v AAS aktivované roztokem vodniho skla s riznym silikatovym modulem; pfevzato
z Kalina a kol. (Priloha V) [86]
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Kalina, Bilek a kol. [87] rovnéz zkoumali vliv délky fetézce vybranych polyoxyalkylenglykol(
na schopnost uc€inné redukovat smrsténi. Jako slibnou skupinou se obecné ukazaly byt
polypropylenglykoly se spiSe vysSi molekulovou hmotnosti (cca 700-1 000), které vyrazné
neovliviuji hydratacni procesy AAS a zaroveni jsou efektivnéjSi ve snizovani povrchového
napéti porového roztoku (Obr. 16). Svou roli hraji také zmeény v distribuci velikosti péra a
celkova porozité. U nékterych nizSich polyalkylenglykold sice bylo zaznamenano velmi
vyrazné snizeni smraténi, nicméné hlavni pfi¢inou bylo zpomaleni hydratace AAS, coZ se
velmi nepfiznivé projevilo na zvySeni porozity téchto materiall a ve svém duasledku
znamenalo zhor3eni mechanickych a dalSich vlastnosti. Dale bylo prokdzano, Ze mira
zpomaleni hydratace AAS v pfitomnosti pfisad uzce souvisi s davkou alkalického aktivatoru,
kdy Ize jejim navySenim fadu negativnich vlivi na hydrataci potlacit [88]. Molekulova
hmotnost polyoxyalkylenglykold ma vliv i na mozné vyluhovani pfisady ze systému, kde byla
pouzita. Ve studii Bilka, Kaliny a kol. [89] bylo posouzeno, do jaké miry zlstavaji pouzité
organické pfisady v AAS v ,aktivni“ formé&, tedy v pérovém roztoku, schopné migrovat k
rozhrani kapalina-plyn a tim snizovat povrchové napéti roztoku, a v jaké mife dochazi k jejich
imobilizaci, napfiklad jejich zakomponovanim do postupné se vyvijejicich hydratacnich
produktli, popf. adsorpci. Konkrétné byly studovany polyethlyenglykoly az do molekulové
hmotnosti 35 000 a bylo zjisténo, Ze mnozZstvi vyluhované povrchové aktivni latky vyrazné
klesa s rostouci molekulovou hmotnosti.
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Obr. 16: Zavislost povrchového napéti (vlevo) a hydrataéniho procesu (vpravo) s pouzitim PPG
o rtizné molekulové hmotnosti v AAS aktivované roztokem sodného vodniho skla; prevzato
z Kalina a kol. (Priloha VII) [87]

Dalsi slibnou skupinou SRA s potencialem pro pouziti v AAS jsou organické slouceniny na
bazi aminoalkoholl. Tyto povrchové aktivni latky snizuji, obdobné jako jiz testované
polyoxyalkylenglykoly, povrchové napéti pérového roztoku AAS. Navic vSak pfinasi nékteré
vyznamné pozitivni vlastnosti. Obecné lIze fici, Zze se stoupajicim polymernim stupném
polyoxyalkylenglykolt sice klesa povrchové napéti porového roztoku, ale zaroven i klesa
misitelnost téchto polymernich latek v alkalickém roztoku, coz negativné ovliviiuje
rovnomérnou distribuci povrchové aktivni latky. Naproti tomu aminoalkoholy vykazuji dobrou
misitelnost ve vodném prostfedi, zejména diky aminové skupiné, ktera zvySuje hodnotu HLB,
tedy i hydrofilni charakter pfisady. Dostateéna misitelnost s alkalickym roztokem tak pfinasi

26



podstatné zvySeni jejich uc€innosti. Vyzkum prokazal vyznamny uac€inek riznych typu
alkylovych skupin navazanych na aminovou funkéni skupinu. Prace Kaliny a kol. [90,91]
potvrdila, Ze vice rozvétveny alkylovy fetézec snizuje povrchové napéti porového roztoku i
smrsténi vysychanim AAS. Uginny pfidavek aminoalkoholl na vysledné smrsténi v3ak stale
negativné ovliviuje hydratacni procesy, coz ma opét dopad i na mechanické vlastnosti AAS.

V nékolika studiich byly zkouSeny i uc€inky rlznych organickych pfisad, které nepatfi do
skupiny neionogennich povrchové aktivnich latek. Bakharev a kol. [60] napfiklad dospéli k
zavéru, Ze smés AAS, po pfidani provzdudniovaci pfisady v kombinaci s blize
nespecifikovanou SRA, vykazovala vyrazné lepSi zpracovatelnost a rovnéz i redukci
smrsténi. Tyto dvé pfisady snizily dlouhodobé smrsténi o cca 70 %. Snizeni smrsténi, ackoli
podstatné nizsi, bylo dosazeno i u plastifikacnich pfisad na bazi lignosulfonatu. Nutno vSak
zminit, ze jiny typ plastifikatoru na bazi modifikovanych naftalenformaldehydovych
polymerech zvySil smrsténi vysychanim o témeéf 40 %. Ztohoto divodu nelze potvrdit
obecné pfiznivy efekt plastifikacnich pfisad na redukci smrsténi AAS.

Cesta kucinné redukci smrsténi AAS pomoci organickych pfisad se zda byt vice
komplikovanda, nez se na prvni pohled mdze zdat. V mnoho pfipadech je snizeni smrsténi
doslova vykoupeno vyraznym zpomalenim procesu hydratace majici za nasledek podstatné
zhorSeni mechanickych vlastnosti. Pfesto v8ak bylo prokazano, Ze pouziti nékterych
povrchové aktivnich latek je pfislibem k efektivni redukci smrsténi AAS. Skupiny latek na
bazi polyoxyalkylenglykoll a aminoalkoholl se zdaji byt pouzitelné v urité koncentraci
s niz§im vlivem negativnich vedlejSich u€inkd. Nicméné rozsahlé smrsténi AAS, zejména
pak v pfipadé aktivace roztokem vodniho skla, nelze zcela potlacit ani s pouzitim zminénych
pfisad. Na zakladé teorie kapilarniho tlaku se jako mozné feSeni nabizi syntéza novych typu
SRA, které budou mit vysSi potencial ke snizovani povrchového napéti pérového roztoku.
Reseny projekt GACR GA17-03670S ,Vyvoj pfisad redukujici smréténi navrzenych pro
alkalicky aktivované systémy* (odpovédny feSitel Kalina L.) [92] mél ambice na mozny
posun v této oblasti. Diky modifikaci popsanych pfisad pomoci vybranych funk&nich skupin,
Ize docilit vyrazného snizeni povrchového napéti, coz poskytuje moznost nizSiho, avSak
ucinnéjSiho davkovani pfisady. Nukleofilni acylaci aminoalkoholi estery karboxylové
kyseliny byly syntetizovany nové typy SRA pomoci naroubovani rGznych hydrofobnich
fetézch na aminovou funkéni skupinu. V praci Kaliny a kol. [93] byla zkoumana zejména
syntetizovana pfisada na bazi sekundarnich fluorovanych amin z hlediska jeji ucinnosti
efektivné snizovat jak autogenni smrsténi, tak smrsténi vysychanim. V pfipadé autogenniho
smrsténi bylo prokazano, ze vysledné smrsténi vykazuje obdobny vyvoj jako u vzorkl bez
pfisady, pfestoze povrchové napéti pérového roztoku zistavalo velmi nizké i po nékolika
dnech od poc¢atku alkalické aktivace (Obr. 17).
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Obr. 17: Vliv prisad na bazi aminoalkohol( na povrchové napéti pérového roztoku (A);
autogenniho smrsténi (B) AAS, pievzato z Kalina a kol. (Pfiloha 1) [93]

Rozdil mezi testovanymi vzorky byl pozorovan pouze v prubéhu pocate€nich stadii
hydratace, kdy u AAS zamési s pfisadou byla oddalena tvorba hlavni hydrataéni faze
C-A-S-H gelu o nékolik hodin. Rovnéz bylo zjisténo, ze pfidavek pouzitych pfisad velmi malo
ovliviiuje celkovou porozitu systému. V této souvislosti nelze opomenout zcela rozdilné
chovani SRA v OPC materialech, kde byl jasné prokazan jejich pozitivni u€inek pfi snizovani
smrsténi v autogennich podminkach [94,95]. Mnohé studie navic jednoznacné potvrzuji, ze
pridavek surfaktantt ma za nasledek udrzeni vysoké vnitfni relativni vihkosti [94,96].
Z tohoto davodu by mél byt hlavni mechanismus, ktery fidi smr§téni, primarné pfipisovan
kapilarnim tlakim na rozdil od rozpojovaciho tlaku plsobicim zejména pfi nizSi vihkosti
systému. Nicméné dle vysledkl vyzkumu lze dospét k zavérum, Ze vyrazny pokles
povrchového napéti nemusi vést nutné ke snizeni smrsténi, tedy teorii kapilarniho tlaku
v AAS nelze vzdy strikiné aplikovat. Vyznamné odliSné chovani AAS s pfidavkem SRA bylo
pozorovano pfi testovani vyvoje smrsténi vysychanim. Vzorky s pfisadou dosahly podstatné
nizsiho vysledného smrsténi v porovnani s referenci. Zaroven vSak byla naméfena vysoka
ztrata hmotnosti v prbéhu prvnich dni hydratace. V8e souvisi opét s negativnim dopadem
SRA na pribéh hydrataéniho procesu AAS. NizSi stupen hydratace v pocateCnich fazich
alkalické aktivace vede k niz§imu vyvazani vody do hydrataénich produktl, coz ma za
nasledek jeji vyssi odpar do okolniho prostrfedi. Voda v systému chybi, tudiz |ze oekavat
vyznamné niz§i tvorbu pojivové faze a nasledné i vysSi porozitu vysledného materialu.
pfitomnosti pfisady z hlediska jeji schopnosti u€inné snizovat povrchové napéti v kapilarach.
Nabizi se spiSe vysvétleni, které stoji na pfimé souvislosti mezi retardacnim ucinkem pfisady
z pohledu hydratace a vyvojem smrsténi vysychanim. Vzhledem k podobné chemické
povaze komeréné pouzivanych SRA Ize oCekavat analogické chovani. Vyuziti neionogennich
povrchové aktivnich latek v AAS pfi U¢inné redukci smrsténi tak bohuzel nepfinasi
pozadované vysledky, a proto zUstava i nadale snaha o nalezeni vhodnych pfisad, které by
tento problém komplexné vyfesily.
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3.1.3 Provzdusnovaci prisady

Ztejmé& nejdllezitéjsi pouziti provzduSfiovacich prisad (AEA) souvisi se zvySovanim
odolnosti anorganickych pojiv proti zmrazovani a rozmrazovani. Jejich funkce spociva ve
vytvorfeni velkého mnozstvi uzavienych vzduchovych pérli obsazenych v Cerstvé zamési.
ProvzdusSnénim vytvofené vzduchové pory jsou expansnim prostorem pro zvétSujici se
objem krystalt ledu. Velikost pori se obvykle pohybuje od 0,05 do 0,3 mm a zpravidla
nejsou nikdy vyplnény hydrataénimi produkty, protoZe k vytvofeni pojivové faze je tfeba
voda, ktera zde neni obsazena. Miru provzdusnéni uréuje nékolik faktord, jakymi jsou obsah
cementu, vodni soucinitel, rychlost a doba michani nebo typ a mnoZstvi pouZité pfisady.
Zajimavym vedlejSim ucinkem provzdudnéni je i zlepSeni zpracovatelnosti, coz v kone¢ném
disledku znamena menSi spotfebu vody a cementu. ProvzduSinovaci pfisady rovnéz
umoznuji produkci leh&enych betonl bez nutnosti uziti lehéeného kameniva [28,97].

Mechanismus ucinku provzdusnovacich pfisad

Pusobeni provzdusinovacich pfisad v cementovych systémech zachycuje Obr. 18. Je velmi
dobfe vidét, Ze na mezifazovém rozhrani kapalina-vzduch se povrchové aktivni molekula
pfisady vzdy orientuje polarni skupinou k vodnému roztoku, coz zplsobuje snizovani
povrchového napéti, podporuje tvorbu bublin a zaroven pulsobi proti jejich sluCovani. Na
rozhrani pevna latka-voda je hydrofilni skupina pfisady vazana na €astici cementu, zbyla
¢ast molekuly sméfuje do vodného roztoku. Dochazi tedy k tomu, ze vzduch vytlaci vodny
roztok z okoli cementu a sam zUstava pfipojen v tésné blizkosti ¢astic jako soubor bublin.
Zminény zplsob provzdu$néni je velmi Ucinny, nicméné je tfeba vzit v Uvahu, Ze pfisada
adsorbovana na povrch cementu, &i jiné Castice, vyvola jeji hydrofobni povahu. Jakékoli
mozné predavkovani provzdusnovaci pfisady tedy mize vést ke znacnému zpomaleni
hydratacnich procesli souvisejici se ztratou mechanickych vlastnosti [97,98]. V této
souvislosti uvadi Aitcin [56], Ze v rozsahu od 4 do 6 % provzdusnéni, se zvySenim obsahu
vzduchu o0 1 % snizi pevnost v tlaku 04 az 6 %. Z tohoto divodu je nutné, aby AEA byla
ucinna jen v tak malém mnozstvi, které nebude mit negativni dopad na vlastnosti pojiva.

V souCasné dobé mame k dispozici jen omezeny pocet organickych sloucenin, které jsou
vhodné k pouziti jako provzduSnovaci pfisada. Nejstar§i a jedna z nejucinngjsich je
vinsolova pryskyfice extrahovana z borovicového dfeva. U&innou sloZkou je abietat sodny,
sodna sul kyseliny abietové, coz je aromaticka slou€enina ziskana z rozkladu pfirodnich
dfevnich pryskyfic. Slozeni novych generaci AEA je zalozeno spiSe na smési syntetickych
chemikalii, zejména pak na aniontovych povrchovych latkach, které jsou tvofeny hydrofilni
hlavou na bazi karboxylatl, sulfonatl, sirani nebo fosfatl. Dale jsou znamé i kationtové a
amfoterni povrchové aktivni slouc¢eniny. Jejich vyhodou je vyS$$i adsorpce na pfevazné
zaporné nabita zrma cementu [49,98]. V AAS systémech muze byt situace odliSna.
Povrchovy naboj strusky je totiz silné ovlivnén pouzitym typem aktivatoru, jak bylo potvrzeno
ve studii Kashaniho a kol. [62]. V pfipadé aktivace roztokem kfemicitanu sodného je
povrchovy naboj strusky zaporny, stejné jako u hydratovanych zrn cementu, z divodu
adsorpce rozpusténych zaporné nabitych kfemicitanovych fragmentd na povrchu strusky.
Opacna situace nastava pfi aktivaci hydroxidy alkalickych kovu, kde diky adsorpci Na* (K*)
na silanolové skupiny, které se vyskytuji na povrchu strusky, dochazi k vytvoreni kladného
naboje (viz Obr. 10).
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Obr. 18: Mechanismus uG¢inku aniontové provzdusnovaci prisady v cementové pasté,
pfevzato z [97]

ProvzduSnovaci pfisady v AAS

Rlzné typy provzdusnujicich pfisad byly testovany i v AAS. Douglas a kol. [99] zjistili, Ze
AEA na bazi sulfonatu dokaze zvysit provzdusnéni alkalicky aktivovaného betonu az na 6 %.
V této souvislosti bylo potvrzeno, Ze vySe zminénd pfisada méla naprosto stejny ucinek jak v
AAS, tak OPC systémech. Nejen provzdusnéni, ale i ostatni vlastnosti AAS Ize ovlivnit
pfidavkem AEA. Bakharev a kol. [60] zkoumali vliv alkyl aryl sulfonatu na zpracovatelnost,
mechanické vlastnosti a smrsténi AAS betonu aktivované NaOH a Na,COs. Zjistili, ze
alkalicky aktivovany beton dosahl s pfisadou lepSi zpracovatelnosti, mechanické vlastnosti
nebyly ovlivnény a navic doslo k vyznamnému snizeni autogenniho smrsténi a smrsténi
vysychanim.

Jak jiz bylo zminéno v pfedchozi kapitole, distribuce velikosti pérd ma zasadni vliv na
smrsténi AAS. Provzdusnéni tedy nemusi byt nutné uzite¢né jen z hlediska zvySeni odolnosti
proti zmrazovani a rozmrazovani, ale mize hrat podstatnou roli i v redukci rozsahlého
smr§téni AAS material(l. Bilek, Kalina a kol. [83] studovali u¢inek komeréné vyrabénych
SRA na bazi 2-methyl-2,4-pentandiolu a AEA, kde hlavni slozky tvofily zejména kyselina
sulfonova a kokosovy olej. Bylo zjisténo, ze jiz maly pfidavek SRA (0,25-2,0 hm. %), nebo
EAE (0,1; 0,5hm. %) negativné ovliviiuje mechanické vlastnosti. Naopak smrsténi
vysychanim bylo s pouzitim obou pfisad snizeno (Obr. 19). Z vysledku Ize navic vysledovat,
ze ucinnost AEA byla v porovnanim s SRA vySsi. Této skupiné povrchové aktivnich latek je
proto zapotfebi do budoucna vénovat vySSi pozornosti. Hledani vzajemného vztahu mezi
charakterem hydrofilni nebo hydrofobni €asti molekuly a jejich mechanismem uginku

kterym je rozsahlé smrsténi.
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Obr. 19: Vyvoj smrsténi vysychanim ovlivnény pomoci riznych pridavka prisad redukujici
smrsténi (SRA) a provzdusnovacich pfisad (AEA); prevzato z Bilek, Kalina a kol. [83]

3.1.4 Ostatni organické prisady

Mezi ostatni organické prisady, které byly testovany v systému AAS, patfi rGzné typy
kopolymert [100,101]. Velmi malé mnozstvi (1 hm. %) téchto organickych sloucenin
(napf. poly(ethylen-vinylacetat), polyvinylacetat) zvySoval vyznamné pevnosti v tlaku a tahu
za ohybu a zaroven pfispél i k udrzeni vnitini vihkosti materialu. Reakéni mechanismus mezi
polymerni latkou (polyvinylacetat) a anorganickou matrici, spocivajici v zesiténi Fetézcu
polymeru  pomoci  hlinitanovych  tetraedrd (Obr. 20), byl  vysvétlen ve  studii
Kaliny a kol. [102]. Da se pfredpokladat, ze velmi podobné interakce budou probihat i
v systémech na bazi AAM. Organické latky byly pouzity i jako alternativni regulatory tuhnuti
AAS [103,104]. V tomto smyslu byly testovany organické kyseliny, jako je kyselina vinna a
jable€na. Doba tuhnuti s pouzitim téchto slouenin byla vyznamné oddalena, nicméné jejich
pfidavek silné ovlivnil pocate¢ni a dlouhodobé pevnosti materialu. Za ucelem zvySeni
trvanlivosti AAS material( byl zkousen i pfidavek stearatu vapenatého [105]. S pouzitim této
pfisady byla vyznamné snizena nasakavost AAS a to pfedevSim diky vytvofeni vodé
odpudivému filmu pokryvajici povrch materialu. Hydrofobni ¢ast molekuly vSak zaroven
ovlivnila samotny pribéh alkalické aktivace, coz se opét projevilo z pohledu snizeni
mechanickych vlastnosti AAS.
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Obr. 20: Zesiténi retézc polymeru (polyvinylacetat) hlinitanovymi tetraedry; prevzato
z Kalina a kol. (Priloha XliI) [102]
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3.2 Anorganické prisady

Kromé popsanych organickych povrchové aktivnich slou€enin existuje i fada anorganickych
prisad. Do této skupiny pfisad patfi zejména chemickeé latky, které nachazeji vyuziti zejména
v oblasti ovlivnéni rychlosti tuhnuti a tvrdnuti cementovych smési. Mechanismus jejich u€inku
vychazi ze skuteCnosti, Ze prvni reakce v systému voda-cement probihaji ve vodném
roztoku. Je proto zfejmé, Ze pfidani urcité ve vodé rozpustné chemikalie do zminéného
systému povede k ovlivnéni miry ionizace cementovych Castic a k tvorbé hydrataCnich
produktd. V disledku toho Ize velmi ucinné ovlivnit charakteristiky tuhnuti a tvrdnuti.
V pfipadé AAS materialt je situace velmi podobna. Hydrataéni produkty se tvofi rovnéz
z roztoku, stejné jak je tomu i v pfipadé cementovych systému. Z tohoto dlivodu muzeme
vyuzit obecné platna pravidla, formulovana jiz v roce 1973 Joiselem [106], zaloZzenych na
principu zmény typu a koncentrace ionizovanych sloZzek v roztoku:

e prisady, které urychluji rozpousténi sloZek tvofici pojivovou fazi, se fadi do skupiny
urychlovacu tuhnuti, naopak prisady, které brani rozpousténi fazi a snizuji tak
koncentraci kationtl a aniontl v roztoku se nazyvaji zpomalovace tuhnuti a tvrdnuti

e piitomnost jednomocnych kationtt (napf. Na*, K*) o nizkych koncentracich snizuje
obsah rozpusténych Ca®" iontd v roztoku, naopak vy$si koncentrace alkalickych
ionth zvySuje rozpustnost silikatovych a hlinitanovych fazi za sou¢asného potlaceni
predchoziho efektu

e pfitomnost urditych jednomocnych aniontd (napf. CI, NOs") nebo SO.,*, snizuje
rozpustnost silikatovych a hlinitanovych fazi, nicméné zvysuje obsah rozpusténého
Ca?'. Stejné tak jako v pfedchozim pfipadé&, niz$i koncentrace aniontd podporuje
prvné zminény ucinek, jejich vys$si mnozstvi v roztoku v8ak vede k upfednostnéni
druhého uc&inku

3.2.1 Anorganické pfisady ovliviiujici dobu tuhnuti AAS

Jednim z limitujicich faktort, které podstatné ovliviiuje Sir$i vyuziti AAS materiall je jejich
rychla doba tuhnuti souvisejici s rychlou ztratou zpracovatelnosti. Z tohoto dlivodu neni divu,
ze vyzkum pfisad ovliviujici dobu tuhnuti AAS je zaméien témér vyhradné na zpomalovace
tuhnuti, zatimco urychlujici latky jsou popsany spiSe z pohledu nezadouciho vlivu. Obecné
existuje cela fada sloucenin, které mohou byt pouZity jako retardéry tuhnuti. Velkou skupinu
tvofi zejména organické slou€eniny, které se bézné pouZzivaji jako pfisady sniZujici obsah
vody. Uginek tohoto typu pfisad byl detailné popsan v pfedchozi kapitole 3.1.1. V ramci
problematiky AAS je vyzkum retardért tuhnuti zaméfen zejména na vyuziti anorganickych
soli. V béznych cementech plsobi vybrané anorganické soli doslova super-retardaénim
ucinkem, coz zfejmé vedlo i k jejich pouziti v AAS. Nevyhodou vSak zlstava relativné vysoka
cena oproti organickym alternativam [55].

Se skupinou latek na bazi kyseliny fosfore¢né a jejich soli bylo provedeno a popsano nejvice
experimentl, protoze vykazovala nejvyraznéjSi vliv na zpomaleni tuhnuti alkalicky
aktivovanych pojiv. Chang [107] ve své studii popisuje u€inek HsPO, v AAS, kdy byla zjiSténa
silna zavislost ovliviujici tuhnuti na pfidavku této kyseliny o rizné molarni koncentraci. Pfi
koncentraci 0,78 M byl zjistén nepatrny vliv na dobu tuhnuti, o néco vétsi vliv byl
zaznamenan pfi koncentraci v rozmezi 0,80-0,84 M a extrémné silny retardacni u€inek byl
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pozorovan pfi koncentraci 0,87 M. Pfidavek kyseliny, vSak souvisel s vysokym smrsténim a
snizenim pevnosti v tlaku. Gong a Yang [108] pozorovali silny retardacni vliv fosfore€nanu
sodného. Mechanismus u€inku této soli byl vysvétlen precipitaci fosforeCnanu vapenatého,
ktery v pocatcich hydratace vazal vapenaté ionty v roztoku, coz zpUsobilo zpomaleni tvorby
pojivovych fazi.

Zptesnénim chemického plsobeni fosfore€nanu sodného v AAS byla vénovana studie
Kaliny a Bilka [109]. V této praci byly ovéfeny retardacni u€inky NasPO,, které souvisely
s vyraznym prodlouZenim pocatku a konce tuhnuti a vlivem i na mechanické vlastnosti AAS
(Obr. 21).
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Obr. 21: Vliv pridavku NazPO, (pfepocteno na P,Os) na pocatek a konec tuhnuti (A),
mechanické vlastnosti (B) AAS; prevzato z Kalina a kol. (Pfiloha XI) [109]

Zaroven vSak bylo popsano i pusobeni fosfore€nanu sodného bé&hem prvnich hodin
hydratacniho procesu. Kombinaci Ramanovy a rentgenové fotoelektronové spektroskopie
(Obr. 22) bylo prokazano, ze vapenaté ionty jsou v pocatecni fazi hydratace vazany ve
struktufe dihydrogen a hydrogenfosfore€nan( a brani tak nukleaci a rlstu vznikajiciho C-S-H
gelu. Stabilita vapenatych hydrogenfosforeCnantl v alkalickém prostfedi AAS je vSak nizka,
coz vede k jejich opétovnému rozpusténi a nasledné tvorbé méné rozpustnych fazi jako je
C-S-H gel a vapenaty hydroxyapatit.

Zpomalovace tuhnuti na bazi fosforeénych soli se ukazuji jako velmi vhodné pfisady jak v
systémech AAS, tak i v jinych alkalicky aktivovanych pojivech [110]. Tyto slou€eniny dokazi
nejen ucinné zpomalit proces tuhnuti, ale maji i pozitivni efekt na dlouhodobé pevnosti
zkoumanych materialt [109,110]. V alkalicky aktivovanych systémech byl ovéfen i ucinek
boritand, jejichz retardacni u&inky v pojivech z portlandského cementu je velmi dobfe znam
[111]. Nicholson a kol. [112] v8ak zjistili, Ze vyrazné&jSiho zpomaleni hydratace je dosazeno
az pfi vysoké davce soli (konkrétné 7 hm. %). Pfi takové koncentraci boritanu je vSak
pevnost téchto pojiv vyrazné negativné ovlivnéna. Zajimavym zpomalovacem z pohledu AAS
je i chlorid sodny. Ve studii Tallinga a BrandStetra [13] fungoval nizky pfidavek NacCl
(4 hm. %) jako urychlovag tuhnuti, naopak jeho vy8Si mnozZstvi (8 hm. %) vykazovalo nejen
zpomaleni hydratace, ale dokonce doSlo k zastaveni reakci i vyvoje mechanickych pevnosti.
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Vjiném systétmu AAS byly pozorovany vyznamné retardacni ucinky této soli pfi
koncentracich pfesahujicich 20 hm. %, kdy kone¢na pevnost pojiva nebyla téméf ovlivnéna
[113]. Z dlouhodobého hlediska jsou vSak davky tak velkého mnozstvi chloridu zejména
v ramci vyztuzenych betonu dosti problematické.
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Obr. 22: XPS spektra riiznych stadii hydratace AAS s pridavkem fosfore€nanu sodného;
prevzato z Kalina a kol. (Priloha XI) [109]

3.2.2 Mineralni prisady/pfimési

V nasledujicich kapitolach jsou sumarizovany dosavadni vysledky vyzkumu tykajici se
anorganickych latek, které vétSinou zname v systémech na bazi OPC jako tzv. pfimési. Dale
uvedené latky vSak i ve velmi malém mnozstvi dokazi vyznamné ovlivnit vlastnosti
pfipravenych AAS. Zaroven je diskutovan vliv téchto anorganickych latek ve vy$Sim obsahu
nez 5 hm. %, coz neodpovida dle normy EN 934-2 [50] definici oznacujici ,chemicka pfisada
do betonu®. Nicméné vzhledem k absenci norem, které by definovaly pojem chemické
pfisady v alkalicky aktivovanych systémech je zcela namisté shrnout ucinek téchto latek
v AAS i ve vysSich koncentracich.

Mikrosilika a specialné upraveny kiemen

Mikrosilika nebo specialné upraveny kiemen (SUK) jsou mineralni pfimési Siroce vyuzivané
pro zvySeni mechanickych vlastnosti AAS. Rashad a kol. [114] studovali pfidavek SUK
(od 5 do 30 hm. %) jako nahradu strusky v AAS aktivovaného pomoci sodného vodniho skla.
Vysledky prokazaly jednoznacné pozitivni vliv na vyvoj pevnosti v tlaku po 28 dnech. Bylo
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zjisténo, Ze vysSi pfidavek SUK vede k narlstu pevnosti. Pozitivni vliv na dlouhodobé
pevnosti v tlaku (7 a 28 dni) byly pozorovany u AAS malt, ve kterych byl pouZit pfidavek
mikrosiliky (8 hm. %) a vapna (2 hm. %) spolu s Na,SO, (1 hm. %). Douglas a Brandstetr
[59,115] vysvétlili, ze pfidavek mikrosiliky pfimo souvisi se zménou distribuce velikosti péru.
Castice mikrosiliky s vysokym mérnym povrchem ptisobi jako filer a zaplfiuji tak intersticialni
prostory uvnitf vytvrzené matrice, coz vede ke zvySeni objemové hmotnosti a pevnosti
materialu. Kromé toho Ize oCekavat i pfispévek pucolanové reakce, coz ma opét pozitivni vliv
na pevnosti materialu. Zajimavé vysledky pfinesla studie Rashada a Khalila [116], kde byla
jako nahrada strusky vyuzita mikrosilika (od 5 do 15 hm. %). Vyuziti této pfimési opét
pfineslo zvySeni pevnosti v tlaku v porovnani s referenénim vzorkem. Nejlepsi vysledky vSak
podobné chovani ukazal i systétm AAS aktivovany roztokem hydroxidu sodného [117].
PFfidavek mikrosiliky (od 5 do 20 hm. %) vykazoval zvySeni pevnosti v tlaku, kdy nevysSich
hodnot bylo dosazeno opét s nizkymi nahradami strusky, konkrétné od 5 do 10 hm. %.
Pokles pevnosti s vy88i pfidavkem mikrosiliky zfejmé& uUzce souvisi se sniZzenim
zpracovatelnosti zamési, jejimz vysledkem je narlist nehomogenity vysledného systému.
Vztah mezi pfidavkem mikrosiliky a zpracovatelnosti prokazali Collins a Sanjayan [118]. Bylo
Zjisténo, ze 10% ndahrada strusky mikrosilikou vede k vyznamné ztraté zpracovatelnosti
oproti referenénimu AAS vzorku. Nutno v8ak dodat, Ze nékteré studie [119] naopak
zaznamenaly zlepSeni zpracovatelnosti s pfidavkem mikrosiliky. V této souvislosti bylo
potvrzeno, Zze za zlepSenim, €i zhorSenim zpracovatelnosti stoji zejména uZiti specifické
kombinace mikrosilika/aktivator nezli pfidavek mikrosiliky jako takové.

Z uvedenych studii Ize konstatovat, Ze vhodny pfidavek mikrosiliky a SUK ma pozitivni vliv
na zvySeni pevnosti AAS materiald v podminkach blizké laboratornim teplotam. OdliSna
situace nastava vystavenim AAS s pfidavkem mikrosiliky nebo SUK vysokym teplotam.
Rashad a Khalil [116] pozorovali velmi dobrou objemovou stalost referenénich vzorki AAS
pfi narlstu teploty az do 1 000 °C, zatimco alkalicky aktivované pasty s rostoucim pfidavkem
mikrosiliky jevily znacnou objemovou nestabilitu souvisejici s vyraznym poklesem pevnosti
materidlu. AAS systémy s pFidavkem mikrosiliky rovnéz neobstaly v prabéhu vystaveni
teplotnim Sokum. V procesu zihani na teplotu 800 °C a nasledného rychlého zchlazeni na
laboratorni teplotu vykazovaly referenéni vzorky AAS az 1,75krat vySSi odolnost, nez vzorky
s mikrosilikou. Autofi vysvétluji horsi teplotni odolnost vzorkl s mikrosilikou na zakladé
pozorované vyS$Si tvorby akermanitu v referenénim vzorku, ktera ,pfechazi“ do pojivové
faze.! Vyrazné objemové zmény vsak spide souvisi s charakterem vytvorené pojivové faze a
jeji devitrifikaci s rostouci teplotou, coz bylo potvrzeno vyzkumem Bernal a kol. [120].

Pozitivni ucinek pfidavku mikrosiliky v souvislosti se snizenim smrsténi vysychanim AAS byl
studovan Aydinem [121]. Vzorky aktivované sodnym vodnim sklem vykazovaly vyraznou
redukci smrdténi s rostoucim pfidavkem mikrosiliky (az do 20 hm. %). Rozdilné vysledky
vSak pfedstavuje vyzkum Matalkah a kol. [122], ktefi studovali vliv riznych pfisad a pfimési
na smrsténi vysychanim AAS aktivované rovnéz sodnym vodnim sklem. Bylo zjisténo, ze
pridavek mikrosiliky (5 hm. %) vykazal o 11 % vySSi smrsténi po 60 dnech ve srovnani s

! Zminéné vysvétleni zalozené na XRD analyze se jevi jako vice neZ nepfesvédcivé, nebot zkoumané
vzorky nebyly méfeny pomoci Rietveldovy metody, tedy nelze vysledna spektra kvantifikovat.
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kontrolnim vzorkem. Je patrné, Ze nazory na uZiti mikrosiliky jako u€inné pfisady k redukci
smrsténi AAS se liSi. Vzhledem k velmi nizkému poctu publikovanych vysledku je zapotfebi
dalSiho vyzkumu v této oblasti.

Popilek

Uginek popilk byl v AAS systémech studovan zejména z pohledu vlivu na zpracovatelnost,
dobu tuhnuti a pevnost materialu. Nutno zminit, Ze nize diskutované vysledky jednotlivych
vyzkumU jsou zalozeny zejména na pfidavku vysokoteplotnich popilku s typickym slozenim a
charakterem danym procesem jejich vzniku. Collins a Sanjayan [118] studovali ¢aste¢né
nahrazeni VPS popilkem a zjistili jeho pozitivni efekt na zpracovatelnost celého systému.
K velmi podobnym vysledkim dospély nezavisle na sobé i ostatni studie [13,15]. Pfidavek
popilku ma vliv i na dobu tuhnuti AAS. Bylo zjist€no [123], Ze nahrada VPS popilkem ve
vysokém mnozstvi (90% nahrada) oddaluje dobu tuhnuti az o nékolik hodin. Dualezitym
faktorem je i typ pouZitého aktivatoru. Sugama a kol. [124] prokazali, Ze doba tuhnuti AAS
s nahradou VPS (do 50 %) vzrasta pfi aktivaci sodnym vodnim sklem s vysokym silikatovym
modulem (3,22; 2,50). Naproti tomu uzitim roztoku vodniho skla s niz§im modulem (2,00)
doSlo k podstatnému urychleni doby tuhnuti.

Z hlediska vlivu pfidavku popilku na pevnosti AAS Ize obecné fici, Ze dochazi spiSe k jejimu
zhor8eni [15,74,121,123,125,126]. Nicméné i zde hraje zasadni roli volba alkalického
aktivatoru, ktera tuto situaci miaze vyznamné zménit. Shi a Day [127] testovali pevnost
v tlaku a tahu za ohybu vzorkll s 50% nahradou VPS popilkem. Alkalickou aktivaci pomoci
roztoku hydroxidu sodného a vodniho skla bylo zjisténo, Ze vzorky s pfidavkem popilku
vykazovaly vzdy niz8i pevnosti v porovnani s referenci. Nepfiznivou situaci pfi aktivaci
vodnim sklem z pohledu pevnosti Ize zménit pfidavkem vapna. Douglas a Brandstetr [59]
potvrdili, Ze 5 a 10% nahrada strusky popilkem, ve smési aktivované roztokem obsahujici
sodné vodni sklo a 2 % vapna, ma sice negativni dopad na kratkodobé jednodenni pevnosti
materialu, ale z dlouhodobého hlediska (7 a 28 dni) bylo dosazeno vysSich pevnosti.
Pfiznivy vliv pfidavku malého mnozstvi vapna na vyvoj pevnosti byl sledovan i ve vyzkumu
Guerrieri a Sanjayana [128], kde vzorky s 35% nahradou strusky popilkem vykazovaly
nejvyssich hodnot pevnosti v tlaku.

Pevnost AAS je rovnéz Uzce spojena s podminkami vytvrzovani. Vysledky vyzkumného
projektu TACR-GAMA TG01010054-4 (odpovédny fesitel Kalina L.) [129] nazna&uji pfimou
souvislost mezi vyvojem pevnosti v tlaku a smrsténim vysychanim. Bylo potvrzeno, Ze
vysoka mira smrsténi AAS ulozenych za podminek relativni vlhkosti pfiblizné 50 %
zapficinila z dlouhodobého hlediska pokles pevnosti, které byly disledkem tvorby trhlin
iniciované vysokym smrsténim materialu. Kalina a kol. [130] prokazali, ze nahrada strusky
vysokoteplotnim popilkem vedla ke snizeni nezadouciho smrdténi a postupnému narustu
pevnosti (Obr. 23). Pfestoze vzorky s popilkovou nahradou nedosahly po 28 dnech pevnosti
vzorku pfipravenych aktivaci samotné VPS, vysledné betonové prefabrikaty nevykazovaly
viditelné trhliny, coz v kone¢ném disledku vedlo ke zvySeni ftrvanlivosti vyrobenych
betonovych dilci. Redukce smrsténi pfidavkem popilkl maze byt vysvétlena nasledovné.
Jednim z moznych duvodu je celkovy charakter pojivovych fazi. Aktivaci strusky a popilku
vznikaji dva typy geld, konkrétné C-A-S-H a N-A-S-H gel [131]. Rozdilny pomér vytvorenych
geld, které maji odliSnou hustotu [132], ovliviiuje celkovou distribuci velikosti port [72], coz je
jednim s kliCovych parametrd z hlediska vyvoje smrsténi. Dulezitou roli hraje rovnéz tzv.
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,zredovaci efekt”. V pfipadé pouziti popilkl Ize oCekavat nizSi vyvoj pojivové faze, matrice je
tedy vice porézni a mechanismy kapilarnich, nebo rozpojovacich tlaki diskutovanych
v kapitole 3.1.2 pfestavaji byt tak dominantni.
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Obr. 23: Vyvoj pevnosti v tlaku (A) a smrsténi vysychanim (B) betonovych vzorka s postupnou
nahradou strusky vysokoteplotnim popilkem, pievzato z Kalina a kol. [130]

Pfidavek popilku v AAS rovnéz zvySuje odolnost materidlu v agresivnim prostfedi.
Sugama a kol. [124] vystavili vzorky s rGznym pomérem struska/popilek plsobeni roztoku
kyseliny sirové o pH = 1,1. Ukazalo se, Zze zamési se stejnym mnozstvim strusky a popilku
mely v prabéhu testovaciho obdobi nejniz§i ubytek hmotnosti, coz svédéi o jejich vyssi
stabilité¢ v kyselém prostfedi oproti materialim aktivovanym pouze s VPS, které naopak
vykazaly nejvys$Si ubytek hmotnosti. Alkalicky aktivované materialy s pfidavkem popilk byly
testovany i v prostfedi siran(. Ismail a kol. [133] potvrdili, Ze v roztoku Na,SO, nebyl
zaznamenan zadny negativni vliv. Naopak pfi expozici roztoku MgSO, doSlo k vysoké
expanzi, ktera méla za nasledek Uplnou ztratu mechanickych vlastnosti. V podminkach
siranu hofe¢natého dochazi k dekalcifikaci pojivového systému za soucasné precipitace
dihydratu siranu vapenatého odpovédného za nezadouci objemové zmény.

Rozsahlym studiem trvanlivosti strusko-popilkovych alkalicky aktivovanych pojiv (50 hm. %
popilku) se zabyvali Safaf a Kalina [134], ktefi hodnotil jeji aspekty z pohledu siranové
odolnosti, odolnosti va&i kyselinam, karbonataci, mrazuvzdornosti a odolnosti povrchové
vrstvy vUci vodé a chemickym rozmrazovacim latkam. Bylo zjisténo, Zze 5% roztok Na,SO,
nezpusobil po 84 dnech plsobeni zadné vyrazné zmény pevnosti v tahu za ohybu a pevnosti
v tlaku. Rozméry vSech vzork( taktéz zlstaly nezménény. Alkalicky aktivovany material
vykazoval stejnou odolnost vac&i plasobeni Na,SO, jako material na bazi portlandského
cementu. Po 56 dnech ponofeni betonovych téles v roztoku kyseliny octové o pH 4,0-4,5
vykazoval AAM mnohem niz§i relativni ztratu hmotnosti v ase v porovnani se vzorky na bazi
OPC. Orientacni zkouSky pevnosti v tlaku ukazaly, Zze zatimco pevnost AAM se nezménila,
pevnost cementového betonu klesla pfiblizné o polovinu. V prostfedi 1%obj. CO,
nevykazoval cementovy beton po 56 dnech téméF zadné projevy karbonatace, zatimco
hloubka karbonatace AAM byla dle fenolftaleinové metody v priméru 8-11 mm. Odolnost
AAM vuci karbonataci je tedy znacné nizSi, nez odolnost cementového betonu.
Mrazuvzdornost materiald byla zkoumana cyklickym zmrazovanim a rozmrazovanim vodou
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nasycenych betonovych vzorkl. Po 100 cyklech nedoS$lo v zadném z materialt k vyraznému
poklesu pevnosti. Alkalicky aktivovany material byl v testu shledan minimalné stejné
mrazuvzdornym, jako cementovy beton. Odolnost povrchu betonovych krychli vi¢i pusobeni
vody a chemickych rozmrazovacich latek byla zkoumana ponofenim jedné ze stén krychle
do 3% roztoku NaCl a nasledné vystavena cyklickému zmrazovani/rozmrazovani. Povrch
AAM byl rozpadly jiz po 25 cyklech, zatimco cementovy beton vydrzel 50 cykld. Povrchova
vrstva AAM tedy byla v tomto testu méné odolna, nez povrch cementového betonu.

Smésna alkalicky aktivovana pojiva strusky a popilku byla rovnéz testovana z pohledu jejich
schopnosti imobilizovat téZzké kovy. Kalina, Koplik a kol. [135,136] prokazali, Ze pojiva
s pfidavkem popilkd maiji velky potencial u¢inné imobilizovat tézké kovy (Pb, Zn, Cu, Ni, Cr,
Ba) ve své struktufe. Imobilizani mechanismus mulze probihat na zakladé jejich fixace v
matrici chemickou vazbou nebo fyzikalnim procesem zapouzdieni. Bylo zji§téno, Ze olovo se
muze zabudovavat do struktury chemickou vazbou za vytvoreni Pbs;SiO, [137]. Metodou XPS
byla rovnéz prokazana schopnost tvorby nerozpustnych slouéenin hydroxidi (Pb(OH),,
Cu(OH),), v pfipadé Ba a Hg pak sirant (BaSO,) nebo sulfidd (HgS, Hg,S) [138,139]
(Obr. 24).

Pb(OH),

Obr. 24: Imobilizace olova tvorbou nerozpustného hydroxidu olovnatého — drobné bilé
utvary (A) a barya ve formé siranu barnatého (B); prevzato z Koplik, Kalina a kol.
(Pfiloha 1X) [138]

Metakaolin

Alkalicka aktivace metakaolinu je velmi dobfe znama z pohledu tvorby tzv. geopolymernich
struktur. Dalezita je véak i jeho role z hlediska pouziti jako pfisady/pfimési v AAS. Castedna
nahrada strusky metakaolinem napfiklad vyznamné ovliviiuje dobu tuhnuti celého systému,
kdy dochazi ke zpomaleni po€atku tuhnuti [38,140]. Na proces hydratace ma metakaolin vliv
i ve vztahu k polykondenzacnim reakcim, které jsou podpofeny diky vy$Simu zaclenéni
hlinitanového tetraedru do struktury gelu [141]. Bylo zjisténo, Ze nahrada strusky
metakaolinem ma za urcitych podminek pozitivni efekt na vyvoj pevnosti [41,142,143]. Tento
jev zfejmé souvisi s vy8Si koncentraci rozpusténych hlinitanovych tetraedrd, které se
nasledné mohou zaclefovat do struktury pojivové faze. Rovnanik [144] prokazal, Ze teplota
vytvrzeni hraje velmi dllezitou roli v procesu utvafeni pojivové faze aktivovaného
metakaolinu. Dulezitym faktorem je i charakter vzniklého gelu. Fernandez-Jimenez a
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Palomo [145] potvrdili, Ze tvorba hlinitokfemi€itanového gelu bohatého na hlinik vyznamné
zvySuje pevnost materialu. Pfidavek metakaolinu do AAS vSak nemusi vzdy nutné vést ke
zvySeni mechanickych vlastnosti. Vysoky mémy povrch a vrstevnata struktura cCastic
metakaolinu maze mit za nasledek potfeby vysSiho vodniho soucinitele [146]. Nadbytek vody
nasledné souvisi s nizS§im vyvojem pevnosti, naopak nedostatek s rychlou ztratou
zpracovatelnosti, ktera rovnéz ovliviiuje vysledné mechanické vlastnosti [38,147]. Pfidavek
metakaolinu ovliviuje také trvanlivost pfipravovaného materialu. Bernal a kol. [143] studovali
absorpci vody, kapilarni nasakavost a s tim souvisejici prtnik chloridovych iontt do struktury
betonu. Vysledky naznacuji, Ze pfidavek metakaolinu vyznamné snizuje zminéné testované
parametry, coz obecné souvisi s vy$Si odolnosti materialu vici pronikani nezadoucich latek
do jeho struktury.

Motivaci pro samotny vyzkum a vyvoj pojiv na bazi alkalicky aktivovaného metakaolinu se
staly série pozarl ve Francii mezi roky 1970-72. ZvySeni ohnivzdornosti hoflavych materiall
bylo docileno pouZitim ochranné vrstvy na bazi aktivovaného metakaolinu, pozdé&iji
patentovaného pod nazvem ,geopolymer” [148]. Z tohoto dlivodu byl sledovan i vliv pfidavku
metakaolinu v AAS souvisejici se zvySenim Zaro- a ohnivzdornosti. Z hlediska odolnosti
materialu vici vysokym teplotam (~1 000 °C) a naslednému zchlazeni na laboratorni teplotu
bylo zjisténo, Ze smé&sna pojiva na bazi strusky a metakaolinu vykazovala vysokou ztratu
pevnosti v porovnani se vzorky aktivované pouze metakaolinem. Divodem je koexistence
geopolymerni faze spoleéné s C-A-S-H gelem. Pfitomnost vapniku v C-A-S-H gelu
zpusobuje snizeni podilu skelné faze, ktera je nosiem pevnosti po zchladnuti celého
systému [41]. Pfi vystaveni AAS plamenu o teplot¢ 1100 °C byla prokazana vySSi
ohnivzdornost se stoupajicim mnozstvim metakaolinu v zamési [140].

Portlandsky cement

Pridavek portlandského cementu do AAS muze zpusobovat zmény v samotném procesu
tuhnuti [149,150]. Nicméné jeho pfidavek do AAS souvisi pfedevsim s pozitivnim efektem na
vyvoj pevnosti, coz bylo zaznamenano v mnoha studiich [149,151-153]. Dlvodem je vySSi
koncentrace rozpus$ténych hlinitanovych a kfemicitanovych fragmentl v roztoku, které
principem polykondenzacnich reakci davaji vzniknout vétSimu mnozstvi pojivové faze
odpovédné za narust pevnosti materialu. Nékteré studie [74,149,154] v8ak zaznamenaly
pokles pevnosti s pfidavkem OPC. Tento negativni jev Uzce souvisi s volbou a pfedevsim
koncentraci pouzitého alkalického aktivatoru. Martinez-Ramirez a Palomo [155] proto
zkoumali, jak ovlivni vysoka koncentrace OH™ iontl hydratacni mechanismus portlandského
cementu. Bylo zjisténo, ze ackoli je hydratace cementu v prvnich minutach od smichani
s alkalickym aktivatorem rychlejsi, celkové teplo, uvolnéné po 24 hodinach, je vyrazné vyssi
pfi hydrataci s vodou. Vysvétleni je nasledujici: V prvnich minutach hydratace dochazi k
velmi rychlému rozpousténi C;S faze a nasledné precipitaci nerozpustnych vapenatych
slougenin, coz vede k poklesu koncentrace Ca®* v roztoku a tedy k op&tovnému zvyseni
rozpous$téni trikalcium silikatu. Na druhou stranu, hydrataéni proces je nasledné velmi rychle
zpomalen a to zejména diky vysoké koncentraci OH~, které posouvaji rovnovahu
hydratacnich reakci C3S a C,S na opacnou stranu, coz zabranuje normalnimu pribéhu
hydratace. Alkalie maji rovnéz vliv i na hydrataci aluminatovych fazi. Diky silné zasaditému
prostfedi pfechazi sadrovec v cementu do roztoku tvofeného hydroxidem vapenatym a
siranem alkalickych kovu. Hydratace C3A tak neni regulovana bézné vznikajicim ettringitem,
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coz podporuje tvorbu kalcium-alumino-hydratl. V systémech s vysokou koncentraci
alkalického aktivatoru bylo navic prekvapivé zjiSténo vysSi mnozstvi tvorby portlanditu nez u
cementu hydratovaného vodou. Extrémné vysoka hladina alkality mGze dokonce zpUsobovat
rozklad vznikajiciho C-S-H gelu vedouci v silné zasaditych podminkach k tvorbé Ca(OH),,
ale i SiO,, jehoz pfitomnost byla detekovana metodou rentgenové difrakce.

Hybridni systémy

Zajimavou kombinaci, ktera spojuje charakteristiky tradi¢niho portlandského cementu a
alkalicky aktivovanych materidld, predstavuji tzv. hybridni systémy. Produkce hybridnich
pojiv mlze byt docilena pomoci dvou rliznych pfistupu. Prvnim z nich je aktivace smési
hlinitokfemicitani (OPC+VPS) vhodnym aktivatorem, coz predstavuje konvenéni zplsob
pfipravy AAM. Druhou moznosti je produkce specialniho typu cementu, kde aktivator je jiz
v pevné formé& smichan spoleCné s ostatnimi slozkami. Takova pojiva poskytuji nékteré
zajimavé vyhody. PfedevSim mohou byt aktivovany pouze vodou, coz pfindsi znacné
usnadnéni jejich produkce v porovnani s béZzné pouzivanym postupem pfipravy AAM, kde
prace se silné alkalickymi roztoky mohou zpusobovat jistd omezeni ve vyrobnim procesu.
DalSi vyhoda spociva v jejich pfipadném zafazeni do Evropské normy EN 197-1 [156], ve
které mohou byt klasifikovany jako CEM IIl vysokopecni cementy. Obsah alkalii, bézné
vyjadfeno jako Na,Ogxy, Se Vv pozadavcich na chemické vlastnosti cementl v této normé
nepredepisuje, coz poskytuje témto hybridnim systémum bezproblémové zaclenéni mezi
ostatni typy produkovanych cementu.

Vyzkumem hybridnich cementd s moznym aplikaénim potencialem se zabyval ve své studii
Kalina a kol. [33] Podle pozadavkd normy EN 197-1 [156] na fyzikalni a chemické vlastnosti
cementl byl navrzen novy typ cementu pfislusici do skupiny CEM 1lI/C, jehoZz hlavni sloZzkou
je vysokopecni struska, portlandsky slinek (5 hm. %) a alkalicky aktivator ziskany
z pramyslového odpadu. Navrzené typy hybridnich cementl splfiovaly v§echny pozadavky
vyplyvajici z vy$e uvedené normy. Nicméné nékteré parametry vstupnich surovin musi byt
peclivé kontrolovany. Vysledky vyzkumu prokazaly silnou souvislost mezi testovanymi
mechanickymi vlastnostmi a mérnym povrchem vysokopecni strusky (Obr. 25).
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Obr. 25: Vyvoj pevnosti v tlaku hybridnich cementu s riiznou jemnosti ¢astic strusky a davkou
aktivatoru vyjadirenou hmotnostnim pomérem Na,O/VPS; prevzato z Kalina a kol. [33]
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Pro potfeby produkce hybridnich systému je v tomto pfipadé nezbytnym pozadavkem vysoka
jemnozrnost strusky s hodnotami mérného povrchu presahujici 500 m?/kg, stejné tak i
dostate€ného mnozstvi alkalického aktivatoru. Spinénim téchto pozadavkd, lze docilit
produkce netradiCniho typu cementu s vysokym ekologickym i ekonomickym pfinosem.
Nutné je v8ak zminit, Ze v této oblasti je tfeba dalSiho vyzkumu, ktery bude cilit pfedevsim na
posouzeni trvanlivosti materialt pfipravenych s pouzitim téchto hybridnich cementu.

VedlejSi produkty z vyroby portlandského cementu

Zajimavou pfisadou/pfimési z pohledu feSeni nékterych nezadoucich vilastnosti AAS je
pouziti sekundarnich surovin z vyroby portlandského cementu, konkrétné cementarskych
by-passovych odpraskd. Chemické slozeni odpraskd velmi zavisi na charakteru vstupnich
surovin, ale i na pouzivaném palivu v prabéhu vypalu portlandského slinku. Obecné Ize fict,
Ze odprasky obsahuji slou€eniny s nizkou teplotou tani, jako jsou napfiklad sirany a chloridy
alkalickych kovu, dale pak surovinovou moucku, stejné tak i slinkové faze (belit, vapno).
Z duvodu vysokého obsahu alkalii nemohou byt navraceny zpét do vyrobniho procesu, proto
jsou velmi Casto odvazeny na skladky. Pouze mala &ast je pfimichavana spole¢né
s cementem, tak aby neovlivnila jeho vysledné chovani v pribéhu hydratacniho procesu.
Chemické slozeni odpraski muze byt nicméné velmi vyhodné z hlediska aktivaéniho
procesu VPS.

Kalina a kol. [157-160] popsali uc¢inek odpraskt v AAS v nékolika odbornych pojednanich.
Bylo zjisténo, ze obsah alkalii vyznamné zvySuje pH aktivacniho roztoku, podporuje tak
rozpousténi Castic strusky, coz pfispiva k vy3Si a zaroven rychlejsi tvorbé pojivové faze. Tyto
pfedpoklady byly potvrzeny na zakladé stanoveni pomociisotermické kalorimetrie
(Obr. 26A). Prilis vysoky obsah odpraskl vSak muze vést i kvelmi rychlé ztraté
zpracovatelnosti a nasledné nehomogenité vzork( souvisejici s poklesem mechanickych
vlastnosti. Tento negativni aspekt ziejmé souvisi s rychlou spotifebou zamésové vody na
hydrataci volného CaO. Volny CaO se v odprascich vyskytuje i ve formé tzv. mrtvé paleného
vapna, které vznika pfi teplotach nad 1 000 °C. Jeho pomala reakce s vodou dava vznik
vapennému hydratu Ca(OH),, ktery vykazuje expanzivni U€inky projevujici se az v pribéhu
tvrdnuti zamési. Rozsahlé smrsténi AAS materiall tak maze byt timto zpusobem znacéné
kompenzovano (Obr. 26B). | pfes nékteré vyhody, které odprasky poskytuji, vSak musime
konstatovat, ze jejich pouziti v AAS se jevi jako neperspektivni. Mezi hlavni divody patfi
zejména vysoky obsah chloridd, coz zcela vyluCuje jejich pouziti spole¢né s ocelovou
vyztuzi. Problematickym faktorem je i jejich nestalé slozeni. BEhem feSeni evropského
projektu H2020-GeoDust [161] byly sledovany zmény v chemickém a fazovém slozeni
odprasku odebranych v pribéhu radznych ¢asovych obdobich. Odprasky vykazovaly pomémé
znacné vykyvy ve slozeni, zejména pak v obsahu volného CaO. Z uvedenych dlvodu je
jejich pouziti pro pramyslovou produkci AAS materiald nevhodné.
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Obr. 26: Vyvoj tepelného toku (A) a délkovych zmén pii RH = 100 % (B) alkalicky aktivované
strusky s riznym pridavkem by-passovych cementarskych odpraskl (CKD),
pfevzato z Kalina a kol. (Pfiloha IV) [157]

Hasené vapno

Vyuziti samotného haseného vapna jakozto alkalického aktivatoru VPS dalo vzniknout jiz na
pocatku minulého stoleti prvnim typim AAS [1]. Jeho pfidavek zvySuje predevSim pocatecni
pevnosti materialu, coz bylo potvrzeno v nékolika vyzkumnych pracich [13,15,127,162].
Vysoka koncentrace vapenatych kationtl vede k tvorbé jak C-S-H, respektive C-A-S-H gelu,
tak kalcium-aluminatovym fazim, jako napfiklad C4;AH.;. Charakter AAS pojiv s pfidavkem
haseného vapna mulze byt ovlivnén i jeho kombinaci s jinymi aktivatory. Shi a kol. [28]
prokazali, ze uzitim Na,SO, dochazi k vy§§imu rozpousténi strusky, coz pfispiva k vysSimu
vytvofeni C-S-H gelu. Zaroven dochazi i k tvorbé AFt fazi. Obé vytvofené faze jsou
odpovédné za zvySeni polateCnich pevnosti. Byly zkoumany i u€inky haseného vapna v
kombinaci s jinymi aktivatory. Collins a Sanjayan [162] pozorovali zvySeni zpracovatelnosti a
oddaleni doby tuhnuti zamési pfi aktivaci spole¢né se sodnym vodnim sklem. K podobnym
zavérim doSel i Yang a kol. [163], ktefi vyuzivali jak roztok sodného vodniho skla, tak
uhli¢itanu sodného. Vliv haseného vapna v$ak pfinasi i negativni aspekty, pfedevsim se
jedna o narlst vyvoje smrsténi vysychanim [162].
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Shrnuti vlivu mineralnich prisad/pfimési v AAS

prisada/primés pridavek (hm. %)

pozitivni efekt

negativni efekt

zvyseni pevnosti

5-30 [114,116,117]
mikrosilika a SUK zhor$eni mechanickych
5-30 vlastnosti pfi vysokych
teplotach [114,120]
10 ZlepSeni zpracovatelnosti

[13,15,118]

<50 (Ms=3,22; 2,50)

oddaleni tuhnuti [124]

< 50 (Ms= 2.00)

zrychleni doby tuhnuti
[124]

vyrazné prodlouzeni doby

> 90 tuhnuti [123]
50 snizeni pevnosti [127]
5 (+ 2 % hadeného zvyseni pevnosti snizeni pevnosti (1 den)
vapna) (7 a 28 dni) [59] [59]
10 (+ 2 % haSeného zvyseni pevnosti (28 dni) snizeni pevnosti
vapna) [59] (1 a7dni) [59]
75; 50; 25 snizeni smrsténi [130] pokles pevnosti [130]
dobra odolnost v kyselém
. . 50 prostiedi H,SO4 [124] a
vysokoteplotni popilek CHCOOH [134]
50 zadné zmeény v prostfedi
Na>SO04 [133,134]
ztrata mechanickych
50 vlastnosti v prostiedi
MgSO4 [133]
50 vysoka mira karbonatace
[134]
50 vysoka mrazuvzdornost
[134]
50 nizka odolnost va¢i CHRL
[134]
vyborna schopnost
50 imobilizace téZkych kovu
[135,136]
prodlouzeni doby tuhnuti
<20 [38,140]
zrychleni
25; 50 polykondenzacnich reakci
[141]
>0 narust pevnosti
[41,142,143]
riziko ztraty
>0 zpracovatelnosti a
metakaolin pevnosti [38,147]
snizeni absorpce vody,
10: 20 kapilarni nasakavosti a
’ priniku chloridovych iontd
[143]
zadny pozitivni vliv na
20 zarovzdornost materialu
[41]
>0 zvyseni ohnivzdornosti

[140]
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prisada/primés pridavek (hm. %)

pozitivni efekt

negativni efekt

zvyseni pevnosti

30-80 (aktivator 1% NaSiOz)
[151]
zvyS$eni dlouhodobych snhizeni pocatecnich
50; 70 pevnosti (aktivator pevnosti (aktivator
Na S0,) [149,153] NaSOy) [149]
zvyseni pocatecnich
40 pevnosti (aktivator
2M NaOH) [152]
. snizeni pevnosti
portlandsky cement 20: 40; 60; 80 (aktivator 4: 6: 8 %
Na,SiO3) [154]
snizeni pevnosti
30 (aktivator 4 % Na,SiO3)
[74]
30 Zadny vliv na dobu tuhnuti
(aktivator Na,SO,) [149]
vyrazné zrychleni doby
0-30 tuhnuti (aktivator
Na,SiOs3) [150]
zrychleni a zvySeni tvorby
5-25 pojivove faze (RH=100%)
[157]
520 zvyseni pevnosti
(RH=100%) [157]
vyrazna ztrata
> 20 zpracovatelnosti, snizeni
pevnosti (RH=100%)
[157]
cementafské by-passové zvyseni poc“:étec":m’ch snizeni d!ouhodobth
odpragky 5-50 pevnosti (autogenni pevnosti (autogenni
podminky) [160] podminky) [160]
snizeni pocateCnich a
10-50 dlouhodobych pevnosti
(RH =99 %) [158]
5_25 snizeni smrsténi
(RH=100%) [157]
snizeni autogenniho
5-25 smrsténi [160]
50 vysoky expanzni ucinek
[159,160]
<5 zvyseni pocatecnich
pevnosti [13,15,121,155]
hagené vapno 175 zvyseni zpracovatelnosti narust smrsténi
T [162,163] vysychanim [162]
75 oddaleni doby tuhnuti
' [163]
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4. Zavérecné shrnuti

Alkalicky aktivované materialy jsou velmi slibné se rozvijejici skupinou stavebnich pojiv.
Jejich vysSi aplikacni potencial, ktery je v souCasnosti omezen zduvodu nékterych
negativnich vlastnosti, Ize podpofit uzitim riznych pfisad, at uz na organické, nebo
anorganické bazi. V praci byly pfedstaveny u€inky nejvice pouzivanych pfisad, které
zasadnim zplUsobem ovliviuji charakter alkalicky aktivované strusky. Pouziti pfisad v AAS
vychazi z potfeby FfeSeni nejdllezitéjSich technologickych omezeni, jakymi jsou zejména
vysoké smrsténi, nizka zpracovatelnost a rychly pocatek tuhnuti.

Byly diskutovany pfisady, které redukuji rozsahlé smrsténi téchto material(. Z hlediska
organickych pfisad vykazuji slou¢eniny na bazi oxyalkylenglykold a aminoalkoholu
schopnost redukce smrsténi. Nicméné jejich pfidavek musi byt vzdy pedlivé zvazen
s ohledem na jejich negativni dopad na prubéh hydrata¢nich procesu. V této souvislosti bylo
potvrzeno, Zze cesta snizovani povrchového napéti pérového roztoku pisobenim zminénych
pfisad, na jejimz principu je postavena teorie kapilarniho tlaku, nemusi vzdy vést k ucinné
redukci smrsténi. Zde je zapotiebi dalSiho vyzkumu, ktery by odhalil moznosti nékterych,
dosud netestovanych latek ucinné snizovat smrsténi AAS bez nezadoucich vedlejsich vlivu.
Z tohoto dlvodu je nutné se zaméfit na moznosti ovlivnéni jinych kritérii, které by hraly
vyznamnou roli ve snizovani smrsténi. Velikost distribuce pérl je pravé jednim z kliCovych
parametrt ovliviujici rozsah smrsténi. Testovani u€inku provzdusnovacich pfisad tak mize
pfedstavovat jisty posun v této oblasti vyzkumu. Jako alternativa se nabizi i vyuziti
anorganickych pfisad a pfimési. Snizeni smrsténi bylo dosazeno pfidavkem jak
vysokoteplotniho  popilku, tak pomoci cementafskych by-passovych odpraska.
Z dlouhodobého hlediska jsou v$ak tyto pfisady neperspektivni a to zejména diky
prokazatelnému negativnimu dopadu na mechanické vlastnosti AAS, stejné tak i z pohledu
jejich nestalého chemického slozeni.

K vét§imu uspéchu vedlo usili o zvySeni zpracovatelnosti pfipravovanych Cerstvych zamési
AAS. Vtéto oblasti doslo kpochopeni mechanismu U€inku bézné pouzivanych
plastifikacnich pfisad v systému AAS, coz ma za nasledek moznost vybéru pfisady
s vhodnym chemickym slozenim. Slou€eniny na bazi lignosulfonatl ukazaly, ze i ve velmi
malém mnozstvi dokazi vyrazné zvysit zpracovatelnost Cerstvé namichané AAS. Nicméné
zasadni proménnou fidici efektivnost téchto pfisad prfedstavuje samotna volba alkalického
aktivatoru. Typ aktivatoru ovliviiuje naboj na zrnech strusky a tim i to, zda tyto povrchové
aktivnich latek budou v systému fungovat dle nasich pozadavkl. Velkym pfekvapenim se
stalo Uplné selhani pouzitelnosti nové generace superplastifikatord na bazi polykarboxylatd
v AAS systémech. Vysoké pH zplsobuje rozklad téchto polymernich latek a jejich funkéni
mechanismus postaveny na bazi sterického branéni je tak zcela eliminovan. Z tohoto divodu
musi byt do budoucna kladen vyS8Si duraz na zjisténi stability organickych pfisad v silné
alkalickém prostredi.

K dalSim vyznamnym pokrokim doslo i z hlediska feSeni pfedCasného tuhnuti AAS.
Anorganické pfisady na bazi fosfore€nant vykazuji velmi silné retarda¢ni ucinky a mohou byt
s vyhodou vyuzZity v AAS. K oddaleni pocatku tuhnuti lze docilit i jiz zmifovanymi
lignosulfonatovymi plastifikatory. Oba typy pfisad v8ak mohou negativné ovlivnit pocatecni
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pevnosti materialu, nicméné z dlouhodobého hlediska byl prokazan spiSe pozitivni vliv na
vyvoj mechanickych vlastnosti AAS.

Vyzkum AAS byl zaméfen i na zhodnoceni vlivu nejvice pouzivanych mineralnich pfisad a
pfimési, které mohou rovnéz pfinést nékteré pozitivni u€inky. Mnohé vyzkumné prace fesily
zvySeni mechanickych vlastnosti AAS dosazenych pridavkem mikrosiliky, SUKu,
portlandského cementu nebo vapna. Vyssi trvanlivosti AAS z pohledu jejich odolnosti v silné
chemicky agresivnich prostfedich Ize docilit napfiklad pfidavkem vysokoteplotniho popilku
nebo metakaolinu. Vytvofené pojivové faze s pouZiti téchto prisad/pfimési maji rovnéz
vybornou schopnost imobilizovat toxické kovy ve své struktufe. Mineralni pfisady/pfimési tak
mohou poskytnout mnohé benefity AAS materiald ve smyslu jejich nasledného pouziti
v praxi. V této souvislosti se otvira moznost vyuziti i nékterych netradi¢nich nebo malo
pouzivanych mineralnich pfisad a pfimési, které jsou dostupné v dané lokalité potencialni
vyroby AAS.

Bylo prokazano, Ze vyuZiti organickych a anorganickych pfisad a pfimési ma mnohdy zcela
zasadni vliv na chovani alkalicky aktivované vysokopecni strusky. Sou€asny vyzkum musi
nadale smérovat cestou vyvoje charakteristickych typl pfisad, které by byly navrzeny tak,
aby jejich ucinek nebyl negativné ovlivnén silné zasadité prostfedi alkalické aktivace. Timto
zpusobem Ize nasledné pfipravit unikatni skupiny modifikovanych alkalicky aktivovanych
materialud, které by odkryly zcela nové moznosti jejich vyuziti v primyslové sfére.
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5. Zkratky a symboly

AAM

AAS

AEA

AFm faze
AFt faze
C:A
C-A-S-H gel
CMC
C-(N)-A-S-H gel
C-S-H gel
C.S

CsS

DP

HLB
MAS-NMR
N(K)-A-S-H gel
OoPC

SRA

SUK

VPS

XPS

XRD

alkalicky aktivovany material

alkalicky aktivovana struska

provzdusnovaci pfisada

[Cax(Al,Fe)(OH)e)]-X-nH,0; X=dvojmocny anion
[Cas(Al,Fe)(OH)s12H,0],-X3'nH,O; X=dvojmocny anion
trikalcium aluminat

kalcium-aluminat-silikat-hydrat

kriticka micelarni koncentrace
kalcium-aluminat-silikat-hydrat s alkalickym kovem ve své struktufe
kalcium-silikat-hydrat

dikalcium silikat

trikalcium silikat

stupen depolymerace

hydrofilné-lipofilni rovnovaha

nuklearni magneticka rezonance (magic angle spinning)
aluminat-silikat-hydrat s alkalickym kovem ve své strukture
bézny portlandsky cement

pfisada redukujici smrsténi

specialné upraveny kifemen

vysokopecni struska

rentgenova fotoelektronova spektroskopie

rentgenova difrakéni analyza
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HIGHLIGHTS

« Amino alcohol surfactants reduced the surface tension of AAS pore solutions.

« Surfactants had a minor effect on autogenous shrinkage.

+ Drying shrinkage was reduced mainly thanks to hydration retardation caused by surfactants.
« Decrease in surface tension does not necessarily lead to decrease in shrinkage.

« Adsorption of surfactants on slag particles were observed.
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One of the most important technological problems associated with alkali-activated materials is high
shrinkage. In this study, shrinkage reducing admixtures (SRAs) based on amino alcohols were used in
alkali-activated slag (AAS) as strong surfactants that should, in terms of capillary pressure theory,
decrease shrinkage via the decrease in surface tension. Although the surface tension of the pore solution
was reduced by SRAs, autogenous shrinkage was not affected in the long run, while drying shrinkage was
noticeably reduced and simultaneous weight changes were dramatically increased. The expected retar-

ﬁm-:d;lvated sdag dation effect of SRAs on hydration was confirmed using isothermal calorimetry, strength development,
Shrinkage mercury intrusion porosimetry and scanning clectron microscopy. The obtained results suggest that
Admixture the observed effect of SRAs on drying shrinkage was caused by coarser pore structure rather than by a
Hydration decrease in surface tension of the pore solution. Since the decrease in surface tension does not necessarily

Capillary pressure lead to decrease in shrinkage, the application of capillary pressure theory in AAS can sometimes be an

Surface tension issue.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Alkali-activated materials (AAM) are non-traditional cementi-
tious materials, the research and subsequent practical applications
of which are currently undergoing an unprecedented development.
The increased interest in these materials is primarily related to the
revelation of their potential options, which are in many cases cru-
cial in comparison with the conventional way represented by the
usage of ordinary Portland cement (OPC). The main reason why
AAM are gaining increased recognition and interest is connected
with the reduction of CO, emissions which are lower compared
to the emissions coming from Portland cement-based materials
| 1]. It should also be noted that most AAM are based on industrial

* Corresponding author.
E-mail address: kalina@fch.vut.cz (L Kalina).

hatps:[fdolorgf10.1016/).conbuildmat.2020.118620
0950-0618/@ 2020 Elsevier Ltd. All rights reserved.

waste and secondary raw materials which significantly contribute
to the saving of natural resources.

Generally AAM show very good chemical [2] and high-
temperature [3] resistance. High early strength is also an advanta-
geous property typical for alkaline activated blast furnace slag-
based systems (AAS) cured under ambient conditions [4}. Never-
theless, these materials also have some disadvantages considerably
limiting their practical applications, especially their high autoge-
nous and drying shrinkage [5).

The capillary pressure theory and disjoining pressure theory are
known and abundantly used to explain the origin of shrinkage phe-
nomena [G). The former theory was based on the formation of
menisci which arise during the drying of cementitious matrix as
a consequence of surface tension forces. The difference between
the pressures in liquid and vapour phase Ap comprises a menisci
curvature. For a spherical liquidfvapour interfaces the Laplace
equation can be used:
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A 2y (1) icate material for alkaline activation. The phase composition was
P=7 determined using X-Ray powder diffraction (XRD) analyser

where r is the radius of the largest solution-filled cylindrical pore
and y is the surface tension at the liquidfvapour interface.

However, there are some doubts about the applicability of this
theory to the cementitious systems with very fine pores (below
10 nm) regarding the pore shape, the existence of menisci and also
the relative humidity lower than 50% [7.8]. According to these
authors, disjoining forces play the main role in the shrinkage
mechanism, particularly in mature hydrated cement paste. The
term “disjoining pressure” represents the complex interactions
between water and two solid surfaces, which may be written in
simplified version as a superposition of the contribution of disper-
sive attractive or molecular forces (predominantly van der Waals
forces), repulsive electric double layer components and structural
components. When the solid surfaces are close to each other in a
vacuum or in dry air, the attractive contributions dominate, and
the solid surfaces are in close contact. As the relative humidity
increases, water that is adsorbed and condensed within the capil-
laries forms a film separating the solid surfaces. This theory is
applicable throughout the whole range of relative humidity [6].

Additionally, recent investigations [9.10] also showed that
extensive shrinkage of AAS is created by the contribution of
visco-elastic/visco-plastic behaviour during drying related to the
rearrangement of C-{A)-S-H under capillary stresses. This could
be mare pronounced by the presence of alkalis and results in
chemical and physical changes in AAS.

With respect to the capillary model described above, one of the
ways to effectively reduce the shrinkage phenomenon is by using
the organic surfactants-based shrinkage reducing admixtures
(SRAs). The basic premise of the SRAs function is the reduction of
surface tension of the capillary fluid, i.e. pore solution, which also
decreases the capillary forces described by the Laplace equation
(Eq. (1)). This results in the mitigation of drying 11} as well as auto-
genous | 12] shrinkage. According to certain studies [ 13,14/, the cor-
relations between the shrinkage reduction and the reduction of
surface tension of pore solution exhibit direct dependence. Thus,
the assumption of goad efficiency of SRAs according to the previous
studies should particularly lie on the ability to decrease the surface
tension of pore solution in alkali-activated systems as well.

Contrary to the above mentioned well-established findings
regarding the Portland cement-based systems and also to some
studies in AAS |15,16] we have observed some problems when
using SRAs in waterglass-activated slag [17]. During the drying of
porous immature AAS with delayed hydration, very low drying
shrinkage was observed, while after prolonged curing, SRAs lost
its efficiency. Similar observations of other SRAs and other related
organic substances of various types led us to a more in-depth anal-
ysis including the context of the surface tension of the pore solu-
tion, i.e. in relation to original working mechanism of SRAs.
Therefore, this paper provides information about the efficiency of
non-ionic aminoe alcohal surfactants upon the ability to reduce
both drying and autogenous shrinkage in alkali-activated blast fur-
nace slag. The presented results discussed are regarding surface
tension of the pore solution, hydration praocess and physical-
mechanical properties of AAS, and suggest that the decrease in sur-
face tension by SRAs does not necessarily lead to expected shrink-
age reduction.

2. Experimental part
2.1. Materials

Commercial blast furnace slag (BFS) (ArcellorMittal Ostrava, a.
s.) with the Blaine fineness of 400 m?{kg was the main aluminosil-

EMPYREAN (PANalytical, Netherland) in a central focusing
arrangement using CuKx radiation with step 0.013 °20. The
method of internal standard (calcium fluorite) for the amorphous
part determination was applied. The XRD analysis showed the con-
tent of an amorphous phase of about 90%. The evaluation of the
crystallographic structure and quantitative analysis was done by
a Highscore programme using the Rietveld method. The crystal
phases identified in BFS were melilite, calcite and menwinite. The
chemical composition of BFS determined by X-ray fluorescence
(XRF) s given in Table 1 and was performed with the spectrometer
VANTA VRC (BAS, C(ZE). Quantification of elements was calculated
via the internal mode in Geochem and represented as oxides.
Sodium waterglass (Vodni sklo, a.s.) with the silicate modulus of
1.96 was used as an alkaline activator. Silicate modulus was deter-
mined by conductometry analysis.

2-(Ethylamino)ethanol (non-fluorinated secondary amine, fur-
ther EAE) obtained from Sigma-Aldrich (per analysis grade) and
self-synthetized N-ethyl.N-hydroxyethyl-heptafluoropropylamid
(fluorinated secondary amide further synHFPA) were used as the
SRA additives with assumed potential to reduce the surface tension
of a pore solution. SynHFPA was prepared according to the patent
CN106831504 by nucleophile acylation of 2-(Ethanolamino)
ethanol with perfluoroester of carboxylic acid, i.e Methyl heptaflu-
orobutyrate (99%, Sigma-Aldrich). The concentration of added sur-
factants was set to 0.5 wt (by weight of BFS).

2.2. Testing methods

2.2.1. Physical-mechanical properties

Testing samples for the measurements of compressive strength
as well as drying and autogenous shrinkage evolution were pre-
pared as follows. BFS was activated by using sodium waterglass
in an automatic mortar mixer set to exact mixing cycle in compli-
ance with EN 196-1. The mass ratio Na,OfBFS was set to 0.04 and
water to BFS ratio was adjusted to 035 including the water pre-
sented in the alkaline activator. Prepared alkali-activated pastes
were cast into steel moulds with the dimensions of
25 x 25 x 285 mm, which were moistly cured for the next 24 h.
Both, mixing and curing were performed at laboratory temperature
of 25 °C. Two different curing conditions after demoulding the
samples were chosen for the strength and shrinkage measure-
ments. One set of species was placed in the curing chamber with
a defined relative humidity (65%, humidity chamber HC 105 Mem-
mert), whereas the other one was wrapped inte plastic foil to
ensure autogenous conditions. Compressive strength measure-
ments were carried out by a compressive and bending tester Dest-
test 3310 (Betonsystem, CZE) at 1, 7 and 28 days. Observed data
were statistically processes (standard average and deviation from
6 samples). The length changes were measured in short time inter-
vals using the ASTM C490 apparatus until the age of 28 days.
Observed data were also statistically processed as standard aver-
age from three separately measurements.

To observe the autogenous volume changes during the frst
24 h, Archimedes principle measurements were carried out. The
mixtures of AAS were placed into the elastic membranes of com-
mercially available non-lubricated, non-reservoir condoms. The
condoms were then tied by a thin fishing line and hung to an ana-
lytical balance (Metler Toledo ME 204, USA). The sample weight of
air (W) was obtained. Subsequently, the condom was submerged
into a beaker filled with paraffin oil and the weight of the sample
(wj:) in the initial setting time was determined. The initial setting
time was identified simultaneously using the Vicat needle. There-
after the weights (w,) were monitored during the setting and hard-
ening of the binder every minute. The change of sample volume AV
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Table 1
Chemical compositions of blast fumace slag.

Raw material Chemical composition/wt.X
sio, ALLO, ca0 MgO 50, Na,0 K,0 Tio; Mno Fe,0y
Blast furnace slag 347 91 411 10.5 14 04 09 1.0 0.6 03

at a constant laboratory temperature T (25 °C) was calculated as
follows:

Wi W,

~AViT)= Wair — Wi

(%) )

222 Isothermal calorimetry

The evolution of hydration heat was measured using the TAM
Air isothermal microcalorimeter (TA instruments, USA). The mea-
surements of heat evolution were performed at constant tempera-
ture of 25 °C. BFS and alkaline activator were mixed together by
injecting the solution into a 15 mL Admix® vial and stirring it for
3 min, immediately after the thermal equilibrium of placed BFS
was reached. Water/BFS (0.35) as well as the Na,O/BFS (0.04) ratios
were the same as in the preparation process of testing samples. The
heat evolution was immediately recorded as the heat flow. These
measurements were performed against a reference sample which
has a similar heating capacity (i.e. water).

2.2.3. Porosimetry

The total porosity and the pore size distribution were deter-
mined by mercury intrusion porosimeter Poremaster (Quan-
tachrome [nstruments, USA). The working pressure range was
from 0.14 to 231 MPa which covered the pore diameter range from
6.5 to 1000 nm. These measurements were carried out using Hg
with the surface tension of 0.480 N/m and the contact angle of
140°. The contact angle value was selected according to Collins
and Sanjayan study [ 18] focused on the measurement of pore size
distribution of AAS-based systems. Nevertheless, the contact angle
is dependent on several factors |19] which can affect the value of
calculated pore diameter. The scan mode was chosen to average
from 11 points. Obtained intrusion data were processed by the
Poremaster program and normalized by sample weight and vol-
ume. Observed experimental data were presented as standard
averaged values from three measurements. The chosen experimen-
tal parameters should provide information about the trend of
porosity evolution due to the different mechanism of hydration
in the presence of different SRA and not determine the exact pore
distribution which could be given by the innovative MIP methods
|19}

2.2.4. Surface tension

The dynamic surface tensions of pore solutions as well as pure
amino alcohol admixtures were measured by the tensiometer BPA-
800P (KSV Instruments, Finland) with the maximum bubble pres-
sure method. Measurements were carried out at a constant tem-
perature of 25 °C. Pore solutions were obtained from hardened
samples stored in autogenous conditions in different time periods
(1 and 7 days) using the steel die-and-piston system subjected to a
pressure of 300 kN.

2.25. Zeta potential

The effect of surfactant addition on the values of zeta potential
of slag suspension was investigated by the method of elec-
trophoretic light scattering using Zetasizer Nano ZS (Malvern Pan-
alytical Ltd., UK). Our main goal in this part of measurement was
mainly to confirm the relative effect of used SRAs on surface chem-
istry of BFS grains in comparison with the sample without admix-

ture. For this purpose, 10 mL of slag suspension (1 g BFS/ 100 mL
H.0) with alkaline activator (4 wt¥ Na,O/BFS) was titrated with
the surfactants solutions using the MPT-2 titration unit (Malvern
Panalytical Ltd., UK) in the concentration range 0-5 wt% by mass
of BFS. The surfactant addition was performed stepwise with
defined concentration steps (0.25 wt%). After each step, the pH,
the conductivity, the average scattered light intensity and the zeta
potential of the suspension were measured. The above described
titrations were performed for all investigated surfactants under a
controlled temperature (25.0 £ 0.2 ¢C) in three independently pre-
pared replicates. Electropharetic light scattering (ELS) was done for
each of these replicates after individual surfactant additions in
three repeated scans (results are presented in the form of mean
values * SD, n = 9 (three repeated measurements of three sample
replicates)). The obtained data from ELS titration were processed
using the Zetasizer software (version 7.11; Malvern Panalytical
Ltd., UK). It should be noted that the values of zeta potential deter-
mined by electrophoretic light scattering for colloidal particles are
also influenced by the concentration and by the size of analysed
particles. The measurement of zeta potential in concentrated sus-
pensions such as AAS suspensions with SRAs admixtures is gener-
ally a great technological challenge, due to the high sample
turbidity. As a consequence the measurable concentrations using
this method must be in comparison with real used concentrations
in formulations significantly lower. On the other hand, the dilution
can be beneficial for the measurement because of suppressing the
changes in particle size thanks to slowed down hydration, i.e. dis-
solution of slag particles and growth of hydration products.

3. Results and discussion
3.1. Surface activity of amino alcohols

Surface activity is an essential property of surface-active agents
(surfactants) and can be evaluated by means of the surface tension
measurements. Fig. | shows the values of surface tension of pure
amino alcohol admixtures, as well as pore solutions. The solution
of alkaline activator exhibited relatively high surface tension
(71.4 mNfm at 25 °C), very similar to distilled water (72.0 mNfm
at 25°C) and the surface tension of EAE and synHFPA showed more
than halved values, 33.2 and 28.7 mN/m respectively. The addition
of surfactants into the activated BFS sample resulted in a decrease
of surface tension in pore solution, especially when the synthe-
sized fluorocarbon surfactant was used. In the case of EAE addition,
a 15% reduction was achieved. The synthesized fluorocarbon
(synHFPA) admixture decreased surface tension by about 30%.
From Fig. 1 it is evident that the surface tension of pore solution
did not change during the hydration process, although the bulk
concentration of SRA should be increased due to the chemical
bonding of water into the hydration products. Similar values and
trends of surface tension of AAS pore solution without SRAs, where
the surface tension increased only very slightly from 24 h to seven
days have previously been published {20].

3.2. Autogenous shrinkage

It is well known that capillary stress occurs due to internal dry-
ing during autogenous conditions. The consumption of water for
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Fig. 1. Surface tension of pure amino alcoho! admixrures and pore solutions.

the hydration products formation, i.e. self~desiccation, results in a
decrease in relative humidity in the whole system and therefore
curved menisci are created. Weiss et al. [21] and Bentz et al. [22]
confirmed that the presence of SRAs in autogenous conditions
leads to lower development of shrinkage. The utilization of some
types of commercial SRAs can even lead to an initial expansion
which decreases a part of the autogenous shrinkage later on. Sant
et al. [23] explained that this behaviour should be connected with
the amplification in portlandite oversaturation and its precipita-
tion causes an early-age expansion. Several studies also confirm
that the addition of the SRAs causes high internal relative humidity
retention [21.24 25|. For this reason, the main mechanism control-
ling the shrinkage is attributed primarily to the capillary stress
while disjoining pressure or another mechanism may dominate
the shrinkage response at lower relative humidity |26]. Neverthe-
less, it should be noted that previous studies were mainly focused
on cementitious systems based on Portland cement. The situation
in the case of AAS seems to be different which is shown in Fig. 2.

From a long-term point of view, the autogenous shrinkage evo-
lution exhibits very similar progress whether the systems contain
SRAs or not. The distinction among the samples was observed only
during the early timeframes of the hydration process. The samples
containing SRAs showed a lower shrinkage rate up to 72 h from the
start of alkaline activation, which can be related to the changes of
hydration in the presence of SRAs. Therefore, microcalorimetry
measurements were implemented. Fig. 3 shows two peaks appear-
ing in the first minutes and hours of hydration process and one
peak occurring after tens of hours. Typologically the same shape
of the calorimetric curve for waterglass-activated BFS was reported
by Shi and Day |27|. According to them, the initial peak is attribu-
ted to the wetting and dissolution of slag grains and adsorption of
ions onto them while the additional initial peak is connected with
the formation of a primary binder phase resulting mainly from the
reaction of (Si0,)*~ ions from sodium waterglass and Ca?* ions dis-
solved from the surface of BFS. The third hydration peak is the
main one where the bulk hydration of the slag takes place [28)
resulting in the fast evolution of the gel-like interstitial matrix
among the slag grains [29]. C-(A)-S-H gel is a typical binder phase
which occurs during alkaline activation of BFS [30]. It is evident
that the presence of SRAs somewhat decreased the content of the
binder phase formed during the initial hydration phase and notice-
ably retarded the peak corresponding to bulk hydration. It can be

seen that once the C-(A)-S-H gel started to form, the autogenous
shrinkage increased sharply. After 3 days, all samples behaved
the same way, despite the different shapes of testing samples
and the beginning of autogenous shrinkage measurement, ie.
1 day from the start of mixing (Fig. 2A) or the time of initial set-
tings (Fig. 2B). The calorimetry measurements were also in accor-
dance with the compressive strength development (Fig. 4). After
1 day, the samples containing an SRA showed significantly lower
values of compressive strengths in comparison with the reference
samples. The retardation effect of SRAs was undoubtedly mani-
fested. After 7 and 28 days, the compressive strength values of
all samples were very similar.

An important factor that controls the capillary pressure is also
the pore size distribution. The magnitude of shrinkage predomi-
nantly depends on the loss of water from mesopores (2-50 nm)
[31]. In the case of AAS, the proportion of pores in the mentioned
region is higher compared to hydrated OPC which is the main rea-
son for its higher shrinkage | 18]. The effect of SRAs addition on the
change of porosity is one of the crucial factors which influence the
shrinkage phenomena. Shah et al. [32] revealed a minar influence
of SRAs on the pore size distribution of hydrated OPC. However,
Kalina and Bilek [17,33] showed that some surfactants increase
the porosity of AAS very strongly. Therefore, the differences in pore
size distribution and total porosity of hardened samples were
examined. Fig. 5A shows that MIP response under the autogenous
treatment is very similar up to the pore diameter of 50 nm for all
samples after just 7 days. Simultaneously, it is evident that all sam-
ples have a high concentration of pores within the mesopore size
range, responsible for magnification of capillary tensile forces set
up at the menisci. Therefore, the effect of surface tension should
play the key role for the reduction of capillary pressure. However,
the autogenous shrinkage rate remains unchanged with or without
the SRA addition, even though the surface tension of the pore solu-
tion seems to be effectively reduced.

3.3. Drying shrinkage

According to the Wittmann and Splittgerber studies [34.35], a
relative humidity above 55% of the surrounding air ensures that
the capillary pressure outweighs the disjoining pressure because
the van der Waals attractive forces among the pore walls are min-
imized. Therefore, the verification of the capillary force shrinkage
model was further based on the measurements of length change
during the curing process with controlled relative humidity
(65%). The results in Fig. 6A show that the usage of SRAs decreased
the drying shrinkage by about 35% compared to the reference sam-
ples. Consequently, one fundamental question arises: Does the
decrease of surface tension by the addition of SRAs affect the dry-
ing shrinkage reduction? The combination of several measure-
ments suggests that a different explanation should be offered.

During the drying shrinkage measurement, the weight changes
of tested specimens were also obtained (Fig. 6B). A significant
weight loss was observed in the case of samples with SRAs, espe-
cially when EAE was used. This can be related to the reduced sur-
face tension of the pore solution, but also to the porosity and pore
size distribution. The latter is supported by the comparison of the
weight loss and drying shrinkage development. It can be seen that
for the reference paste both drying and shrinkage rate is the high-
est at the beginning of drying while for both pastes with SRAs,
extensive initial drying is not accompanied by rapid shrinking.
The highest shrinkage rate is somewhat delayed and can be seen
after around two days. This suggests that after 24 h, SRA-
containing specimens had much larger pores whose emptying does
not lead to severe shrinkage. Coarser porosity is related to the
retardation of hydration by SRAs, particularly to the delay of the
third peak on the calorimetric curve (Fig. 4), which was also
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slag.

reported in the Bilek et al. study [17]. Simultaneously, due to a
lower degree of hydration at the start of drying (24 h), a lower
amount of water is bound in the hydration products and thus more
water can freely evaporate out which increases total weight loss
during drying. Consequently, less water is available for the creation
of hydration products which is the main difference between auto-
genous conditions and controlled curing at RH = 65%. The lower
amount of formed binder phase has a direct impact on total poros-
ity and mechanical properties as well. Fig. 5B shows that the poros-
ity is greatly influenced. After 7 days; the total porosity of the
samples with SRA addition was more than five times higher than
that of the reference ones. This porosity and the slowing down of
the hydration process also reduced strength development. Fig. 4
shows that the compressive strength of samples with SRA cured
at 65% of relative humidity was always noticeably lower compared
to the reference samples. It is obvious that a lower degree of hydra-
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Fig. 4. Effect of surfactants on compressive swength development of alkali-
activated blast furnace slag.

tion also results in a lower extent of drying shrinkage. For this rea-
son, it is difficult to conclude whether the decline in drying
shrinkage is related to the reduction of surface tension of the pore
solution or the creation of a coarser microstructure (Fig. 7) with a
lower proportion of mesopores.

[t should be noted that the usage of SRAs in improving the dry-
ing shrinkage performance of OPC systems shows a somewhat dif-
ferent effect. Namely, it has been observed that the cement binders
containing SRAs exhibit the reduction in the rate of cement hydra-
tion and strength development. Nevertheless, the reduction takes
place mainly in the early-age compressive and tensile strength
[32,36) but a noticeable strength improvement was later con-
firmed with simultaneous reduction of drying shrinkage [36,37].
It is obvious that the behaviour of AAS with the addition of SRAs
is quite different. The reason may be related to the AAS pore
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structure being generally more refined when compared to Portland
cement. This implies that the lack of SRA molecules at the liquid-
vapour interface can occur at a higher relative humidity compared
to Portland cement and thus SRA loses its efficiency during the ear-
lier drying stages. This can be partially slowed down by an
increased dose of the SRA beyond its critical micelle concentration
(CMC). Although it does not lead to a further decrease of the bulk
pore solution surface tension, micelles can serve as a buffer for
later stages of drying and interfacial area increase |6/|. [n this con-
text, the issues of immobilization of SRA molecules by interactions
with AAS through adsorption on slag particles and hydration prod-
ucts, as well as their consumption by hydration product may occur.
Our recent study 38| showed that depending on the structure of
SRAs, only a relatively small fraction of SRA remains in the pore
solution in the mobile form, capable of migrating to the interfacial
area to reduce surface tension. If the portion of the immobilized
SRA is so high that its concentration in the pore solution is below
CMC, the above described buffering effect is lost resulting in an
earlier decrease of SRA efficiency.
Initially high but subsequently decreasing SRA efficiency can be
seen in previous research by Bilim et al. [16], while work by

Fig. 7. SEM images of alkali-activated blast furnace slag with (B) and without (A) SRA addition after 7 days of hydration; RH = 65%; 1 - blast furnace slag particle, 2 - binder
phase.
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Palacios and Puertas [15] reported much higher SRA efficiency at
the relative humidity of 99% compared to 50%. These results corre-
late well with the increase interfacial area during drying discussed
abave. However, findings presented in this study are rather oppo-
site due to unaffected autogenous shrinkage and reduced drying
shrinkage. It is true that during initial stages of autogenous shrink-
age both SRAs seem to be efficient, but the decrease in shrinkage
correlates better with the retardation of hydration than with the
decrease in surface tension. The same stands for the initial stages
of drying shrinkage and for weight loss during drying. These
results, therefore suggest that at least in some cases of AAS, the
effects of hydration degree and related pore structure or surface
area on shrinkage prevail over the (bulk) pore solution surface
tension.

3.4. Action of amino alcohols in alkali-activated systems

The efficiency of SRAs can be affected if they adsorb at the solid/
liquid interfaces. The adsorption of non-ionic surfactants was
observed in various studies focused on different silicate solid mate-
rials such as precipitated silica [39], ground quartz {40/, soils [41]
or clays |42]. The consequence of adsorption closely related to the
development of undesired properties of mortar or concrete and
changed working mechanism of SRA at the liquid/air interface.
Therefore, the examination of how the molecular nature of used
surfactants affects the adsorption at the solidfliquid interfaces is
critical for their utilization in alkali-activated systems.

This paper provided an investigation of SRAs adsorption based
on the zeta potential measurement which gives information about
the electrokinetic potential in the interfacial double layer of BFS
grains. Several factors such as different pH, the nature of used alka-
line activator or the addition of some admixture can fundamentally
change the charge on BFS grain surface. If the BFS particles are in
contact with water, the Si-0, Al-0 and Ca-0 bonds on their surface
are broken under the polarization effect of OH- [43]. The strength
of Ca~0 bonds is weaker than that of Si-O or Al-0 bonds resulting
in a higher concentration of Ca** ions in the solution [44] and very
quick Si-Al-rich layer creation on the surface of BFS particles [45].
The Si-Al-rich layer can adsorb H;0" ions causing the increase of
OH" concentration and consequently increasing the pH of the solu-
tion. An alkaline pH means that some silanol groups on wetted par-
ticle surface deprotonate and a negative charge is induced [46].
When alkaline activator (sodium waterglass) was added into the
BFS suspension, a higher negative value of zeta potential was
observed (Fig. 8). Kashani et al. [47] explained negative zeta poten-
tial through the presence of additional silicate species from the
alkaline activator which can be adsorbed or can precipitate on
the BFS particle surface. However, the situation will quickly change
if an SRA is added to the alkaline suspension. Fig. 8 shows that a
higher content of amino alcohol surfactants decreased the zeta
potential values, as well as the surface charge. The effect of particle
size variation on actual determined values of zeta potentials after
individual SRA addition was neglected due to the minimal
observed changes in average scattered light intensity during the
performed experiments. It should follow that used surfactants
were adsorbed on the BFS surface. The adsorption mechanism of
surfactants may be explained by the hydrogen bonding between
the polar hydrophilic head of SRAs (C-OH) and the silanol groups
on the slag surface [48|. Due to the amphiphilic nature of the most
used SRAs for which the non-ionic character is typical, the ten-
dency to adsorb onto hydrophilic surfaces is always expected.
The adsorption is more accelerated if a fluorinated surfactant with
a longer hydrophabic tail is used. Similar results were achieved in
the Partyka et al. |39] study. Moreover, the authors observed that
the CMC of surfactant with longer hydrophobic chain was drasti-
cally decreased which is related to the maximum degree of adsorp-
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and after the addition of amino alcohal admixtures.

tion. The dissolution of BFS is then negatively affected and the
hydration process slows down as was shown in the formation of
a primary C{A)-S-H gel in the previous results (see Fig. 3). The
delay in the creation of the secondary C-(A)-S-H gel probably also
depends on the length of the hydrophaobic tail and molecular struc-
ture of SRAs in general as was showed by Bilek et al. [49]. However,
further and deeper investigation between the character of organic
admixtures and the hydration mechanism of AAM is necessary.

4. Conclusion

Based on obtained results, the essential conclusions may be
summarized as follows:

- The addition of surfactants with a higher potential to reduce the
surface tension of pore solution does not have any influence on
the autogenous shrinkage or on the hydration process of AAS
from a long-term point of view. The decrease in capillary pres-
sure does not lead to the shrinkage reduction. Therefore, the
basic principle of the working mechanism of SRAs in alkali-
activated systems ceases to be applicable.

- The effect of SRAs on the drying shrinkage reduction is also

speculative. Observed shrinkage reduction with the SRAs con-

tent is caused by the smaller amount of binder phase formation,
rather than by the effective action of used admixtures.

A great influence on the hydration process of AAS in the pres-

ence of SRAs was shown. The molecular character of used

non-ionic surfactants causes a noticeable adsorption on slag
particles during the alkaline activation resulting in the retarda-
tion of the hydration process. Due to similar nature of the most
commercially used SRAs, the analogous behaviour can be
expected. Therefore, the development of specific admixtures
designed exclusively for AAM will be necessary for the future.
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One of the most important technological problems associated with alkali-activated materials (AAM) is large shrinkage. A
possible solution to decrease the extensive drying shrinkage of these materials is the use of shrinkage-reducing admixtures
{SRAs). The promising group of SRAs. from the perspective of using in AAMSs. arc amino alcohols. However, the efficiency of
reducing the drying shrinkage strongly depends on their chemical structure. Hence, the study is focused on the molecular
architecture of amino alcohol surfactants and its relation to the affected properties of alkali-activated blast-furnace slag systems.
Selected amino alcohols were tested in terms of the ability to reduce the surface tension of pore solution as well as to influence
the drying shrinkage, hydration mechanism and mechanical properties of AAMs. The study confirms that the length and
branching of the alkyl chain linked to the amino group play the key role in SRA efficiency. Amino alcohol surfactants with a
high-carbon alkyl chain decreased dramatically both the surface tension and the drying shrinkage, but simultancously negatively
affected the process of alkali activation, resulting in a deterioration of the mechanical properties. Conversely., the addition of
0.5 w/ % of the surfactants with a low molecular weight, such as 2-(Methylamino)ethanol. showed a slight improvement of the
compressive strength after 7 d and 28 d, and at the same time reduced the drying shrinkage by 30 % compared to the reference
sample.

Keywords: amino alcohols, admixture. drying shrinkage, alkali-activated materials

Eden od najpomembnejsih tehnoloZkih problemov. ki se nanasa na alkalno aktivirane materiale (AAM) je njihov skréck. MoZna
reditev za zmanjs gc znatnega kréenja med suSenjem teh materialov je uporaba dodatkov (SRAs) za :ﬂ‘cgovo zmanjianje.
Obetajoca skupina SRA dodatkov s staliéa njihove uporabe za AAM so amino-alkoholi. Vendar je ufinkovitost zmanjianja
kréenja med suSenjem moéno odvisna od njihove kemijske strukture. Zato so se avtorji tega prispevka osredotodili na Studij
arhitekture snovi (surfaktantov), ki aktivno vplivajo na povriino amino-alkoholov in njithovo povezavo z vzroénimi lastnostmi
alkalno aktiviranih sistemov plavZnih Zlinder. Izbrane amino-alkohole so avtorji testirali glede na sposobnost zmanjianja
povrsinske napetosti porozoe {mehuraste) raztopine, kakor tudi vpliv na kréenje med sufenjem, hidracijske mehanizme in
mehanske lastnosti AAM. Studija je potrdila da dolge in razvejanc vezi alkalnih verig igrajo kljuéno viogo pri dodatkih. ki
ucinkovito zmanjiujejo kréenje. Amino-alkoholni surfaktanti z visoko vsebnostjo ogljiko-alkilnih vezi moéno zmanjiujcjo tako
povrdinsko napetost kot tudi kréenje med suSenjem. ki pa Zal istofasno negativno vpliva na proces alkalne aktivacije. kar
posledifno vodi do poslab3anja mehanskih lastnosti. Nasprotno temu pa dodatek 0.5 mas. % povrdinsko aklivae snovi z majhno
molekularno maso kot je 2-(metilamino)etanol kaZe rahlo izboljSanje tlaéne trdnosti po 7 in 28 dnch in istofasno zmanjianje
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skréka med sufenjem za 30 % v primerjavi z referenénimi vzorci.
Kljuéne besede: amino-alkoholi, meSanice. skréck po suSenju, alkalno aktivirani materiali

1 INTRODUCTION

From the general point of view. shrinkage-reducing
admixtures (SRAs) are organic surfactants that reduce
the surface tension of the pore solution of water films
that cover the solid surfaces in cementitious materials.'
The utilization of SRAs was introduced in 1983 in the
study by Sato,* where chemical admixtures based on
polyoxyalkylene glycol alkyl ether were used. Now-
adays, the SRAs are characteristic for their non-ionic
nature preventing the adsorption of the additive to the
hydration products. The typical chemical compounds
used for SRAs belong to the groups of mono-alcohols,
glycols. alkylether oxyalkylene glycols and polymeric
surfactants or their mutual combination, having a
synergic effect in enhancing the shrinkage reduction. The

*Corresponding author's e-mail:
kalina@fch.vut.cz (Lukid Kalina)

Materiali in tehnologije / Materials and technology 54 (2020) 3,

vast majority of commercial SRAs are designed for
ordinary Portland cements (OPCs); therefore, their
efficiency in other inorganic binders may vary signi-
ficantly.

Alkali-activated materials (AAMS) represent a group
of inorganic materials characterized by a pore solution
with a high pH:* therefore, the molecular design of any
organic admixture plays a key role. The same applies to
SRAs. The searching for a suitable type of SRA de-
signed especially for AAMs turned out to be compli-
cated. despite the fact that shrinkage is one of the most
important technological problems related to many
alkali-activated systems. Until now, only several studies
have been focused on the organic admixtures affecting
the shrinkage of AAMs.*

Palacios and Puertas® studied the effect of polypro-
pylene glycol-based SRA on the shrinkage and other
properties of water-glass-activated slag (4 % Na,O). Ata
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relative humidity of 50 % the drying shrinkage of alkali-
activated slag mortars was reduced by approximately
7 % and 35 % for doses of SRA of | % and 2 %.
respectively, while the shrinkage reduction at the relative
humidity of 99 % was considerably greater: about 50 %
and 75 % for the same doses. Also, Bilim et al.% used
SRA based on polypropylene glycol to mitigate the
shrinkage of alkali-activated slag mortars. Again, the
drying shrinkage as well as the shrinkage during the
moist curing was significantly reduced (up to about 40 %
after 180 days) for either liquid sodium silicate or solid
sodium metasilicate. The SRA based on polypropylene
glycols with different molecular weights was the subject
of an investigation by Kalina et al.® as well. The study
demonstrated that increasing the length of the polymeric
chain decreases the surface tension, but also fundament-
ally changes the pore size distribution, affecting the total
shrinkage of alkali-activated blast-furnace slag. The
effect of polyethylene glycols on the drying shrinkage of
water-glass-activated slag was studied by Bilek et al.?
The results showed that the efficiency of the shrinkage
reduction increased with the increasing molecular weight
of the tested glycols.

It is evident that the research in this area was pri-
marily focused on the surfactants based on alkylene
glycols. Another alternative may be amino alcohols.
These surfactants provide an essential benefit in com-
parison with alkylene glycols. One of the important
properties regarding the SRA’s action is the dispersion of
used surfactants within the alkaline solution. Amino
alcohols show a high dispersibility range in the pore
solution because they contain hydrophilic groups, which
increase their hydrophile lipophile balance (HLB)
value."

Therefore. this study deals with the efficiency assess-
ment of amino alcohol-based SRAs in alkali-activated
blast-furnace slag systems. The molecular structure of
the used surfactants is evaluated in terms of affecting the
character and properties of the prepared alkali-activated
materials.

2 EXPERIMENTAL PART
2.1 Materials and sample preparation

Blast-furnace slag (BFS) with a Blaine fineness of
400 m*kg and the chemical composition given in Table
1 was chosen as the primary aluminosilicate material for
the preparation of the alkali-activated samples. The XRD
analysis determined more than 90 % of amorphous phase
with the content of crystals such as melilite, calcite and
merwinite. Sodium water-glass with a silicate module of

Table 1: Chemical compositions of blast furnace slag by XRF analysis

CHy /NH\R

HO CH,
R=
—CH;  —H,C—CH, —|-|2c/(:Hz\CH3
MAE EAE PAE
5 CH,
—Hc = Hzc/ cH?\CHZ/CH3 — (|:—CH3
CH, Hy
IPAE BAE TBAE

Figure 1: Molecular structure of used amino cthanol surfactants
(MAE: 2-(Mecthylamino)cthanol; EAE: 2-(Ethylamino)ethanol; PAE:
2-(Propylamino)ethanol; IPAE: 2-(Isopropylaminojethanol; BAE:
2-(Butylamino)ethanol; TBAE: 2-(rert-Butylamino)ethanol)

1.98 was used as the alkaline activator. The Na:QO/BFS
ratio was adjusted to 4 w/%. Amino alcohols with
different alkyl chains (summarized in Figure 1) were
added in the dosage of 0.5 w/%% by mass of BFS.

2.2 Preparation and physical-mechanical testing of
samples

Alkali-activated BFS mortars were prepared as
follows. The sand-to-BFS ratio was 3:1 using three
different fractions of siliceous sand specified according
to the EN-196-1 standard and the water-to-BFS ratio was
adjusted to 0.50. The mixing and curing processes were
carried out at laboratory temperature (25 °C). Mortar
samples with the dimensions of (40 x 40 x 160) mm
were cast and further cured under a defined relative
humidity (50 %) and then subjected to compressive
strength measurements using the strength tester Beton-
system Desttest 3310 after 1. 7 and 28 d. The same
process of preparation was applied for (25 x 25 x 285)
mm samples. These species were subjected to the shrink-
age measurements based on ASTM C596 (25 °C:
RH = 50 %). The dynamic surface tension of synthetic
pore solutions with different amino alcohol admixtures
was measured by the tensiometer BPA-800P (KSV
Instruments company) using the maximum-bubble-
pressure method. The synthetic pore solution was
prepared based on the chemical composition of the real
pore solution obtained 24 hours after mixing and
determined by ICP-OES. It means the same time as the
drying shrinkage measurement was started.

i atand chemical composition f w/%
Si0, ALO; Ca0 MeO SO, Na,O K.O TiOs MnO Fea0,
blast furnace slag | 347 9.1 41.1 10.5 1.4 0.4 08 1.0 0.6 0.3
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2.3 Isothermal calorimetry

The evolution of hydration heat was monitored using
the TAM Air isothermal microcalorimeter (TA instru-
ments). The measurements of heat evolution were
performed at a constant surrounding temperature of
25 °C. When the thermal equilibrium was achieved, the
BFS and alkaline activator with a specific SRA were
mixed together by injecting the solution into the 15-mL
vial and stirring it for 3 min. The samples were made of
alkali-activated paste without the standard sand:
however. with the same water/BFS and Na.O/BFS mass
ratios that were used for the preparation process of the
mortars. The heat evolution was recorded as the heat
flow immediately after mixing.

2.4 Microstructure characterization

Microstructure characterization was performed using
scanning electron microscopy (Zeiss EVO LS 10) in
secondary-clectron mode. The working distance during
the observation was 9.5 mm and the accelerating voltage
was set to 10 kV. All the samples were sputtered with
gold before the measurements.

2.5 Mercury-infrusion porosimetry

The total porosity of the samples was determined
with a mercury porosimeter (Poremaster Quantachrome
Instruments). The working pressure range was from 0.14
MPa to 231 MPa, which covered a pore diameter range
from 0.007 pm to 10 pm. The measurements were per-
formed with the following conditions: Hg surface tension
was (.480 N/m. Hg contact angle was 140° and scan
mode was chosen to average from Il points. The
intrusion data were normalized by sample weight and
volume.
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Figure 2: Effect of amino alcohols on the surface tension of the pore
solution
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Figure 3: Effect of amino alcohols (0.5 % by weight of BFS) on the
drying shrinkage

3 RESULTS AND DISCUSSION

The mechanism of action of SRA was introduced in
the study of Sato et al.? in 1983. They suggested that the
decrease of the surface tension of a cement pore solution
tends to reduce the shrinkage due to the elimination of
capillary forces. Therefore, the effect of quantity and
molecular structure of the used amino alcohols on the
surface tension of pore solution were tested. Figure 2
shows that the surface tension decreases with both a

large amount of surfactant and the presence of long or
branched alkyl substituents. Moreover, the surface-
tension measurement provides information about the
effective bulk concentration of surface-active admixtures
in AAM. In terms of a good ability to decrease the
surface tension, the addition of 0.5 w/% by mass of BFS
was used for the preparation of the mortar samples.

20 130 150 15;0 160

0 20 40 60 80 100 120 140 160
time (hrs.)

Figure 4: Effect of amino alcohols (0.5 % by weight of BFS) on the
total heat evolution
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Figure 5: Effect of amino zlcohols (0.5 % by weight of BFS) on the
compressive-strength development

The effect of amino alcohol SRA on the reduction of
the drying shrinkage is clear from Figure 3. It can be
seen that the surfactants with a long alkyl chain bonded
to the amino group tended to decrease the drying
shrinkage. Branched chains of substituents also play an
important role. It is evident that 2-(tert-Butylamino)alco-
hol has a higher ability to reduce the drying shrinkage

Figure 6: Microstructure of alkali-activated blast-furnace slag without
(top) and with 2-(rers-Butylamino)alcohol (bottom) after 7d
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Figure 7: Total porosity measurement of alkali-activated blast-furnace
slag with and without amino alcohol admixtures (0.5 % by weight of
BFS) after 7d

compared to 2-(Butylamino)alcohol. However. we can
see that the surface-tension measurement does not fully
correlate with the drying shrinkage evolution. Therefore.
the fundamental question arises. Are these two para-
meters directly dependent on each other? The answer can
be suggested by the monitoring of the hydration process.
The measurement of the total heat evolution (Figure 4)
during the alkaline activation clearly indicates the
negative effect of the SRA content. especially during the
early ages of the hydration process. This is also con-
firmed by the development of compressive strengths
(Figure 5). The results from the isothermal calorimetry
also show that amino alcohols with a low molecular
weight such as 2-(Methylamino)alcohol exhibit almost
the same total heat evolution as the reference sample
without any admixture after 7 d.

It is well known that the total heat evolution is
directly related to the binder phase’s formation. CASH
(calcium-aluminium-silicate-hydrate) gel is the main
hydration product in the systems based on the alkaline
activation of BFS. which was confirmed by several
studies.!’ The amount of formed CASH gel strongly
influences the porosity of the a AAM. The materials with
higher content of CSH or CASH gels create denser
structures with small pores. Such systems contain mainly
pores with a diameter lower than [0 nm. which greatly
affects the magnitude of the drying shrinkage.' Since
alkali-activated BFS without SRA has a typical structure.
as mentioned above, one would expect the shrinkage
strain to be larger than in a material with a coarser
microstructure, such as in the case of AAM with TBAE
(Figure 6). A similar relationship between the adverse
effect of the SRA on the AAM hydration resulting in a
lower amount of CASH and a more porous micro-
structure was also observed in previous studies®!¥ where
SRAs-based glycols were used. The changes in total
porosity were confirmed by mercury-intrusion porosi-
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metry (Figure 7). The samples with the addition of SRA
had a significantly higher porosity compared to the
reference sample after 7 d. The direct relationship
between drying-shrinkage development and the porosity
of samples caused by the addition of specific amino
alcohol surfactants was clearly observed.

4 CONCLUSIONS

The results suggest that the extent of the drying
shrinkage of AAM is mainly controlled by the porosity
of the formed structure. In other words, by the quantity
of created binder phase, rather than by the decrease of
surface tension of the pore solution. Despite the
non-ionic character of the used amino alcohol
surfactants, the adsorption on the BFS particles, causing
the reduction of their solubility in an alkaline
environment could be assumed. Promising results
indicate the usage of 2-(Methylamino)alcohol. This
surface-active admixture in the amount of 0.5 w/% by
mass of BFS did not negatively influence the mechanical
properties after 7 d and 28 d and reduced the drying
shrinkage by 30 % compared to the reference sample.
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EVALUATION OF THE SURFACTANT LEACHING FROM
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Nowadays, there are many efforts to reduce CO2 emissions in the building industry, Ranicu]arly through the use of some
alternative binders to those based on Portland cement. One promising group of such binders includes binders based on
alkali-activated slag (AAS). However, extensive drying, autogenous shrinkage and the associated cracking prevent AAS from
being widely utilized in practice. A possible solution could be the application of shrinkage-reducing admixtures. whose
molecules present in the pore solution reduce its surface tension and thus mitigate the AAS shrinkage. However, if AAS comes
into contact with water, shrinkage-reducing admixtures can be leached and its effectiveness reduced. This work tries to evaluate
the amount of surfactant leached from the AAS-based mortars using a very simple surface-tension (ST) measuring technique.
Mortars based on AAS with and without 2 % of PEG varying in molecular weight (MW) were prepared. Waterglass wit
Si02-t0-NayO ratio equal to 2.0 was used at a dose corresponding to 8 % NaxO with respect to the slag weight. Mortar
specimens were prepared and scaled for 24 h, 3 d and 7 d. Then they were demolded and immersed in demineralized water,
whose ST was monitored over time. During the carly stages (from minutes to a few hours) the ST dropped rapidly, while it
remained approximately constant after a few days, which indicates that organic molecules are leached from the AAS specimens
very quickly. It was observed that a relatively small fraction of PEGs can be leached out, which indicates that organic molecules
are rather bound in the matrix, unable to reduce the ST of the pore solution.

Keywords: Alkali-activated slag, polyethylene glycol, leaching, surface tension

Dandanes v gradbenidtvu vlagajo velike napore za zmanjianje emisij COs. Se posebej z uporabo nekaterih Portland cementu
alternativnih veziv. Ena od tak3nih obetajodih skupin so veziva na osnovi alkalno aktiviranih Zlinder (AAS: angl:
alkali-activated slag). Vendar hitro sudenje, avtogeno kréenje. ter s tem povezano pokanje preprecujejo Siroko uporabo AAS v
praksi. MoZna reditey bi lahko bila uporaba dodatkoy, ki zmanjSujejo kréenje AAS. Molekule teh dodatkoy v porah raztopine
zmanjiajo njeno povriinsko napetost in tako zmanjajo kréenje AAS. Ce pa je AAS v stiku z vodo. pride do izluZevanja
dodatkov za zmanjSevanje kréenja. pri emer se zmanjsa njihova ufinkovitost. V tej raziskavi so avtorji poizkusali oceniti
vsebnost izluZenega surfaktanta (povriinsko aktivne snovi) iz malt na osnovi AAS z uporabo zelo enostavne merilne tehnike
merjenja povrdinske napetosti (ST: angl.: surface tension). Pripravili so malte s spreminjajodo se molekularno maso (MW, angl.:
molecular weight) na osnovi AAS brez in z dodatkom 2-% polictilenglikola (PEG). Uporabili so vodno steklo z razmerjem
Si02:Nax0=2, kar odgovarja vsebnosti 8 % NnO glede na maso Zlindre. Pripravili so vzorce malt in jih zape€atili oz. jih za 24
h.3 d in 7 d zaprli v modele. Nato so modele odprli in malte potopili v destilirano vodo, ter ves €as merili njeno povrdinsko
napetost. V zadetnih stadijih opazovanja (nekaj minut do nekaj ur) je povriinska napetost vode hitro padala, medtem ko sc je po
nekaj dneh uvstalila, kar romcni. da so se organske molekule iz vzorcev AAS izluZile zelo hitro. Na osnovi opazovanja so
ugotovili, da se lahko izluZi le relativno majhen deleZ PEG. To nakazuje na to. da so organske molekule precej vezane na
matrico in niso sposobne zmanjiati povriinske napetosti porozne raztopine.

Kljuéne besede: alkalno aktivirana Zlindra. polictilen glikol, izluZevanje, povriinska napetost

1 INTRODUCTION excellent mechanical properties, even at room
temperature, that are similar or even better compared to
those of Portland-cement-based materials.! However,
extensive drying and autogenous shrinkage. resulting in
cracking and deterioration of the material properties in
general, limit the use of AAS in practice.

Several possible approaches to reduce AAS shrink-
age can be found in literature, e.g., the use of mineral
admixtures,™* curing at elevated temperatures** or inter-
nal curing.® Also, the use of shrinkage-reducing admix-
tures (SRAs) or generally surface-active substances was
*Corresponding author e-mail: reported as being an effective method for AAS shrinkage
bilek@fch.vut.cz reduction.™!® In these studies. the beneficial effects of

Alkali-activated materials (AAMs) belong to the
group of alternative binders with the potential to enhance
the sustainability of the building industry, since they are
usually based on secondary raw materials or waste ma-
terials, and thus can decrease greenhouse-gas emissions,
save energy, etc. The most common sources of alumino-
silicate precursors for AAMs are metakaolin, fly ash and
granulated blast-furnace slag. The latter, particularly
when a waterglass is used for activation, often achieves
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SRAs were usually attributed to the changes in pore
structure and a reduction of the surface tension, which is,
according to capillary-pressure theory, closely related to
shrinkage-inducing forces in desiccating (of self-
desiccating) material.

These effects can be, in terms of capillary-pressure
theory, illustrated by the Young-Laplace equation
(Equation (1)), according to which, for the spherical
meniscus inside the pore partially filled with liquid, the
pressure difference Ap between the liquid and the vapor
phase is proportional to the surface tension y and
inversely proportional to the pore radius 7 cosfl is the
wetting angle. Nevertheless, it was summarized!'' that
capillary-pressure theory can explain the drying shrink-
age only for pores larger than approximately [0 nm and
a relative humidity higher than 40-50 %. Some
authors'*" contest the role of capillary action itself and
emphasize that the disjoining pressure is at the origin of
the shrinkage. The disjoining pressure is a superposition
of attractive van der Waals forces, repulsive electric
forces and structural forces.

2
o cos @ (§Y)
r

It is clear (Equation (1)) that if SRAs would act
against AAS shrinkage in accordance with the capillary-
pressure theory, they have to be present in a pore
solution and able to adsorb at the liquid-air interface to
reduce its energy (surface tension). However, this also
means that at least part of this portion of the SRAs can
be leached either during the water curing or in contact
with the surrounding water in practice, and its effect-
iveness consequently reduced. These issues were widely
studied by Eberhardt’ on Portland-cement-based
specimens, who observed that 40 % of the studied SRA
was associated with hydration products. Such an
immobile fraction of the SRA would only be released
with the dissolution of the solid matrix itself. Although it
cannot reduce the shrinkage via a reduction of the
surface-tension decrease, its beneficial effect on the
shrinkage can be explained by the disjoining-pressure
theory. On the other hand, the mobile fraction of SRA
can be removed from the specimen, particularly by
diffusion.

Therefore, the purpose of this paper is to pioneer
SRA leaching issues for AAS-based mortars. More
specifically, the influence of polyethylene glycol’s
molecular weight, as well as the time of curing before
immersion of the specimens in water, on the leaching
extent and rate was investigated. The amount of leached
PEG was determined using a dynamic surface-tension
measurement. Additionally, this study follows our
previous one,'"” where the effect of PEG MW on the
drying shrinkage and other properties of AAS mortars
and pastes was investigated. In that case, the specimens
for drying shrinkage and mechanical properties testing
were cured in water for 3 d and thus the study of the im-
pact of leaching on the obtained results is at hand.
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2 EXPERIMENTAL PART

2.1 Materials and mortar composition

Common ground granulated blast-furnace slag from
the Czech production (Kotoué Stramberk. spol. s r.o)
with a Blaine fineness of 400 m’/kg was activated by
sodium waterglass (Vodni sklo, a.s.) with a silicate
modulus, i.e., Si0:-to-Na:O molar ratio, equal to 2.0.
Siliceous sand with a maximum grain size of 2 mm was
used as a fine aggregate. The Na:O (introduced into the
system by waterglass) to slag ratio, water-to-slag ratio
and sand-to-slag ratio were the same for all the prepared
mortars: (.08, 0.46 and 3.0 by weight, respectively. The
mortars differed in the organic admixture used. One
mortar type was the reference without any other additive
(Ref.), while the other five types were modified by
polyethylene glycol in the wide range of MW from
monomer (ethylene glycol. EG) up to polyethylene
glycol of 35.000 g/mole, namely, PEG400, PEG2000,
PEG10000 and PEG35000. Their doses were 2 % with
respect to the slag weight.

2.2 Specimen preparation and curing

The mixing procedure was the same as that
prescribed for Portland-cement testing in EN 196-1.
After the mixing, mortars were cast into a polypropylene
cylindrical container with a diameter of 33 mm and a
height of 70 mm. Then the containers were sealed and
kept at 25 °C until the start of the leaching experiments,
ie., 24 h, 3 d or 7 d. After the desired time, the speci-
mens were demolded and immersed in demineralized
water for 7 d, during which time the dynamic surface
tension of the leachate was measured. After the 7 d of
leaching, water was exchanged and the ST of the
renewed leachate determined after 24 h. The weight of

Figure 1: Dynamic surface-tension measurement
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water was the same as the weight of the sample in both
cases. One or two specimens for the reference mortar
and two or three specimens for the PEG-modified mor-
tars were used for each test series.

2.3 Dynamic surface-tension measurement

Before the start of the dynamic ST measurement
(Figure 1), leachate in a container containing the speci-
men was homogenized by gentle gyration. The dynamic
ST was determined using a bubble pressure tensiometer
BPA 800P (KSV Instruments, Ltd.) after (0.5, 2.5. 5 and
24) h of leaching, and during the following days, as was
mentioned above. A capillary with a diameter of
0.130 mm was immersed 5 mm under the leachate sur-
face and the bubble life time was set to 0.1 s. For each
time of the test, the values of the ST were recorded every
20 s during the several minutes and then averaged.
Synthetic leachates (see following section) used for the
determination of the amount of leached PEG were tested
with the same settings.

2.4 Evaluation of the amount of leached PEG

The amount of leached PEG was calculated using
calibration curves obtained from the dynamic ST
measurement of the synthetic leachates containing
various amounts of the desired PEG. The synthetic
leachates were prepared on the basis of the silicon and
sodium content in the leaching water after the first 7
days of leaching, determined using inductively coupled
plasma optical emission spectroscopy (ICP-OES). The
presence of other elements was neglected due to their
very low content in the leachate. Synthetic leachates
were prepared by the dilution of waterglass and sodium
hydroxide by demineralized water in a volumetric flask,
according to Table 1.

Table 1: Average Si and Na contents in the leachates after cach curing
time and the amounts of waterglass and 50 % NaOH used for the
synthetic leachates’ preparation

curing Si Na waterglass 50 % NaOH
series (mg/L) (mg/L) (e/l) (a/L)
24 h 158.6 4254 1.07 11.28
3d 126.8 3461 0.857 9.19
7d 118.2 2845 0.799 751
3 RESULTS

The development of the ST of the leachates is given
in Figure 2. It can be seen that except for their monomer,
all the PEGs decreased the dynamic ST rapidly within
the first 30 min, while this did not change markedly
during the following hours and days. On the other hand,
all the leachates after the exchange of water reached the
same ST values. To assess the amount of leached PEG,
calibration curves were determined using synthetic
leachate and known additions of PEG. The obtained
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results are in Figure 3. The amount of leached PEG was
determined as its concentration (w/%) in between the
two neighboring points using an interpolation with the
assumption that the dependence of ST on the weight
concentration is linear between each two measured
points and compared with the maximum theoretical PEG
concentration (0.42 9%). Using this approach, the mass
fraction of easily leachable PEG from the total PEG
amount was evaluated (Figure 4). It is clear that an
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Figure 2: Dynamic surface-tension development of the leaching water
after 24 h (up). 3 d (in the middle) and 7 d {down) of curing in auto-
genous conditions
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Figure 3: Calibration curves determined using synthetic leachates for cach curing time

increase in PEG MW resulted in a decrease of its leach-
able portion, as it was, e.g.. for 24 h of sealed curing cal-
culated to be (28, 14, 5.4 and 6.3) % for PEG400, 2000,
10000 and 35000, respectively. Also. a prolonged time of
curing before the leaching experiment, particularly bet-
ween 24 h and 3 d, resulted in an increased immobili-
zation of the PEGs. The higher leached amount of
PEG400 after 7 d compared to 3 d is probably a random
error. It also, together with the lengths of the error bars,
shows a general disadvantage of the use of ST measure-
ments for a determination of the leached amount of an
organic substance. If the ST concentration dependence is
flat, i.e., if the substance is not effective in reducing the
ST (such as PEG400) or at high surfactant concen-
trations (above approximately 0.05 9 in our cases), even
a slight change in the measured ST means a large change
in the calculated surfactant concentration. In contrast, the
more steep the ST change is. the more precise the results
are.

4 DISCUSSION

As is well known and as we also reported earlier,'®
the ST-reducing ability of surfactants depends on their
molecular weight. Therefore, it is not possible to
estimate the amount of leached PEG only from the ST of
the leachate (Figure 2). but the use of calibration curves

36
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Figure 4: Effect of PEG’s molecular weight and time of curing on the
amount of PEG leached during the first 7 d of leaching

(Figure 3) is necessary. However, the presence of other
ions in the leachate can affect its ST as well as the
performance of organic admixtures, and hence synthetic
leachates instead of pure water should be used. In our
case, the gradual leaching of ions from the specimens,
particularly silicon and sodium (Table 1), plays an
important role and can also affect the ST’s development.
This is probably the reason why the ST of the reference
and EG leachate rather increased during ongoing
leaching and was usually a few tenths higher than those
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determined for demineralized water. On the other hand,
the ST of the second leachate from the Ref and EG
specimens was lower compared to that of the first
leachate and very close to that of demineralized water,
since most of the Si and Na leached during the first
cycle. The same ST values of the second leachates as for
the Ref and EG were observed for all the other PEG
specimens, regardless of the time of curing before the
start of leaching, which indicates that the total or at least
the vast majority of the leachable fraction of PEG had
already been leached at the end of the first leaching
cycle.

Eberhardt' summarized that the following three
mechanisms of leaching can be distinguished: washing
out, diffusion and a dissolution process. The very high
rate of leaching during its early stages observed in
Figure 2 suggests that washing out is the dominating
factor in our case. The diffusion at later leaching stages
cannot be excluded, since there is likely a competition
between the leaching of ions like Si or Na and surfactant
molecules. Therefore, it can be expected that if the latter
is of very limited rate, the former prevails and hence the
leaching of the surfactant does not lead to a noticeable
ST reduction. To investigate this in more detail, some
other methods of organic-matter detection could be used,
e.g., chromatography.

According to Figure 2 and 4, the molecular weight of
the used PEG also affected its leaching rate, as well as
the amount of leached PEG. While PEG400 and
PEG2000 were mostly leached within the first 30 min or
150 min, the longer PEGs (PEG10000 and PEG35000)
gradually decreased the ST up to 5 h. This is likely
related to their longer chains, which cannot be trans-
ported through the specimen as easily as their shorter
analogues. Moreover, the longer molecules are more
prone to immobilization in the hydration products, which
again contributes to a reduction of their mobile fraction.
These issues can also explain the decrease in the amount
of mobile fraction with increasing molecular weight and
the time of curing before the start of the leaching (Fig-
ure 4). Slightly higher leached amounts of PEG35000
compared to PEG10000 would probably be due to their
lower and slower solubility in water and activating
solution and the consequent lower homogeneity of the
specimens, despite efforts to dissolve and homogenize
them as well as possible before the slag and sand
addition.

The presented findings have a significant impact on
the shrinkage behavior. As we have already presented,'?
MW plays an important role in the shrinkage-reducing
ability since EG did not noticeably reduce the drying
shrinkage of the AAS mortar, while a further increase in
PEG MW had a beneficial effect, particularly up to a
molecular weight of 2000 g/mole. The determination of
the amount of SRA that can be leached from the speci-
men and also the SRA ST-reducing ability allows us to
support the discussion from the previous paper and even
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distinguish between the dominating mechanisms of
shrinkage reduction. For shorter molecules like PEG400,
only a slight ST-reducing ability. together with a relati-
vely high leaching extent, indicate that neither the reduc-
tion of the ST by the mobile phase nor the reduction of
the disjoining pressure by the presence of immobile PEG
molecules, particularly when water curing is applied, can
explain the quite high shrinkage reduction by PEG400.
This supports our findings that the shrinkage-reducing
ability of the PEG400 lies rather in the changes of the
pore structure. On the other hand. the presence of longer
PEG molecules, which cannot be easily leached. can act
against shrinking via a disjoining-pressure mechanism
and thus can be more effective in practical applications.
However, a too high MW would also be impractical due
to solubility and miscibility issues. For the case of PEGs,
a MW of around 2000 g/mole (and not more than
10,000 g/mole) would be optimal due to the combination
of its relatively high shrinkage-reducing ability and good
solubility.

5 CONCLUSIONS

This paper investigated the leaching issues associated
with AAS-based fine-grained composites. The amount of
leached PEGs, depending on their molecular weight and
time of curing before the start of the leaching, was
determined using dynamic ST measurements.

Both the leaching rate and particularly the leaching
extent of the PEGs decrease with their increasing mole-
cular weight. This has a significant impact on the AAS
shrinkage performance.

The leaching rate and extent also decrease with a
prolonged time of curing.

For practical applications, the use of SRAs based on
rather longer polymeric surfactants can be recom-
mended, since they are more effective in reducing the
ST. which favors shrinkage reduction according to the
capillary-pressure theory, while its increased immobile
fraction can act against shrinkage in terms of the
disjoining-pressure theory. Moreover, a reduced leaching
extent is important from the environmental viewpoint.
On the other hand, for molecules that are too long,
miscibility or solubility issues should also be kept in
mind.
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Abstract: Cement kiln by-pass dust (CKD) is a fine-grained by-product of Portland clinker
manufacturing. Its chemical composition is not suitable for returning back into feedstock and,
therefore, it has to be discharged. Such an increasing waste production contributes to the high
environmental impact of the cement industry. A possible solution for the ecological processing of
CKD is its incorporation into alkali-activated blast furnace slag binders. Thanks to high alkaline
content, CKD serves as an effective accelerator for latent hydraulic substances which positively affect
their mechanical properties. It was found out that CKD in combination with sodium carbonate creates
sodium hydroxide in situ which together with sodium water glass content increases the dissolution of
blast furnace slag particles and subsequently binder phase formation resulting in better flexural and
compressive strength development compared to the sample without it. At the same time, the addition
of CKD compensates the autogenous shrinkage of alkali-activated materials reducing the risk of
material cracking. On the other hand, this type of inorganic admixture accelerates the hydration
process causing rapid loss of workability.

Keywords: cement kiln by-pass dust; alkali activation; blast furnace slag; admixture

1. Introduction

Worldwide, the material resource consumption increases and consequently large amounts of
waste are released into the environment [1]. This phenomenon is also associated with Portland cement
production. Itis well known that cement production is responsible for approximately 7% of the world’s
CO, emissions [2]. Moreover, the manufacturing of Portland clinker is associated with solid waste
production. The cement kiln by-pass dust (CKD), is the typical by-product of the cement clinker
burning process [3]. This material contains high concentrations of heavy metals and therefore should
be disposed as a hazardous waste [4]. Nevertheless, the economic pressure caused by CKD disposal
tends to its re-addition to the final cement product.

A possible way to ecologically process the CKD waste is utilization in alkali-activated materials

formed via the reaction of a solid aluminosilicate with highly concentrated alkaline aqueous solution [5].

The alkali activation mechanism includes the destruction of the raw material by breaking the
5i-0-5i and Si-O-Al bonds into lower stability structural units, their interaction through the
coagulation-condensation process and the precipitation of final reaction products [6]. Thanks to
the alkaline contents of CKD, especially due to the free lime, the significance of its usage as an alkaline
activator arises. Previous studies [7,8] show that the alkali activation process supported by reactive
lime from CKD leads to the creation of calcium silicate binder phases. However, the pH value of
alkaline solution with CKD is not high enough for sufficient decomposition of raw materials which in
most cases need the addition of a typical alkaline activator such as sodium hydroxide [9,10]. In terms
of working with such a caustic chemical compound, one must observe the safety regulations, which

Materials 2018, 11, 1770; d0i:10.3390/mal1091770 www.mdpi.com/journal /materials
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makes it more difficult in practical usage. Therefore, the study is focused on the alkali activation of
blast furnace slag with CKD in connection with sodium carbonate resulting in sodium hydroxide
according to Equations (1) and (2).

Ca0 + HyO — Ca(OH)y, (1)

Ca(OH); + Na>C0O3 — 2NaOH + CaCOs;, (2)

The caustic soda is formed gradually during the hydration process and increases the pH value
in the pore solution which promotes the dissolution of aluminosilicate materials and thus positively
affects the mechanical properties of the final products.

Thanks to the optimal chemical composition, the CKD seems to be an effective alkaline activator

and plays a significant role in autogenous shrinkage mechanism in alkali-activated BFS materials.

Therefore, CKD is a promising by-product material, and this paper is focused on its study and its
possible utilization in these systems.

2. Materials and Methods

2.1. Materials and Sample Preparation

The main aluminosilicate material used to produce the alkali-activated mortars was blast furnace
slag (BFS) with the Blaine fineness of 400 m2 kg‘1 (ArcellorMittal Ostrava, a.s., Ostrava, Czech
Republic). The cement kiln dust (CKD) was collected from the by-pass system of the Homé Srnie
cement plant (Cemmac, a.s., Horné Srnie, Slovakia). The chemical composition of raw materials
was determined by XRF as shown in Table 1. The XRD analysis of BFS indicated the presence of
approximately 90% of amorphous phase determined with the method of internal standard (fluorite).
The main minerals identified in BFS were melilite, calcite and merwinite. The CKD was composed of
sylvite (KCl), lime (CaO), arcanite (K25SO4), larnite (2Ca0-5i02), quartz (Si02), portlandite (Ca(OH),)
and hatrutite (3Ca0-5i03). The free lime content determined according to EN 451-1 was 27.2 wt %.
The particle size distribution D50 of BFS and CKD determined by laser granulometry in dry state were
~10 pm and ~4 pm, respectively. Anhydrous sodium carbonate (Penta, s.r.o., Prague, Czech Republic)
in the form of powder and sodium water glass (Vodni sklo, a.s., Brno, Czech Republic) with the silica
modulus of 2.2 were used as the alkaline activators. The pH value of used sodium water glass was
12.48. The Na>O/BFS ratio was set to 8 wt %.

Table 1. Chemical composition of BFS and CKD as determined by XRE

Raw Material Chemical Compositionfwt %
Si0  ALbO; Ca0  Na0 KO0 MgO SO FexO3 TiO;  MnO  CI7
BFS 347 9.1 411 04 09 105 14 03 1.0 0.6 -
CKD 119 42 457 0.4 169 0.9 72 24 03 - 10.1

Alkali-activated BFS mortars with different amount of CKD at the expense of BFS (0; 5; 10; 15;
20; 25 wt %) were prepared. The sand-to-BFS ratio was 3:1 using three different fractions of standard
siliceous sand meeting requirements of EN 196-1 and the water-to-BFS ratio was set at 0.46 with
respect to the water contained in the sodium water glass. The composition of mortars is shown in
Table 2. Mixing and curing processes in molds were carried out at laboratory temperature (25 °C) with
RH~99%. After the demolding process (1 day), the specimens were stored in water at 25 °C in the
curing chamber. Prepared samples were subjected to compressive, flexural strength determination and
length change measurements.
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Table 2. Composition of alkali-activated mortar samples (wt %).

Mixture Designation REF CKD-5 CKD-10 CKD-15 CKD-20 CKD-25
BFS 21.6 205 19.4 18.3 17.2 16.1
CKD - 1.1 22 33 44 55
Na>COs 21 21 21 2.1 21 2.1
Na-water glass 35 35 35 35 35 35
water 8.0 8.0 8.0 8.0 8.0 8.0
standard sand 64.8 64.8 648 64.8 64.8 64.8

2.2. Physical-Mechanical Measurenents

The samples with the dimensions of 4 x 4 X 16 cm were tested to determine their compressive

and flexural strength according to EN 196-1. The strengths were tested at the age of 1, 7 and 28 days.

The measurements were carried out by the compressive and bending strength tester Betonsystem
Desttest 3310. The length changes for obtaining the shrinkage-expansion evolution were measured
in short time intervals using the ASTM C490 apparatus for 28 days. The consistence of fresh
alkali-activated mortars was measured based on the mini-cone test procedure in accordance with
EN 1015-3. The effect of gradual CKD additions on the pH in water solution with dissolved sodium
carbonate was measured using pH-meter 5213 SevenCompact Duo (Mettler-Toledo GmbH, Greifensee,
Switzerland) until the pH value was constant (approximately 10 min).

2.3. Isothermal Calorimetry

The evolution of hydration heat was monitored using the TAM Air isothermal microcalorimeter
(TA Instruments, New Castle, DE, USA). The measurements of heat evolution were performed at a
constant temperature of 25 °C. When the thermal equilibrium was achieved, the BFS and alkaline
activator were mixed together by injecting the solution into the 15 mL vial and stirring it for 3 min.
The water/BFS, as well as the Na>O/BFS mass ratio, were the same as in the preparation process of
mortars. The heat evolution was recorded as the heat flow immediately.

2.4. X-ray Diffraction Analysis (XRD)

The X-ray powder diffraction of alkali-activated matrices after 7 days of curing was measured
using the PANanalytical Empyrean diffractometer with CuK«x radiation equipped with a 3D detection
system PIXcel3D. The specimens were step scanned from 5° to 40° 26 using vertical high-resolution
goniometer with the step size 0.013° 28. The samples with 0, 10 and 20 wt % of CKD were used for the
determination of mineralogical composition after the hydration process, moreover for the verification
of reaction mechanism outlined in Equations (1) and (2).

2.5. Thermogravimetry (TG)

The behavior of the alkali-activated matrices during the thermal treatment was investigated using
70 mg of the milled sample after 7 days of curing. The thermogravimetric analysis was performed
using Q600 analyser (TA Instruments, New Castle, DE, USA) up to 1000 °C with the ramp 5 °C per
minute and under the dried air conditions. The samples with 0, 10 and 20 wt % of CKD addition were
used for the quantification of the created calcium carbonate, formed according to Equation (2).

3. Results and Discussion

The compressive (Figure 1a) and flexural (Figure 1b) strengths development demonstrates a
positive effect of CKD on mechanical properties. As observed in Figure 1a, the addition of CKD only
slightly increases early compressive strengths after 1 and 7 days. However, a perspicuous improvement
was achieved after 28 days, when all samples with the addition of CKD up to 20 wt % indicated higher
strengths compared to the reference sample. Conversely, the substitution of 25 wt % BFS by CKD
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decreases the compressive strength which is related mainly to very quick loss of workability; this
mixture is workable for only several minutes, as is shown in Figure 2. This strongly influences the
homogeneity of samples.
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Figure 1. Compressive (a) and flexural {b) strengths development of alkali-activated mortars with
different amounts of CKD.
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Figure 2. Workability over time of fresh alkali-activated mortars with different amount of CKD.

Considering the measurement incertitude expressed by the error bars in all measurements, the
flexural strength development after 7 days suggests a convincing increase in strength compared to
1-day-old samples. However, a significant difference is noticeable after 28 days of curing. Whereas the
samples with CKD content show an increase in flexural strengths, the reference sample has the opposite
evolvement. This phenomenon likely relates to the chemical shrinkage of pure alkali-activated BFS
which is described in several studies [11,12]. As a result, the internal stress is present in the material
and, therefore, the microcracks in the structure can take place, which negatively influence the flexural
strength especially.

The changes of samples length are shown in Figure 3. It is clearly visible that the reference sample
exhibits the shrinkage which continues even after 1 day of mixing. This behavior in volume changes
of alkali-activated BFS is in contrast with the binders based on ordinary Portland cements (OPC),
since these binders cured continuously in water exhibit an increase in volume. This expansion, named
as swelling, is connected with the absorption of water by the cement gel where the molecules of water
act against cohesive forces and tend to force the gel particles away from each other [13]. On the other
hand, the alkali-activated BFS forms CSH gel with the high atomic packing density which prevents
water from penetrating into the inner structure during saturated (under water) curing [11] and causes
self-desiccation. This process, which takes place in the interior of mortar mass, is known as autogenous
volume change [13] and leads to the shrinkage of the whole system. A different situation occurs in the
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case of the samples with the CKD additions, the expansion of which depends on the amount of free
lime contained therein. Free CaO is very well known as a cheap expansive agent, provided that it is
burned at temperatures above 1000 °C resulting in “dead burnt lime” [14]. Such lime is also present
in CKD, the collection of which from the Portland cement manufacturing process is carried out at
the temperature of about 1100 °C. From the evolution of expansion it is obvious that the complete
expansion is achieved in less than 3 days in all samples. This certainly has its advantages in the lower
affecting of the curing process as well as in the lower risk of presence of residual un-reacted CaO
which could cause later expansion [15].
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Figure 3. Length changes of alkali-activated mortars with different amounts of CKD during saturated
(under water) curing.

The increase in mechanical properties of samples with CKD addition is also closely connected
with higher dissolution of BFS and subsequent higher formation of binder phases. The dissolution of
slag particles strongly depends on the pH of ambient solution [16]. Itis obvious that CKD as well as
sodium carbonate mixed separately with water indicate lower values of pH in comparison with their
joint solution (Figure 4). Thanks to the reaction of lime contained in CKD and sodium carbonate in the
water environment, described in Equations (1) and (2), the rise in pH up to the value over 13 occurs
and the dissolution of slag particles rapidly increases.

135+
13.0+
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Figure 4. Effect of different amounts of CKD additions on the pH of water solution with dissolved
sodium carbonate.

The process of dissolution of BFS and the creation of CSH gel was characterized through the
isothermal calorimetry as shown in Figure 5. The first peak (Figure 5a), measured during the first
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minutes of hydration, is mainly associated with wetting and dissolution of BFS [17]. From the zoomed
area it is clear that the samples with the higher content of CKD indicate higher heat flow which would
confirm better dissolution of BFS particles. At the same time, the hydration of lime proceeds according
Equation (1); therefore, the contribution of heat released by this reaction is also a part of the first peak.
After that, the pre-induction band is observed belonging to the formation of primary CSH gel [18]
and gaylussite (NaxCa(CO3)2-5H>0) which is one of the initial products in NaoCQOs-activated slag
binders [19]. The secondary formation of CSH gel is connected with the peaks from 10 to 40 hours.
It is well observed that higher heat flow in this region was measured for the samples with a higher
content of CKD. These results suggest that CKDs contribute to a larger formation of binder phase as
proven by the measurement of the total amount of heat evolution (Figure 5b), which is particularly
associated with the quantity of created CSH gel. The total heat was monitored within 4 days from the
beginning of alkaline activation.
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Figure 5. Evolution of heat flow (a) and total heat (b) of alkali-activated matrices with different amounts

of CKD.

Subsequently, the samples were subjected to XRD analyses (Figure 6). The overlapped
diffractograms show the presence of minerals from the raw materials plus gaylussite. The comparison
of mineralogical composition among the samples with different amounts of CKD indicates no
significant changes except in the formation of calcium carbonate. The samples with higher content of
CKD create a considerably higher quantity of calcite, resulting primarily from Equation (2).
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Figure 6. XRD of alkali-activated matrices with 0, 10 and 20 wt % of CKD addition.

The detailed quantitative information about the amount of formed calcium carbonate in prepared
alkali-activated matrices was given by using of the thermogravimetric analysis. Figure 7 shows that
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the mass loss is connected with several ongoing processes during the heating. The first one between
31 and 240 °C can be associated with the loss of physically-bonded water and also the dehydration of
chemically-bonded water from the newly formed CSH gel structure. The dehydration of interlayer
water bonded in the CSH phase continues up to 600 °C [20]. The next process which appears around
600 to 800 °C can be attributed to the decomposition of carbonates. The first derivative of the TG
analysis of the reference sample showed that the two step decomposition of carbonates takes place.
The first step is supposed to be associated to the decomposition of gaylussite structure [21] and the
second one to the calcite one [22]. The presence of both of them was confirmed by previous XRD
analyses. However, it should be emphasized that the decomposition of the carbonate species should
be intertwined together. The analyses of the samples with the CKD content shows the slightly different
behaviour in this temperature range. It is obvious that the content of the gaylussite decreases with the
expense of calcium carbonate, which was proven by the XRD analyses. From the conducted results we
can conclude that the content of calcium carbonate increases with the reaction time. This phenomenon
should be related with the carbonation process from some minor CO> uptake onto the surface between
the preparation of samples and TG analysis but it should also be a part of the reaction mechanism
described in Equation (2).
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Figure 7. TG, DTG analyses of alkali-activated matrices with 0, 10 and 20 wt % of CKD addition.

4. Conclusions

The results of this study demonstrate that the secondary raw materials such as CKD can be
successfully utilized for the alkaline activation of BFS. The following conclusions summarize the
experimental part of the work:

1.  The combination of CKD and sodium carbonate together with sodium water glass used as alkaline
activators leads to the secondary formation of sodium hydroxide causing an increase in the pH of
water solution in mixtures which promote the dissolution process of activated aluminosilicate.

2. Higher degree of BFS dissolution influences the hydration process in the sense of higher binder
phase creation which positively affects the mechanical properties up to a certain limit.

3. The CKD content in alkali-activated BFS causes a small expansion of the whole system and
thereafter the shrinkage cracking connected with the decrease of compressive as well as flexural
strengths is reduced.
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4. The addition of CKD into the alkali-activated systems decreases the workability due to early
hydration of lime resulting in the system inhomogeneity which can strongly influence the
mechanical properties.

5.  The production of alkali-activated BFS binders with CKD addition depends on its optimum
dosage into the system, moreover, the CKD chemical and phase composition must always be
taken into account.
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Alkali-activated materials, especially when activated by water glass, exhibit substantial drying shrinkage that hinders
their broader industrial application. The effect of shrinkage-reducing admixtures (SRA), based on polypropylene
glycol, on drying shrinkage of alkali-activated blast furmace slag (BFS) mortars was examined. The determination of
SRA efficiency and the influence of potassium alkali activators with varying silicate modulus on drying shrinkage
characteristics were studied. It was observed that a high amount of alkalis positively affected the effect of SRA. The
higher the amount of alkalis was, the lower was the drying shrinkage. The paper further discusses and underlines the
role of the amount of alkali ions on the properties of alkali-activated BFS systems.

Introduction

High energy consumption and increased emissions along with
ageing infrastructure have a harmful impact on the environ-
ment. Every year the production of concrete exceeds 10'"t,
which is more than all other man-made materials combined.
Such a huge production results in approximately 5% of the
world's total anthropogenic greenhouse gas emissions {Damtoft
et al.. 2008). Nowadays, this fact brings an even greater need to
develop more environmentally friendly materials which are
more durable. highly recyclable and energy efficient.

Alkali-activated materials (AAMSs) have become the materials
of interest mainly owing to their low environmental impact com-
pared to Portland cement and also because of the possibility of
using varieties of industrial waste (Kalina ez of.. 2012). The util-
isation of AAM as an alternative binder instead of ordinary
Portland cement (OPC) adds sustainability to concrete by redu-
cing the carbon dioxide (CO») emissions compared to cement
production. Many scientific studies have revealed that some
kinds of AAM are distinguished by superior durability and
lower heat of hydration compared to OPC binder, high resist-
ance to aggressive environments (Hossain e7 al., 2015) and good
performance in high temperatures (Bernal et af., 2015). Another
advantage could be better behaviour under freeze—thaw cycles
(Cai et al.. 2013). However. these materials exhibit drying and
autogenous shrinkage (Bilek er af, 2016), the subsequent for-
mation of microcracks and higher formation of salt efflores-
cence, which are the major drawbacks that hinder these
materials’ broader industrial application.

Only a few authors have studied possible ways of reducing the
shrinkage, which could be carried out using shrinkage-
reducing admixtures (SRAs). belonging to the group of

surfactants. The effect of SRA has been well investigated in
Portland cement systems (Sant er al. 2010); however. only
little attention was dedicated to the study of efficiency of SRAs
in atkali-activated slag (AAS) systems. It was concluded that
the decrease in the surface tension of pore solution caused by
SRA brought about smaller internal stress when the water
evaporated. This resulted in the capillary stress being much
lower than without the admixture. In terms of the drying
shrinkage. the content of mesopores also plays a crucial role.
According the capillary pressure theory (Bentz er al.. 1993),
the system with a higher content of mesopores exhibits higher
drying shrinkage (Collins and Sanjayan. 2000). The presence
of SRA causes pore size redistribution (Palacios and Puertas,
2007), meaning that SRA decreases the percentage of meso-
pores in the total porosity of AAMs.

The SRA efficiency is entirely influenced by the nature of the
electrolyte solution in which the SRA is located (Bauduin e al..
2004; Morini ez al.. 2003). There are two effects that have to be
taken into account. The ‘salting-in’ effect initiates the solubil-
isation or miscibility of the surfactant in an aqueous electrolyte
solution. By contrast, the ‘salting-out’ eflect causes a decrease of
the critical micelle concentration (CMC), increases the liquid—
liquid miscibility gap and enhances the self-organisation. The
question is whether the salting-in or the salting-out effect domi-
nates in AAM. A high content of alkali ions in the system
would imply that, for the AAM, salting-in may occur. However.
the amount and the kind of cations in the pore solution signifi-
cantly impact the surfactant’s behaviour, as the Hofmeister or
the Iyotropic series suggest (Kunz ez al., 2004). To sum up, the
present investigation is therefore focused on the role of specific
alkali activators with different amounts of alkali ions influencing
the shrinkage evolution and other properties of alkali-activated
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blast furnace slag (BFS) systems with and without specific SRA
based on polypropylene glycol.

Experiment

Materials

The aluminosilicate material used for the alkali activation was
BFS from ArcelorMittal Ostrava, Inc., Czech Republic, with a
specific surface area of 400 m*/kg. The chemical composition
specified by X-ray fluorescence spectroscopy (XRF) is shown
in Table 1. The crystalline composition of BFS determined by
X-ray diffraction (XRD) confirmed the presence of merwinite.
melilite, #-C»S and calcite. The BFS was activated by potass-
ium water glass (Vodni sklo. Inc.) with defined silicate moduli:
M,=192 (4%); 1-29 (6%); 0-97 (8%): 0-78 (10%). The silicate
moeduli (silicon dioxide to potassium oxide (SiO2/K.O} molar
ratio) correspond to the weight of potassium oxide in the activa-
tor. recalculated to the amount of BFS, as is shown in brackets.
Three different fractions of standard siliceous sand (CSN
EN 196-1) were vsed for mortar preparation. The surfactant
serving as the SRA was polypropylene glycol (PPG 425) with a
specific molar weight, M, =425 (Sigma Aldrich, Ltd.). The
amount of PPG 425 added into the alkali-activated mixture was
determined as 0-3 wt%, recalculated to the amount of BFS.

Methods

Pore solution characterisation

The pore solutions were extracted from samples activated by
water glass with different silicate moduli after 24 h using the
hydraulic press BS-3000 (manufactured by BetonSystem
company). After 24 h, the chemical composition of the pore sol-
ution did not change substantially and this time also indicates the
beginning of drying shrinkage measurement. One hundred micro-
litres of pore solution wese placed into a 100 ml volumetric flask
and filled with water. The samples were then analysed by induc-
tively coupled plasma optical emission spectrometry Horiba
Ultima 2 (Horiba Scientific). The concentrations obtained were
then used for synthetic preparation of pore solutions, which were
further used for the surface tension measurement.

Surface tension testing

The surface tension of prepared samples was measured by the
tensiometer BPA-800P (KSV Instruments) using the maximum
bubble pressure method. The measurement was carried out in
standard mode under the laboratory temperature (21°C). The
pore solution was weighed out into plastic flasks, one

Table 1. Chemical composition of BFS according to XRF

containing the reference sample and the others containing
PPG 425 in the mass concentrations of 0-05, 0-10. 0-25, 0-50,
1:00 and 200 wt% related to the mass of BFS, the amount of
which corresponded to the amount of activator used that was
necessary for alkali activation.

Drying shrinkage measurement

The mortar specimens were prepared according to CSN
EN 196-1 (CSN, 2016) standard with the dimensions of
25 %25 % 285 mm and were subjected to the drying shrinkage
tests according to ASTM C3596 (ASTM. 2017b). After 24 h the
specimens were removed from molds and kept in the n humidity
chamber at approximately 50% RH until the age of 28 d.
During this period, the relative length changes were measured
almost every workday at the beginning and then usually every
3 d using the ASTM C490 (ASTM. 2017a) dilatometer.

Isothermal calorimetry measurement

All calorimetric measurements were performed using TAMAir
isothermal conduction calorimeter by TA Instruments at the
temperature of 25°C. For each measurement. 4 g of BFS and
adequate amount of alkali activator were used. Slag was
placed into 15 ml glass flask and alkali activator was dosed
into admix vial. BFS and the activator were inserted into the
calorimeter and tempered separately (for approximately 3 h),
then mixed together and stirred for 2 min with a teflon stirrer.
A siliceous sand was used as a reference sample. The amount
of reference was chosen so that it had similar heat capacity as
the sample. in this case being 15-5 g of reference.

Compressive strength testing

For the compressive strength measurement. the testing
mortar samples with the diameters of 40 x 40 x 160 mm were
prepared according to CSN EN 196-1 standard. Each value
in compressive strength development was supported by the
average of four measurements The tests were performed at
the ages of 24 h, 7 d and 28 d after the specimen preparation.
The press BS-300 (BetonSystem) was used for the compressive
strength measurement.

Results and discussion

First, the most suitable PPG 425 concentration for the test of
drying shrinkage was determined. The dependence of surface
tension of pore solutions on PPG 425 concentration is rep-
resented in Figure 1. Each pore solution extracted from samples
activated by water glass of specific silicate moduli contained a

Chemical composition: wt% J
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different amount of potassium ions Even a small addition of
surfactant led to a steep drop of surface tension. This effect was
also supported by the presence of alkalis Generally, the more
alkalis that were present in the solution, the lower was the
surface tension, and thus they positively influenced the effect of
admixture. This is in a good agreement with the Hofmeister
series and salting-in effect. This dependence was observed for all
pore solutions Nevertheless, the surface tension values of pore
solutions with M, =0-78 and 0-97 were basically the same within
the deviation values. It can also be concluded that after a sudden
decrease of surface tension the values did not change further
but. on the contrary, they remained more or less constant for
almost all solutions. This phenomenon occurred at the moment
when the concentration of PPG 425 was (-5 wt%. meaning that
the surfactant reached its critical micelle concentration (CMC)
(45-55 mJ/m®). As a consequence, it was concluded that 0-5 wt
% of PPG 425 should have been further added to the samples
for the following measurements.

The efficiency of PPG 425 on the drying shrinkage development
of potassium alkali-activated mortars is shown in Figure 2. The
dependence of the drying shrinkage decrease on decreasing sili-
cate madulus of the alkali activator is evident. This phenomenon
is probably related to the formation of different amounts of cal-
cium silicate hydrate (C-S-H) gel. A higher amount of C-S-H
gel causes a more compact structure, which leads to lower evap-
oration of water from the capillary menisci (Figure 3) and, there-
fore, the drying shrinkage is consequently smaller. Nevertheless,
within the same silicate modulus of alkali activator. higher
weight losses of mortars with PPG 425 were observed, compared
to those without it. This could be explained by the lower liquid
saturation induced by SRA as previously described (Aitcin and
Flatt, 2015). Moreover, the amount of alkalis has a significant
influence on drying shrinkage. Comparing the samples with
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Figure 1. Surface tension of pore solutions with different silicate
moduli of potassium water glass depending on the PPG 425
concentration

PPG 425 and the reference samples, the effect of added surfac-
tant is evident. Thanks to the higher content of alkaline ions, the
efficiency of PPG 425 increases. It is obvious that the samples
activated by water glass with low silicate modulus (0-78: 0-97)
show a greater difference between the reference and the surfac-
tant-containing samples in drying shrinkage evolution. This
phenomenon is in a good agreement with previous results pre-
sented in Figure 1 and confirms the importance of the amount
of alkali ions for the PPG 425 efficiency affecting the reduction
of surface tension of the pore solution and the drying shrinkage.

The hydration mechanism was studied based on the calorimetry
measurement. Figure 4 presents slag pastes activated by
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Figure 2. Effect of PPG 425 on drying shrinkage evolution of
samples activated by potassium water glass with different
silicate moduli
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Figure 3. Effect of PPG 425 on weight changes of samples
activated by potassium water glass with different silicate moduli

Downloaded by [] on [01/11/17]. Published with permission by the ICE under the CC-BY license

90



Priloha V

Advances in G R h Influence of alkali ions on the efficiency
of shrinkage reduction by polypropylene
glycol in alkali activated systems
Kalina, Bilek Jr and Novotny

9 -

L o) —— M, =192 + PPG 425

74 ----M,=1:29 + FPG 425
B

----- M, =097 + PPG 425
M, =078 + PFPG 425

Heat flow: m\W/g

0 20 40 60 S0 100 120 140 1600 20 40 60 80 100 120 140 160
Time: h Time: h
@) (o)

Figure 4. Heat evolution rate of slag pastes activated by potassium water glass with different silicate moduli: (a) with the addition of PPG

425 and (b) without it

80+
B M, = 192 + PPG 425
B M, = 129 + PPG 425
I 1, = 0-97 + PPG 425
B V), = 078 + PPG 425

~
(=]
1

o
=]
1

[T
o
N

Compressive strength: MPa
&
=]

30 A
20
104
0
24h 7d 28d
Time
(a)

M, =192
1 M, =129
., = 0-97
v, =078

24h 7d
Time
(b}

28d

Figure 5. Effect of PPG 425 on the compressive strength development of samples activated by potassium water glass with different

silicate moduli: (a) with the addition of PPG 425 and (b) without it

potassium water glass with varying silicate moduli (M, =192,
1:29, 0-97. 0-78). Figure 4(a) shows the heat flow evolution for
the mixtures with added PPG 425, whereas Figure 4(b) demon-
strates the curves for the mixtures without it. The amount of
PPG 425 was always 0-5 wi% of BFS. Particular peaks capture
various stages of the slag activation process The first initial
peak is always associated with particle wetting and slag dissol-
ution and the second additional peak corresponds to primary
C-S-H gel formation. both during the so-called pre-induction
period (Shi and Day, 1995). Then the process is followed by the
precipitation of the secondary C-S-H gel. and therefore the
third peak was recorded. It was observed that the heat flow evol-
ution remained the same for the mixtures with PPG 425 as well
as without it. However. it was found that the samples activated

by potassium water glass with various silicate moduli differed
significantly in the third peak. Higher silicate modulus caused
the delay of secondary C-S-H gel formation, and moreover
decreased its heat flow release, which influenced the compressive
strength development. When the mortars activated by potassium
water glass were prepared, it was confirmed that the compressive
strength was higher with decreasing value of silicate modulus of
alkali activator (Figure 5). This trend is evident both in the
samples with the addition of PPG 425 (Figure 5(a)) and in the
reference samples (Figure 5(b)). The results are consistent with
the calorimetry measurement. where it was proved that the
samples activated by water glass with higher silicate modulus
showed less formation of binder phase. It is also obvious that
the addition of surfactant influences the compressive strength
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development. In the early stages of the alkali activation process
(17 d), the compressive strength of samples with PPG 425 is
lower compared to the reference samples After 1 d, the com-
pressive strength of samples with PPG 425 achieved only 87% of
the reference samples’ values in cases of M,=1-92, 1-29, 097
and just 75% for samples activated by potassium water glass
with silicate modulus M, =0-78. This decrease could be related
to possible adsorption of surfactant to the BFS particles, which
slows down the process of alkali activation, as previously
described (Partyka e al., 1984). After 7 d. the equalisation of
compressive strengths of samples with surfactant and without it
occurred, with respect to the error bars. However, the role of sur-
factant in preventing the drying shrinkage is visible after 28 d.
The samples with PPG 425 did not show any visible cracks on
their surface, which positively affected the compressive strengths
results: see, for example, the samples activated by water glass
with M, =0-78. While the compressive strength of the reference
sample between 7 and 28 d has been augmented by 30%. the
strength of samples with PPG 425 added has improved by more
than 40%. A similar trend was also observed in other cases.

Conclusions

On the basis of the results obtained, it can be stated that
polypropylene glycol with the molecular weight 423 plays a criti-
cal role in drying shrinkage development. Its efficiency is highly
enhanced by the amount of alkalis in the activator. The addition
of the surfactant used slightly decreases the compressive strength
in the early stages of the hydration process (1-7 d), but after 28 d
it gives better results compared to samples without it. These
pieces of knowledge point out the importance of using suitable
SRAs to improve the properties of AAMs and consequently
increase the potential for their broader industrial application.
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HIGHLIGHTS

« Increasing glycol dose had minor effect on strength while significant on shrinkage.
« Longer molecules reduced drying shrinkage of AAS more than short molecules.
+ Shrinkage was reduced thanks to surface tension decrease and porosity changes.

+ Ethylene glycol reduced both 2nd and 3rd peaks of AAS calorimetric curve.

» 3rd AAS calorimetric peak reduction increased with increasing molecular weight.

ARTICLE INFO ABSTRACT

Article histary: The aim of this study was to explore the influence of ethylene glycol in a wide range of palymerization

Recelved 8 August 2017 degree, i.e. from monomer (EG) up to polyethylene glycol (PEG) with molecular weight of about 35,000,

Received in revised form 26 January 2018 on properties of alkali-activated slag mortars. Changes in molecular weight and dose of all tested glycols

Accepted 29 lanuary 2018 had only minor effect on compressive strength, while drying shrinkage was significantly affected by both
these factors. EG had negligible impact on drying shrinkage, but other tested glycols reduced it signifi-
cantly with PEG2000 and PEG100D0 being the most effective. Such different shrinkage behavior was

Keywords: attributed to the changes in surface tension and pore structure. All tested glycols reduced the total heat
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Polyethylen glycol rclc.:ascd during the hydration and interestingly modified the heat flow depending on their molecular
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1. Introduction curing period |3}, heat curing [4|, and the use of expanding [5] or

Materials based on alkali activated slag (AAS) can achieve excel-
lent mechanical properties and durability, but their wider utiliza-
tion is limited by significant drying and autogenous shrinkage,
the values of which are usually considerably higher compared to
those of OPC-based materials [1]. Therefore, many different
approaches focused on the shrinkage reduction have been pub-
lished. From possible solutions, partial replacement of slag by
other materials such as fly ash or silica fume (2}, prolonged the

* Corresponding author.

E-mail addresses: bilek@fch.vuicz (V. Bilek Jr.), kalina@fch.vurcz (L Kalina),
xenovorny2@fchvut.cx (R Novorng)

hrtps:{fdoi.org/10.1016{).conbuildmat.2018.01.176
0950-0618/& 2018 Elsevier Ltd. All rights reserved.

shrinkage reducing admixtures [6-9] can be depicted.

Shrinkage reducing admixtures (SRAs) were introduced in
1980s to mitigate the drying shrinkage of OPC concretes |10].
Although several products are available on market, only rare stud-
ies dealing with their application in AAS systems have been pub-
lished. Palacios and Puertas (6] studied the effect of SRA based
on polypropylene glycol (PPG) on the properties of slag activated
by waterglass with the silicate modulus of 1.0-1.2 and the dose
of 4% Na,0O by mass of slag. SRA had rather beneficial effect on
the flexural strength and little or no effect on the compressive
strength, it also slightly retarded the hydration of slag, but later
the precipitation of CSH was more intense in pastes containing
SRA. SRA based on PPG also reduced the drying shrinkage of AAS
after 180 days at 50% relative humidity (RH) by 7 and 35% for 1
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and 2% of SRA, respectively. The same doses of SRA were markedly
more efficient at 99% RH, where the shrinkage reduction was 50
and 80%, respectively. Eberhardt |10}, who studied OPC-based
mortars, explained different efficiency of SRA depending on RH
as the consequence of an increase of interfacial area during the
drying, on which SRA molecules have to act.

The action of SRA based on PPG in AAS was studied also by Bilim
et al. | 7). The silicate modulus of waterglass and sodium hydroxide
mixture was 0.75 and 1.0, while its dose was 5.4 and 8.1% Na,0 by
mass of slag and the dose of SRA was 1.0% Regardless the type of
curing and the dose and modulus of activator, the long-term drying
shrinkage was reduced generally by 15-30%, although during first
few days of drying. the shrinkage reduction was significantly
higher, particularly for the specimens which were heat cured in
water before exposing to the atmospheric conditions. Similar
shrinkage performance of AAS, at least from the long term point
of view, was also reported for the activation by solid sodium sili-
cate [8]. Generally, SRA did not have significant effect on the
strength and setting time of AAS, but some exceptions like pro-
longed setting time in the case of mixtures with lower activator
dose could be found.

Besides SRAs, other organic admixtures are also able to modify
the shrinkage behavior of AAS. Slight shrinkage reduction was
reported for the set retarding and water reducing admixture by
Bilim et al. [7,8). Bakharev et al. [9) reduced the long-term drying
shrinkage of AAS concrete by 30% with lignosulphonate plasticizer
and even by 75% with alkyl aryl sulphonate-based air entraining
agent, while an unspecified SRA reduced the drying shrinkage by
67%. On the other hand, the application of superplasticizer based
on modified naphthalene formaldehyde polymers resulted in the
shrinkage increase by more than 100% after seven days and by
almost 40% after 224 days.

Based on this brief review, we can conclude that SRAs and other
chemical admixtures can lead to significant decrease in shrinkage
of AAS-based materials. However, its values are still higher com-
pared to those of OPC without SRAs in most cases. Moreover, some
studies [11,12] revealed that common commercially available SRAs
can retard the hydration of AAS by several days even at relatively
low doses {1%) and, in this case, it is likely that observed shrinkage
reduction was caused by coarser pore structure, which resulted
from the retardation of slag hydration. SRAs are generally based
on lower monoalcohols and diols, while promising results were
obtained for SRA based on polymers (polypropylene glycol), as
was discussed above. Therefore, it was our interest to investigate
the effect of molecular weight of such organic compounds, e.g
polyethylene glycol which was used in this study.

2. Materials and experimental procedures
2.1. Materials and sample preparation

Ground granulated blast furnace slag with specific surface area
of about 400 m?*fkg was used as an aluminosilicate precursor for
alkaline activation by liquid sedium silicate with SiO,-to-Na,O
molar ratio of 2.1 at the dose expressed as 8% Na,0 by slag weight.
Ethylene glycol (EG) and polyethylene glycol with molecular
weight of about 400 (PEG400). 2000 (PEG2000). 10,000
(PEG10000) and 35,000 (PEG35000) were used in amounts corre-
sponding to 1.0 and 2.0% of slag weight. The type and amount of
these chemicals was also used for the designation of prepared mor-
tars and pastes, and those, which contained no additive, were
marked as Ref. The water-to-slag ratio (w/s) was adjusted to 0.35
for pastes and to 0.42 for mortars. The siliceous sand with the max-
imum grain size of 2 mm was used as a fine aggregate in the

amount three times higher than the weight of slag for the mortars
preparation.

At the beginning of the mixing procedure, all the liquid compo-
nents were mixed together. EG and PEG400 are liquids at labora-
tory conditions, while longer PEGs are solids; therefore they
were dissolved in water before combining it with activator. The
longer the PEG was the more time was needed for its dissolution
with PEG10000 and particularly PEG35000 being time consuming.
After combining aqueous solution of PEG with waterglass, the
immiscibility of all PEGs and activating solution was observed.
The mixing procedure was performed in accordance with the EN
196-1 standard, fresh mortar properties were determined (see Sec-
tion 2.2) and the mortar was cast into the molds with dimensions
of 25mm x 25 mm x 285 mm for the drying shrinkage and
strength testing. After 24 h of moist curing, the specimens were
demolded and cured according to specific testing procedure.

2.2. Fresh mortar properties

Mortar consistency was determined using flow table test. After
the lifting the steel truncated cone with a lower diameter of 100
mm mortar diameter after consequent spread as well as after 15
table strokes was measured. Mortar density and air content were
determined using FORM + TEST Seidner & Co., Ltd. air content tes-
ter with a vessel volume of 1 dm?.

2.3. Drying shrinkage tests

The drying shrinkage was evaluated as the average of length
changes of three mortar bars for each mixture measured with
the ASTM C490 apparatus. Unlike the specimens for the strength
testing, the drying shrinkage specimens were removed from water
after three days and stored at the laboratory conditions (approxi-
mately 50% relative humidity and 23 ¢C). Their length changes dur-
ing drying were measured until the age of 28 days.

2.4. Compressive strength tests

Compressive strengths were tested on the same type of speci-
mens as were used for drying shrinkage tests, i.e. with dimensions
of 25 mm x 25 mm x 285 mm. Unlike the shrinkage tests, speci-
mens for compressive strength testing were cured immersed in
water until their testing. Compressive strength values were
obtained after 1, 7 and 28 days on the broken parts of mortar bars
on which the flexural strength tests were done.

2.5. Isothermal conduction calorimetry

The effect of EG and PEGs on the hydration of AAS at 25 °C was
studied by means of isothermal conduction calorimetry. For each
measurement, 4.0 g of slag were used and the dose of activating
solution was adjusted to w/s ratio of 035 and 8% Na:0. The admix-
tures were added together with the activating solution. Slag and
the mixture of liquid components were tempered separately inside
the TAM Air (TA Instruments) calorimeter. The measurement
started immediately after the addition of the mixture of liquids
to slag. The paste was homogenized by mechanical stirring during
the first three minutes of measurement.

2.6. Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) tests were carried out
using paste bars with dimensions of approximately 5mm x 5
mm x 12 mm. These small bars were prepared from larger ones
by sand paper abrading at the age of four days after the same cur-
ing regime as was used for mortar bars on which shrinkage was
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measured. To stop hydration just after their preparation small bars
for MIP measurements were immersed in isopropyl alcohol whose
original batch was exchanged after 24 h. Two to three specimens of
each composition were tested by porosimeter able to reach pres-
sures up to 225 MPa. Wetting angle and surface tension of mercury
were assumed to be 140° and 480 mN/m, respectively. Therefore,
the finest pores which were possible to detect had diameter of
about 6.5 nm.

2.7. Surface tension measurements

Effect of increasing concentration of used glycols from 0.01 to
2.0 wt% in demineralized water on surface tension (ST) was deter-
mined using bubble pressure tensiometer BPA 800P (KSV Instru-
ments, Ltd.). Water was selected for simplicity instead of pore
solution whose composition at the beginning of drying process
was not known. It was assumed that thanks to dilution of pore

solution by curing water the behavior of glycols is similar to behav-
ior in pure water.

3. Results

Density, air content and workability of the prepared mortars are
given in Fig. 1. Although the differences in both these properties
are not very significant for the various glycol type and dose, the
results suggest that increased glycol dose as well as its increasing
polymerization degree led to increase in entrained air and decrease
in mortar density. These results correspond with the workability of
the mortars which was slightly improved by EG, but significantly
decreased for all tested PEGs.

The effect of EG and PEGs on the compressive strength is shown
in Fig. 2. It can be seen that obtained results are similar for all
admixtures, i.e. minor or no decrease in the compressive strength
with increasing glycol dose. After 24 h, the compressive strengths
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Fig 1. Effect of used glycols on fresh properties of AAS morzars.

95



Pfiloha VI

V. Bilek fr. et al /Construction and Building Materials 166 (2018) 564-571 567

150 4 —— 1% of giycol 4. Discussion

1404 28days —— 2% of glycol

130 All tested chemicals glycols affected the compressive strength
E 1204 ¥ : of AAS mortar in a similar manner. Their increasing dose had no
= 110 T or slightly negative effect. Similar results were achieved by other
£ 1001 researchers [6-8|, while another commercially available SRA
2 g0 7 days greatly reduced both, the compressive and the flexural strength
i) I\’__‘..-;\ = of AAS, particularly during the early ages [ 11]. Unlike the compres-
v 804 Sl sive strength, the shrinkage behavior and workability of studied
2 70 mortars differed for EG compared to all tested PEGs. As was shown
§ 604 in Fig. 1 increasing dose of monomeric EG led to a gradual worka-
o 504 bility improvement, which can be explained by increased volume
g 404 24 hours of the liquid phase, as the dose of water was kept constant for all
© 301 _—%P—A‘ mortars. Despite this fact, workability markedly decreased when
20 . . . . . . PEGs were used. Possible explanation would be the simultaneous
© S adsorption of one PEG molecule onto the two or more slag particles
Q< & & ‘:QQ and thus increased yield stress. Such a bridging mechanism was

used glycol

Fig 2. Effect of used glycols on compressive strength of AAS mortars.

around 35 MPa were recorded and their values gradually increased
during the testing period up to about 130 MPa after 28 days.

The shrinkage results (Fig. 3) showed that higher drying shrink-
age reduction was observed for polymeric species compared to
monomeric EG. While EG did not markedly reduce the drying
shrinkage, as the differences in obtained values of all tested mor-
tars are in the range of reproducibility of the measurement,
PEG400 and PEG2000 gradually decreased the drying shrinkage
with their increasing doses and molecular weight. PEG10000 had
similar shrinkage reducing efficiency to PEG2000, while
PEG35000 reduced shrinkage somewhat lower compared to these
two PEGs. The most effective PEGs (PEG2000 and PEG10000)
reduced the drying shrinkage of tested mortars at the age of 28
days by around 25% at the dose of 2%, respectively. Efficiency of
all PEGs was much higher during the first days of drying: For exam-
ple after first 24 h shrinkage was reduced by 25% and 53% using
PEG2000 at the dose of 1% and 2%.

To shed more light on the role of used PEGs on shrinkage behav-
ior of AAS mortars MIP measurements as well as ST measurements
were carried out. Complete MIP curves are given in Fig. 4. Accord-
ing to Collins and Sajayan | 13| capillary tensile forces inducing dry-
ing shrinkage of AAS are the most severe in mesopores, pores
ranging from 1.25 to 25 nm, and therefore the portion of meso-
pores (ar more specifically portion of pores in the range of 6.5~
25 nm due to limits of the measuring device) from all detected
pore sizes was calculated and summarized (Fig. 5). The highest
mesopore portion was found in the reference and EG containing
pastes while by far the lowest mesopore portion was detected in
PEG400 paste. Mesopore content of PEG2000 paste was among
the Ref. and PEG400 pastes and pastes with longer PEGs had sim-
ilar mesopore fraction as the reference one. Surface tension mea-
surements (Fig. 6) showed very different ability of tested glycols
to reduce surface tension depending on their molecular weight:
ST reducing effect sharply increased with increasing molecular
weight of tested glycols, particularly up to molecular weight of
2000.

The results from the calorimetric experiments are given in Fig. 7
and Fig. 8. All tested chemicals reduced the total heat released dur-
ing the testing period and modified the heat release rate curve,
which comprised two peaks during the pre-induction period and
one small peak or rather a shoulder after the induction period.

proposed by Kashani et al. [14] for superplasticizer molecules.

Molecular weight played an important role also in the AAS dry-
ing shrinkage development. As can be found in literature, few the-
ories explaining shrinking of the cementitious materials during
their drying have been developed. Probably the most common
and widely accepted is capillary pressure theory, according to
which liquid-vapor interface in the form of menisci is formed in
the capillaries partially filled with pore fluid. The pressure differ-
ence between liquid phase p; and vapor phase p, is called capillary
pressure p.. It can be expressed also through the radius of curva-
ture x of the menisci and surface tension ¢ [ 15| and further simpli-
fied for spherical shape of meniscus and good wetting of the pore
walls (wetting angle close to zero) to include pore radius r, which is
expressed by Eq. (1).

Pe=p =P, =Ky ==27/t (1)
It is generally agreed | 16 that capillary suction is the main driv-
ing force for drying shrinkage when the pores are larger than
approximately 10 nm. Nevertheless, some authors [17.18| con-
tested capillary pressure importance and presented disjoining
pressure to be the principle mechanism for drying shrinkage. The-
ory of disjoining pressure can be applied through the whole range
of humidity and particularly for very fine pores. This theory is
based on the balance of attractive and repulsive forces among
the two surfaces close to each other. Attractive forces are mainly
represented by van der Waals forces whose magnitude depends
on the thickness of the adsorbed water layer among the surfaces.
Thus, with increasing relative humidity water layer thickness also
increases, attractive forces and weakened, surfaces can be sepa-
rated and material swells. For more details see eg. {17,18].
Different shrinkage reducing ability of used PEGs can be
explained by both these theories: According to the capillary pres-
sure theory, capillary suction which induces shrinkage is propor-
tional to surface tension (Eg.1) and therefore the lower the
surface tension of the pore fluid the lower the shrinkage of the
mortar. In sense of disjoining pressure theory shrinkage reducing
effect of glycols can be explained by their presence in fine pores
which would weaken attractive forces among them and sterically
hinder shrinkage. It would also be expected that longer molecules
are more capable to act in such manner compared to shorter mole-
cules. Moreover, one can expect that longer organic molecules are
more resistant to leaching during the water curing which would
also contribute to increasing shrinkage-reducing ability of glycols
with increasing molecular weight. Furthermore, it was observed
that PEGs increased air content in the mortars which also con-
tributed to their shrinkage reducing effect together with the
changes of the pore structure, i.e. decrease in mesopore fraction
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Fig 3. Effect of used glycols on drying shrinkage of AAS mortars.

(Fig. 5). Therefore, it is clear that several factors contribute to over-
all shrinkage reducing efficiency of glycols, particularly their
impact on pore structure of the material and surface tension of
the pore fluid: Since EG did not reduce mesopore content nor sur-
face tension it is not surprising that it did not reduce shrinkage of
AAS mortars while PEGs did, because the longer the chain the shar-
per the surface tension decrease. Although PEG400 was not so

effective in surface tension reducing as longer PEGs it was able
to reduce shrinkage markedly thanks to reduction of mesopore
content. Similar shrinkage behavior of mortars with PEG2000 and
PEG10000 also corresponds well with both their similar mesopore
content and similar surface tension reducing ability. Only
PEG35000 reduced shrinkage somewhat lower than could be
expected from the comparison with PEG2000 and PEG10000. It
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should be noted that PEG35000 was not soluble directly in activat-
ing solution (mixture of water and waterglass), but it was possible
ta dissolve in water alone before waterglass addition. This solubil-
ity issue could be a reason for its limited shrinkage reducing
efficiency.

Comparing the shrinkage results obtained in present study for
both PEGs and those from other studies, we can see similar trends.
These chemicals or admixtures are able to reduce the drying
shrinkage by a few tens of percent from the long-term point of
view, but during the first days of drying their efficiency can be even
around GO-80%. According to Eberhardts [10| observations of
reduced SRA efficiency at intermediate relative humidity. the
decrease in the shrinkage reduction during ongoing drying process
could be the result of increasing interfacial area on which the sur-
factant molecules have to act.

It is generally emphasized that the miscibility of SRAs with
water or with pore solution is a limiting factor for the shrinkage

569
74
72
X EG
E 70
Z R
= S
c Al
= T PEG400
; AL
& 64 T X—— . PEG2000
2 PEG10000
62 —X PEG35000
60 -+ T T T T
0 0.5 1.0 15 20
glycol concentration (wt. %)
Flg. 6. Effect of used glycols on surface tension of water.
160 4
140+
120 4
100 4
=
S 80+ -=-- EG-1.0
o - = EG-2.0
£ 60 s PEGA00-1.0
+++ PEG400-2.0
40 == PEG2000-1.0
- = PEG2000-2.0
204
0 Y T T T T T

0 10 20 30 40 50 60 70 B8O 90 100
Time (hours)
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h of AAS hydration.

reduction, because beyond the critical SRA concentration, further
decrease in surface tension with increasing dose of SRA is very
low [10,15,19]. However, according to obtained results, the drying
shrinkage was reduced by all tested PEGs, despite they were not
miscible with the waterglass solution (Fig. 9). A possible explana-
tion could be that the SRA molecules are expelled to the liquid-
vapor interface, where they can act as an interphase between the
pore solution and ambient vapor phase, and thus reduce the sur-
face tension and shrinkage. Another and perhaps more likely
explanation of the shrinkage reduction could be that the SRA mis-
cibility with pore solution increases during the alkaline activation
as the consequence of consuming silicate species introduced into
the system with sodium silicate activator, particularly during the
primary C-S-H gel formation. Unfortunately, there is no informa-
tion about the miscibility of SRAs with activating solution in the
literature focused on their influence on AAS |6-8], which does
not allow further discussion. Nevertheless, as was already men-
tioned, the trend of the shrinkage development of AAS with and
without SRAs in these studies is similar compared to present work,
i.e. decreasing efficiency of SRAs during the drying process. It thus
seems that the SRA behavior in these systems is comparable,
although waterglass with higher silicate modulus (2.1 vs. 0.75-
1.2) and higher dose of activator in most cases (8% Naz0 vs. 4.0,
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Fig. 9. Miscibility and color change of used glycols in activating solution of the
same campasition as for pastes with 2% addition of glycol after 14 days.

5.4 or 8.1% Na,0, respectively) was used in present study, as well
as different curing regime before the start of drying.

Besides the miscibility, the chemical stability of the organic
compounds in highly alkaline environment of AAS is another issue
to be considered. Palacios and Puertas |20 observed the structural
alteration of polycarboxylate-, vinyl copolymer- and melamine-
based superplasticizers in NaOH and waterglass solutions. On the
other hand, SRA based on PPG was stable in both alkaline solutions.
In present study, the chemical stability of PEGs was not investi-
gated in a detail, but as the structure of their molecule resembles
the structure of PPG molecule, similar chemical stability can be
expected. From tested glycols, EG was suspected being the most
reactive in alkaline condition since it is known to polymerize in
alkaline environment. Nevertheless, it was macroscopically stable
in the concentrated activating solution used for paste preparation
even for 14 days (Fig. 9). Unlike in used activating solution it read-
ily reacted in 50% sodium hydroxide solution to form white solid.
Therefore, pH of used waterglass is not high enough to assure
macroscopically observable EG polymerization or other chemical
changes. Surprisingly, it should be noted that PEG400 and

PEG35000 changed color few hours after mixing. The former
turned yellow while the latter turned orange, which could be due
to some degradation of these chemicals, while all other PEGs
remained colorless. This unexpected feature could also be a topic
for further study.

This work was also focused on the effect of EG and PEGs on the
hydration process of AAS by means of isothermal calorimetry. All
pastes, which contained glycols, released less heat than the refer-
ence paste (Fig. 7). Such an influence of organic admixtures (super-
plasticizers) was observed by Jang et al [21] Of course, the
differences in the hydration process are more obvious from the
heat release rate curves (Fig. 8). These curves were similar to those
described for waterglass-activated slag by Shi [22]. The first peak
occurring within the first 10 min was related mainly to the disso-
lution of slag particles {22|. This peak was reduced in presence of
glycols in most cases, but it should be noted that the reproducibil-
ity of this peak is not good. However, further behavior of AAS with
and without chemicals was even more interesting. It was observed
that the changes in calorimetric curves were dependent on increas-
ing molecular weight of PEG: The second peak with maximum
between 45 and 60 min depending on glycol type was associated
with primary C-S-H formation through the reaction of silicon ions
mainly from wateglass and calcium ions released during the slag
dissolution. This peak was strongly reduced and its maximum
delayed by increasing dose of EG, while PEG400 and particularly
PEG2000 did not influence it significantly. On the other hand,
roughly inverse effect of increasing molecular weight on the third
peak was recorded, i.e. its intensity decreased with increasing
molecular weight. Increased dose of chemicals resulted in the
decrease of this peak too, and, at least increasing dose of EG,
slightly delayed this peak. Comparing Figs. 7 with 8 it can be seen,
that the influence of EG and PEGs on the third peak is the main rea-
son for the total heat released reduction in the presence of these
chemicals.
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The calorimetric results suggest, that short EG molecules could
interact with the AAS system during the first tens of minutes or
hours, while longer PEG molecules are able to affect further hydra-
tion stages more extensively. This is prabably the consequence of
higher concentration of hydroxyl groups of EG than in the same
mass unit of PEGs and also EG molecules can be expected being
more mobile. Glycols belong to the group of nonionic surfactants
|15] which means that only a few of many EG molecules can
deprotonate. However. in highly alkaline conditions deprotonation
could be intensified which would open wide range of interactions
with ionic species in the pore solution as well as with hydration
products.

The decreasing intensity of the third peak in the presence of gly-
cols can partially explain lower compressive strength of corre-
sponding mortars as the consequence of reduced formation of
hydration products (C-S-H gel). Also higher air content in the PEGs
containing mortars contributed to slight strength decrease. How-
ever, despite these factors, compressive strength of all the tested
mortars was almost the same as for the reference one.

5. Conclusions

This paper studied the effect of EG and PEG with different
molecular weight on drying shrinkage and other properties of the
waterglass-activated slag. The obtained results showed that while
the compressive strength was influenced by all tested chemicals in
a similar manner, the drying shrinkage gradually decreased with
increasing molecular weight up to 2000. PEG2000 and PEG10000
were found to be the most effective in shrinkage reduction. This
suggests that polyethylene glycols or polyalkylene glycols in gen-
eral are suitable for AAS systems compared to those with low
molecular weight. Different efficiency in shrinkage mitigation of
PEGs was attributed to their more effective surface tension reduc-
tion and changes in pore structure. The polymerization degree of
EG also played an important role during the hydration process of
AAS, where monomeric EG affected more its initial stages of hydra-
tion, while the action of its polymeric forms was more obvious
after several hours.
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In recent years, the use of various non-traditional cements and
composites has increased. Alkali-activated materials, especially
those based on alkali activation of blast-furnace slag, have consid-
erable potential in construction industry. However, alkali-activated
slag binders exhibit significant shrinkage, in some circumstances
several times greater than portland cement-based materials, which
hinders wider use of these materials in numerons applications.
Therefore, the use of specific admixtures suitable for alkali-ac-
tivated systems is necessary. This paper is consequently focused
on testing the efficiency of shrinkage-reducing additives based on
pohpropylene glyeols, as well as their influence on the hydration
mechanism and mechanical properties of prepared atkali-activated
materials.

Keywords: alkali-activated materials; chemical admixtures; shrinkage
reduction.

INTRODUCTION

Either 50 years ago or nowadays, concrete based on
ordinary portland cement (OPC) has been by far the most
widely used construction material around the world. It is
versatile and durable, but also widely available and cheap.!
Nevertheless, the process of OPC production is associated
with a high rate of carbon dioxide emissions, alterations of
the landscape due to the exploitation of quarries, and high
energy consumption required for the clinkerization process.”
Because concrete production continuously increases, it is
necessary to search for some alternative non-clinker binders.
Alkali-activated materials is a file of a wider mosaic towards
sustainable solutions.

From the wide group of these materials, alkali-activated
slag (AAS) is probably the most prospective for construction
purposes because it generates superior mechanical perfor-
mance even at room temperature, particularly when it is acti-
vated by waterglass.? This phenomenon is a consequence of
the presence of dissolved silicates in waterglass. which lead
to the formation of calcium silicate hydrate (CSH) with a
lower Ca/Si ratio and a more cross-linked structure.* Last
but not least, AAS was reported to be equal or even better
than portland cement in terms of durability in aggressive
environments,” behavior at elevated temperatures,® and
interfacial transition zone.’

On the other hand, AAS has some disadvantages consid-
erably limiting its practical application, particularly its rapid
set time® and high autogenous and drying shrinkage.? The
significantly higher shrinkage of AAS compared to portland
cement is attributed to its more refined pore structure.'® the
formation of shrinkage-prone silicate gel,"! and lower creep
modulus of its solid skeleton.'? Previous studies suggest'*13

ACI Materials Journal

that the extensive shrinkage could be solved with the addi-
tion of shrinkage reducing admixtures (SRAs) commonly
used in concrete technology. For more than 30 years, SRAs
have been used to reduce shrinkage of cementitious systems.
They generally belong to group of organic compounds called
surfactants, which are chemical species with amphiphilic
character; that is, they are composed of a hydrophilic head
and hydrophobic chain. The main effect in shrinkage reduc-
tion consists of a decrease in pore solution surface tension.'
Due to the very distinct chemistry of the alkali activation
process compared with the hydration of portland cement, the
efficiency of common SRAs differs. Bilek et al.'” found that
one of the typical chemical compounds (2-methyl-2.4-pen-
tanediol) used in SRAs designed for OPC binders reduces
shrinkage only with a high dosage, which negatively influ-
ences the mechanical properties of AAS concretes. Very
similar results were published by Kalina et al.'$ when they
tested commercial SRA based on oxyalkylene glycols. The
shrinkage was considerably reduced by half with 1.25 wt.%
addition of SRA; however, the same reduction was obtained
in compressive strength development. From the wide range
of non-ionic surfactants, the SRAs with the structure of
polymeric glycols show promising results for their use in
alkali-activated materials. Palacios and Puertas'® reported
that SRAs based on polypropylene glycol reduced both
autogenous and drying shrinkage significantly. Moreover.
the mechanical properties of the specimens with admix-
ture were even better in comparison with reference AAS
samples. Therefore, the effect of different polypropylene
glycols in terms of chemical structure on the shrinkage
behavior, hydration process. and mechanical properties of
AAS samples is essential to study.

RESEARCH SIGNIFICANCE

The main obstacle for wider practical use of alkali-ac-
tivated materials is its significant autogenous and drying
shrinkage. which may cause cracks, resulting in decrease
of mechanical properties and durability. The use of SRAs
has been suggested to reduce both drying and autogenous
shrinkage. Unfortunately, these admixtures are designed
mainly for binders based on OPC. Therefore, the authors
believe that the research focused on the specific chemical
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additives designed especially for alkali-activated systems
could be very helpful for their potential practical applications.

EXPERIMENTAL INVESTIGATION

Alkali-activated blast-furnace slag (BFS) mortars with
different kinds of chemical admixtures (polypropylene
glycols) and three different fractions of siliceous sand were
prepared based on CSN EN 196-1 standard. The mass ratio
between sand and binder was set as 3: 1, while the water-BFS
ratio was calculated to be 0.40. The amount of sodium water-
glass was adjusted to maintain the mass ratio Na,O/BFS at
0.04. Mixing and curing processes were carried out at a labo-
ratory temperature 77°F (25°C) and the specimens were then
stored in the curing chamber with defined relative humidity
(50%). Thus, prepared samples were subjected to compres-
sive strength determination and shrinkage measurements.

Materials

The main material used for alkali activation was blast-fur-
nace slag with Blaine fineness of 1953 ft%/Ib (400 m%*kg).
The XRD analysis of BFS indicated the presence of a great
amount of amorphous phase. The main mineral phases iden-
tified in BFS were melilite and merwinite. The chemical
composition of slag determined by X-ray fluorescence (XRF)
is given in Table 1. The particle size distribution D50 of BFS
determined by laser granulometry in dry state was 2.8 x
10~ in. (~7.0 pm). BFS was activated by sodium waterglass
with a silica modulus of 1.93. The surfactants used as SRAs
were propylene (PG) and polypropylene glycols (PPG) with
different molar weights (PPG 200; PPG 425; PPG 725; PPG
1000} in addition to 0.5% by weight of BFS.

Specimens

For the compressive strength development, specimens of
dimension 1.57 x 1.57 x 6.30 in. (40 x 40 x 160 mm), based
on CSN EN 196-1 standard, were prepared. Each value was
supported by the average of four measurements. The shrinkage
evolution was determined based on ASTM C596. Three mortars
bars 0.98 x 0.98 x 11.22 in. (25 x 25 x 285 mm) of each mixture
were prepared and measured until the age of 28 days. Each
value was supported by the average of three measurements.

ltems of investigation

At the age of 1, 7. and 28 days, specimens were tested for
mechanical properties through the compressive and bending
strength tester Betonsystem Desttset 3310. Length changes
for obtaining the shrinkage evolution were measured in short
time intervals using the ASTM C490 apparatus. Evolution
of hydration heat was monitored by using of TAM Air
isothermal microcalorimeter (TA instruments). Measure-
ments of heat evolution were performed at constant tempera-
ture of 77 = 0.02°F (25 = 0.04°C). When thermal equilib-
rium was achieved, the BFS and the alkali liquid created by
waterglass, water, and SRA were mixed together by injecting
the solution into the 5.3 x 10~ ft} (15 mL) vial and stirred for
3 minutes. The water/BFS, as well as the mass Na,O/BFS,
were the same as in the preparation process of the mortars.
The heat evolution was recorded as heat flow immediately.

Table 1—Physical and chemical compositions of
blast-furnace slag

BFS
Specific gravity 2.95
Blaine fincness, ft/1b 1953
S10s, % 347
AlOs, % 9.1
Ca0. % 41.1
MgO. % 10.5
SOy, % 14
Na:0, % 04
K20, % 09
TiOa, % Lo
MnO, % 0.6
FeaOy, % 03

The total porosity and pore size distribution was deter-
mined by mercury porosimeter Poremaster (Quantachrome
Instruments, USA). The working pressure range was from
0.2 to 33 000 psi (0.14 to 231 MPa) which covered a pore
diameter range from 2.56 x 107 to 3.94 x 107 in. (6.5 to
1000 nm). The measurements were performed with the
following conditions: Hg surface tension was 2.74 x 107
Ibffin. (0.480 N/m); Hg contact angle was 140; and scan
mode was chosen to average from 11 points. Obtained intru-
sion data were normalized by sample weight and volume.

ANALYTICAL INVESTIGATION

It was previously stated that the beneficial effect of SRAs
on shrinkage lies in the reduction of surface tension at the
pore solution/air interface. The surface tension arises thanks
to the aqueous character of the pore solution, where the
molecules interact mutually through the hydrogen bonds
and form a loose three-dimensional network. Molecules at
the surface cannot achieve the same level of molecular inter-
actions compared to the molecules in the bulk and therefore
have an energy excess. The consequence of this effect is that
the liquid squeezes itself together to minimize surface area.
This process is termed surface tension (y) and was deter-
mined through a bubble pressure tensiometer. This analyt-
ical instrument measures the maximum internal pressure of
a gas bubble which is formed in a liquid. According to the
Young-Laplace equation, the internal pressure (p) of a spher-
ical gas bubble depends on the radius of curvature (») and
surface tension

-ﬂ (Pa)
2= (N

When a gas bubble is produced in a liquid at the tip of a
capillary, the maximum internal pressure (P} s measured.
This greatest pressure occurs when the radius of a gas bubble
is equal to the radius of the capillary (r.). As the capillary
is immersed in the liquid. the hydrostatic pressure (pg)
resulting from the immersion depth and the density of the
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Fig. I—Effect of surfactants on surface tension of pore solu-
tion (PG is propylene glycol: PPG is polypropyiene givcol).

liquid must be subtracted from the measured pressure. The
resulting surface tension is then calculated

T=(p...‘—,po)-r, (mlfm?) @)

COMPARISON OF PREDICTIONS AND
EXPERIMENTAL RESULTS

According to the theoretical background, the analytical
calculations predict the relationship between the tail length
of surfactants and surface tension.'? The molecular dynamic
simulation clearly demonstrates that increasing the chain
length makes the surfactants more effective. This model
is also supported by the study of Szleifer et al.,* which
supposed dependence of lateral pressure among hydrophobic
chains and their length. The theory could be simplified and
explained as follows. If the chain length is increased, the
lateral pressure arises and therefore the surface tension
decreases, which is described in the following equation

Y=[(p,—p (2 (3)

The surface is oriented in the z-direction, where p, is the
normal pressure and py(z) is the lateral pressure.!

The experimental data show (Fig. 1) that the surfactants
with higher molar weight, consequently with a longer hydro-
phobic chain, generally show a higher efficiency at low
concentrations. Therefore, a smaller amount of surfactants is
needed to achieve the same reduction of surface tension. The
measured data are completely in agreement with presented
theoretical predictions.

EXPERIMENTAL RESULTS AND DISCUSSION

Surface tension of pore solution

The action of a specific surfactant depends strongly on the
chemical composition of the solution in which it is situated.
In the other words, the aqueous solution may contain ions
that promote the solubilisation and miscibility of surfac-
tants or decrease critical micellation concentration (CMC).
This phenomenon describes Hofmeister series relating in
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Fig. 2—Effect of surfactamt addition (0.5% by weight of
BFS) on shrinkage evolution.

the ability of ions to increase or decrease the solubility of
non-ionic surfactants in electrolyte solution.” Therefore, the
nature of a pore solution of alkali-activated BFS is crucial
for SRA efficiency. Its chemical composition was obtained
by ICP-OES 24 hours after from mixing, thus the same time
as shrinkage measurement was started.

The surface tension of synthetic pore solutions with
different glycols is shown in Fig. 1. The higher content
of surfactants in the solution causes a decrease in surface
tension until reaching a plateau. In the case of polypropylene
glycols, the critical micellation concentrations correspond to
surface tension in the range of 2.28 x 10™ to 3.14 x 107
Ibffin. (40 to 55 mJ/m?). The presented results suggest that
the surfactant PPG 1000 reduces the surface tension the
most because its molecular weight is the highest. The other
glycols achieved worse results in surface tension reduction
as was expected, based on the theoretical background.

Factors affecting shrinkage evolution

Figure 2 shows that all the used surfactants, dosed at 0.5%
by weight of BFS, are more effective in decreasing shrinkage
evolution compared with the reference sample. However.
the molecular character of the used glycols does play a
significant role on the drying shrinkage evolution. Surpris-
ingly, the length change measurements demonstrate the
highest shrinkage reduction using PPG 200 and the lowest
in the case of PPG 1000. These results clearly indicate that
the ability to effectively decreasing the surface tension may
not be correlated to the shrinkage reduction. There are other
factors that must be taken into consideration.

One of the important things is the miscibility of used
surfactants with aqueous alkali solution, because it is gener-
ally accepted that the critical surfactant concentrations are
formed from the surfactant molecules’ adsorption on inter-
faces and thus, further surface tension reduction is negli-
gible.® In the case of glycols, the micellation related to total
miscibility is controlled by molecular weight, as reported by
Seguin et al.** Higher effective volume of micelles causes
irregular distribution of surfactant in the pore solution, thus
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Fig. 3—Miscibility of surfactants in alkali activator solution (sodium waterglass).
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Fig. 4—Pore size distribution of alkali-activated samples.

resulting in higher shrinkage in certain areas of the alkali
activated system. Figure 3 shows the 0.5 wt.% addition of
used surfactants in alkali activator (sodium waterglass with
a silica modulus of 1.93), where the higher molecular weight
tends to increase the segregation of polypropylene glycols. To
highlight this effect, a drop of phenolphthalein was added to
the solutions. However, during the AAS hydration especially,
silicate ions from activating solution are consumed to form
CSH phase. which leads to increased miscibility of longer
PPGs with pore solution, making them more effective in pore
fluid surface tension reduction as was shown in Fig. 1.
Another impact of SRA is the ability to change the pore
size distribution, which can significantly influence the
drying shrinkage. During the ongoing drying process of
AAS, the diameter of the pores partially filled with water
(that is, with the presence of menisci) decreases until the
equilibrium for a given relative humidity is reached. and
thus capillary stress according to the Young-Laplace equa-
tion (Eqg. (1)) increases, which results in higher shrinkage.
The magnitude of drying shrinkage strongly depends on the
loss of water from small (9.84 x 10~ to 3.93 x 107 in. [2.5
to 10 nm]) and medium (3.93 x 1077 to 1.97 x 107® in. [10
to 50 nm]) capillaries.®® Previous studies'®® suggest that
the alkali-activated BFS binders contain mainly pores in

Table 2—Porosity of alkali-activated samples

Sample (0.5% surfactant Pores in small and
by weight of BFS) Total porosity, % | medium capillarics, %

REF* 15.08 69.89

PG 19.59 7310

PPG 200 2781 5436

PP(G 425 16.83 73.02

PPG 725 19.80 61.26

PPG 1000 1843 76.18

“Reference sample (REF.) did not contain any surfactnl.

the mentioned regions, which is probably one of the main
reasons for higher shrinkage of AAS compared to OPC.

Bilek et al.'” showed that some surfactants strongly retard
the hydration of AAS, which leads to its increased porosity
and coarser the pore size distribution. Similar results were
also observed in the case of the tested glycols (Fig. 4). The
samples with surfactants indicated higher porosity in compar-
ison with the reference sample, particularly in the case of PPG
200 sample, which was the most porous and had a coarser
pore structure as a consequence of the strong retardation
of hydration. The essential factor for the drying shrinkage
behavior is the content of small and medium capillaries in the
total porosity of materials. Table 2 summarizes the percentage
portion of pore sizes within the critical 2.56 x 107 to 1.97
% 107 in. (6.5 to 50 nm) range. If the samples are ordered
according to increasing content of pores in that region, the
following dependence will be achieved: PPG 200 < PPG 725
<REF. <PPG 425 < PG <PPG 1000. This trend is similar with
the extent of shrinkage of measured samples (Fig. 2) except
the reference sample, which did not contain any admixture
reducing surface tension of pore solution. It can be said that
PPG additions influence surface tension reduction and also
possibility their air-entraining effects, which could contribute
to the increased total porosity of PPG containing mixtures.

From the presented shrinkage evolution results follow
that the surfactant action influencing surface tension, pore
size distribution, and miscibility, plays a crucial role in final
shrinkage reduction.

Hydration process
The hydration process of alkali-activated systems with
different kinds of glycols was measured using isothermal
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Fig. 5—Effect of surfactant addition (0.5% by weight of
BFS) on hydration process.

microcalorimetry (Fig. 5). Typical calorimetric curves for
waterglass-activated slag with three peaks as described
by Shi and Day*’ were observed. The first peak occurring
during the first 10 minutes of hydration is always associated
with wetting and dissolution of BFS. From the zoomed area,
it is clear that the second peak, starting after 15 minutes.
which is connected with the gelation of dissolved silica to
formation of primary CSH gel.®® is reduced with the use
of propylene (PG) and polypropylene (PPG 200) glycols,
respectively. The slowing of hydration in case of these
glycols is also well observed on the third peak, associated
with the secondary formation of CSH gel. For the reference
sample, the maximum of this peak occurred after 22 hours of
hydration, but in presence of 0.5% of PG and PPG 200, was
delayed by 6 and 14 hours, respectively. The other surfac-
tants did not affect the alkali activation process significantly.
These results suggest that the polypropylene glycols with
a shorter chain length (for example, PPG 200) are respon-
sible for the lower binder phase creation and create a smaller
amount of capillary pores, resulting in shrinkage reduction.
However, this effect leads to the deterioration of mechanical
properties, which is further discussed.

Mechanical properties

Compressive strength evolution of samples with different
kinds of surfactants is shown in Fig. 6. The measured data
are fully in accordance with previous calorimetry measure-
ments. After 24 hours, there is a decrease in the compres-
sive strength of samples with the addition of PG and PPG
200. This difference is enhanced after 7 days of curing.
The noticeable negative influence of PG and PPG 200 on
compressive strength is probably related to the combination
of their retardation effect and drying after the demolding
process. followed by exposure to dry conditions (50% rela-
tive humidity). This influence started after 24 hours of hydra-
tion—that is, beyond the maximum of the reference main
hydration peak, but significantly earlier than its maximum
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Fig. 6—Effect of surfactants (0.5% by weight of BFS) on
compressive strength evolution.

for PG and PPG 200 occurred, as can be seen from Fig.
5. Due to drying, further hydration was limited and thus,
the hydration degree was lower in these mortars compared
to those without significant retardation effect. The question
about the efficiency of shrinkage reducing admixtures is well
answered after 28 days. Similar to the reference specimens, the
compressive strength of PG and PPG 425 samples remained
almost the same between 7 and 28 days. On the other hand,
the specimens with PPG 200, PPG 725, and surprisingly in the
case of PPG 1000 showed a progressive increase in strength.
Additionally. the surface of reference samples without any
glycols was covered with small visible cracks, which only
confirm the importance of the surfactants usage.

FURTHER RESEARCH

The presented results show that the effect of surfactants in
alkali-activated binders depends on various factors. There-
fore, further research will be focused on the detailed study
of microstructure with different kinds of SRAs. Moreover,
the effort to enhance their efficiency through the synthesis
of specific organic groups into polymeric structure will be
another possible solution. Long-term testing (months and
years) of alkali-activated materials with SRAs within the
meaning of mechanical properties and durability will also
take place.

CONCLUSIONS

In general, polypropylene glycols significantly reduce
surface tension and secem to be suitable for SRAs. The
measured data connected several factors which must be
taken into account:

1. The significant reduction of surface tension leads not
only to effective reduction of shrinkage. Other factors play
an important role, such as the effect of surfactants on the pore
size distribution and miscibility of used shrinkage reducing
admixtures in the alkali activator solution.

2. The microcalorimetry results demonstrate that surfac-
tants with low molecular weight (for example, PG and PPG
200) delay the hydration of BFS, which negatively influence
their compressive strength development.
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3. The behavior of polypropylene glycols investigated
in this study greatly affects shrinkage reduction as well as
compressive strength development.

The presented results suggest that the most usable poly-
propylene surfactant is PPG 725, which exhibits good ability
to reduce shrinkage, does not affect negatively the alkali
activation process, and increases the 28 days compressive
strength compared with reference sample.
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Alkali-activated matrices are suitable materials for the immobilization of hazardous materials such as heavy metals. This paper is
focused on the comparison of immobilization characteristics of various inorganic composite materials based on blast furnace slag
and on the influence of various dosages of the heavy metal Pb on the mechanical properties and fixation ability of prepared
matrices. Blast furnace slag (BFS), fly ash, and standard sand were used as raw materials, and sodium water glass was used as an
alkaline activator. Pb(NO;), served as a source of heavy metal and was added in various dosages in solid state or as aqueous
solution. The immobilization characteristics were determined by leaching tests, and the content of Pb in the eluate was measured
by inductively coupled plasma optical emission spectroscopy (ICP-OES). The microstructure of matrices and distribution of Pbh
within the matrix were determined by scanning electron microscopy {SEM) equipped with energy dispersive X-ray spectroscopy
(EDS). Increasing the dosage of the heavy metal had negative impacts on the mechanical properties of prepared matrices. The
leaching tests confirmed the ability of alkali-activated materials to immaobilize heavy metals. With increasing addition of Pb, its

content in eluates increased.

1. Introduction

Heavy metals such as Pb belong to hazardous materials,
which are harmful to the human beings. Lead is highly
toxic element, which attacks mainly the nervous system.
Lead exposure mostly occurs through the ingestion of
contaminated water or food. Therefore, it is important to
prevent its leakage into the environment by stabilization
or solidification of waste materials before their deposition
into the landfill [1]. A possible way on how to immobilize
heavy metals is using alkali-activated materials (AAMs).
AAMs present a broad range of materials (geopolymers,
activated blast furnace slag, etc.), but all of them
are activated by high pH during their preparation. The
AAMs can be divided into two big groups: high-calcium
alkali-activated materials (HCAAMSs) and low-calcium
alkali-activated materials (LCAAMs). HCAAMs are
represented mainly by activated BFS, and LCAAMs are
represented mainly by activated fly ash or metakaolin.
The structure of HCAAM:s consists of the C-A-S-H gel as

a major hydration product. This gel has a similar
structure as the C-S-H gel in hydrated ordinary Portland
cement and is made up of tetrahedrally coordinated
silicate chains, where aluminium is located in the
bridging position instead of silicon. The structure and
composition of the C-A-S-H gel depend on the nature
and concentration of the used activator. AFm-type phases
(NaOH-activated binders), hydrotalcite (BES with high
content of MgO), and zeolites (binders with high content
of Al,O;) are usually formed as secondary hydration
products [2-4].

Heavy metals can be immobilized by two types of
fixation-physical and chemical. Mostly, both types of
immobilization occur together. Physical fixation is linked
with mechanical properties and porosity of the matrix.
Chemical fixation means that there is a chemical bond
between the heavy metal and the matrix. Heavy metals can
be inhibited by transformation into a less soluble form as
well. After alkali activation, the heavy metals usually
occur in the form of silicate or hydroxide [5-7]. The
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Tanre 1: Particle size distribution of raw materials.

x (10%)pum  x (50%)pm  x (90%)um  x (99%) um
BES 0.88 10.73 33.97 59.57
Fly ash 4.18 44.56 236.89 486.20
TasLe 2: The nomenclature of samples.

Mixture Mixture name
BES; 1% Pb added as solid S1
BES; 2.5% Pb added as solid S2
BES; 5% Pb added as solid S5
BES + sand; 1% Pb added as solid Mi
BES + sand; 2.5% Pb added as solid M2
BES + sand; 5% Pb added as solid M5
BES + fly ash; 1% Pb added as solid P1
BES + fly ash; 2.5% Pb added as solid P2
BES + fly ash; 5% Pb added as solid P5
BFS; 1% Pb added as liquid SR1
BES; 2.5% Pb added as liquid SR2
BES +sand; 1% Pb added as liquid MRI1
BES + sand; 2.5% Pb added as liquid MR2
BFS + {ly ash; 1% Pb added as liquid PRI
BES + fly ash; 2.5% Pb added as liquid PR2

TasLe 3: The mixture design of prepared matrices.
BES Matrices with  Matrices with fly

matrices sand ash
BES 100 wt.% 25 wi% 50 wt.%
Fly ash — — 50 wr.%
Sand — 75 wi% —
Activator/binder 8% 8% 8%
Water/binder 0.33 042 0.33

immobilization of heavy metals within AAMs can be
influenced by various factors, such as the composition of
the matrix, the type of alkaline activator, the immobilized
heavy metal, and the leaching medium [8, 9]. Previous
researches proved that Pb reached high efficiency of
immobilization in AAMs, but there is only little in-
formation about the influence of Pb dosage on immobi-
lization characteristics of AAMs {10-13].

The aim of this work was to compare the ability of
three different alkali-activated matrices based on BFS to
immobilize Pb within their structure. The influence of
different Pb dosages on the immobilization efficiency was
also investigated.

2. Materials and Methods

2.1. Materials, Sample Preparation, and Leaching Tests. BFS
and high-temperature fly ash were used as raw materials. The
particle size distribution of both raw materials is listed in
Table 1. Liquid sodium silicate with the SiO,/Na,O ratio of
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Frgure I: Compressive strength of prepared matrices (28 days).

1.85 served as an alkaline activator. As fine aggregates, three
different fractions of siliceous Czech standard sand com-
plying with CSN EN 196-1 were used (the mass ratio of the
fractions was 1:1:1). Pb was used in the form of Pb(NQ3)-.

Three types of matrices were prepared. The first one
was based only on BFS. In the second one, 50 wt.% of BFS
was replaced by fly ash. And the third one consisted of BFS
and standard sand. The sample nomenclature and the
mixture designs are listed in Tables 2 and 3, respectively.
Pb was added in the dosages of 1, 2.5, and 5 wt.% to binder
mass and was added in two ways: as a solution and
as a solid. In both cases, the water-to-binder ratios were
the same.

The whole mixing procedure took four minutes. In the
beginning, all materials without aggregates were put
together and sand, if needed, was added after 30s of
mixing. The samples were cast in steel molds measuring
20 x 20 x 100 mm. All analyses were performed after 28
days of moist curing (98% relative humidity) at labo-
ratory temperature (23 £ 2°C).

The leaching tests were based on CSN EN 12457-4. The
demineralized water served as leaching agent. The
solid/liquid ratio was 1: 10, and the mixture was agitated for
24 hours. After the leaching time ended, the mixture was
filtered by a membrane filter with the pore size of 0.45 um,
and the concentration of Pb in solution was determined by
ICP-OES.

2.2. Methods. The compressive strength was measured
according to the CSN EN 196-1 using Betonsystem Desttest
3310. To determine the porosity, prepared matrices were
investigated by mercury intrusion porosimetry using
Quantachrome instrument PoreMaster 33. The surface
tension of mercury was 480 mN/m, and the contact angle
was 140" based on the recommendation. The pore sizes were
determined in the range from over 170 gm to 0.0064 gm. The
ICP-OES data were obtained using Horiba Jobin Yvon
Ultima IT Spectrometer. The parameters of measurement
were as follows: RF power, 1350 W, gas, argon; plasma gas,
13Lmin~'; auxiliary gas, 0.1Lmin™"; nebuliser gas,
0.85 L-min~"; plasma view, radial; nebuliser, Meinhard; and
nebuliser pressure, 3 bar. The scanning electron microscopy
(SEM) and the energy dispersive X-ray spectroscopy (EDS)
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TasLe 4: Compressive strength of prepared matrices {7 days).

Mixture S1 S2 S5 M1l M2 M5 Pl P2

MPa 623 61.8 58.3 75.0 74.8 59.7 56.7 49.7

Mixture P5 SR1 SR2 MR1 MR2 PR1 PR2 —

MPa 40.1 55.4 53.2 70.5 76.3 50.3 52.7 —

Tasre 5: The porosity of matrices.

Total intruded volume (cm®/g) Pl P5 PR1 M1 M5 MR1 S1 S5 SR1

& 0.130 1.312 0.117 0.034 0.050 0.036 0.022 0.035 0.023

analyses were performed using Zeiss EVO LS 10 equipped
with an Oxford X-Max 80 mm? detector in the backscat-
tering mode. The working distance for all samples was
12mm and the accelerate voltage was 30kV. All samples
were sputtered by carbon to obtain good surface
conductivity.

3. Results and Discussion

3.L Compressive Strength. The compressive strength of
prepared matrices is shown in Figure 1 and Table 4.
Following the results, the type of matrix had the highest
influence on the compressive strength. The highest values
had the matrix with aggregates, and the lowest values
reached the matrix with fly ash. The results correspond
with the findings in literature that, by replacing BFS with
fly ash, the compressive strength decreases [2]. No clear
behavior correlation was observed between the Pb
dosage amount and mechanical properties. Increasing
the dosage of Pb from 1 up to 2.5 wt.% led, in some cases,
to the compressive strength increase and in some cases to
the strength decrease. The addition of 5 wt.% of Pb
caused the decrease of compressive strength in all types
of matrices.

3.2. Porosity. The porosity of the prepared materials
depended mainly on the type of the matrix. The total po-
rosity of chosen samples is listed in Table 5. The matrix with
fly ash showed the highest porosity. High-temperature fly
ash consists of spherical particles, which can be filled in with
similar smaller particles or can be hollow. Hence, partially
reacted fly ash particles increased the porosity. The lowest
porosity was observed in the matrix based on BFS. Itis due to
a very compact microstructure of this matrix, which was
confirmed by SEM analysis (Figure 2). The dosage of Pb
influenced the porosity of matrices too. The total porosity of
matrices increased with increasing Pb content. As can be
seen in Figure 3, around the areas, where Pb was cum-
mulated, the matrix was not compact and the cracks and
pores were formed. This caused the increase in porosity.
The state of Pb addition—liquid/solid—did not affect the
porosity.

3.3. Leaching Tests. To determine the efficiency of Pb im-
mobilization, the leaching test based on CSN EN 12457-4

Figure 3: The microstructure of S2 matrix.

was performed. This test serves to determine whether the
material is suitable for landfilling and whether it does not
represent any hazard for the environment. Figure 4 shows
the concentration of Pb in eluates from the prepared
matrices. The immobilization of Pb in all matrices was very
high and reached up to 99%. The results correspond with
previous research and correlate with the total porosity of
the matrices [11]. The highest Pb release occurred from
matrices with fly ash, which also had the highest porosity
and the lowest mechanical properties. The dosage of Pb had
the influence on immobilization too. With increasing Pb
addition, the content of Pb released into the leaching
medium increased as well. It should be taken into con-
sideration that when the Pb addition rose five times, the
release increased only maximally three times. The efficiency
of Pb immobilization was better with higher dosages of Pb.
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Figure 4: Concentration of Pb in eluates from matrices.
Tasce 6: The pH of eluates from matrices.
Mixture S1 S2 S5 M1 M2 M5 P1 P2
pH 11.52 11.89 11.77 1132 11.29 1115 11.63 160
Mixture P5 SR1 SR2 MRI1 MR2 PRI PR2 —
pH 1151 11.89 11.88 11.31 11.31 11.63 11.58 —
TanLe 7: EDS analysis of §2 matrix.
Area l
Element (o} Na Mg Al Si Ca Pb — — — —
Atomic (%) 57.85 329 0.76 0.95 1232 1.64 23.20 — — — —
Area 2
Element o] Na Mg Al St Ca Ph S K Ti Mn
Atomic (%) 58.13 4.62 393 3.00 15.23 12.80 0.97 0.88 019 0.07 0.18
TasLe 8: EDS analysis of P2 matrix.
Area 3
Element (e} Si Ca Al Pb —_ — — — —
Atomic (%) 8161 395 3.6l 1.03 9.79 — — — — —
Area 4
Element (o} Si Ca Al Pb Na Mg K Ti Fe
Atomic (%) 59.10 18.91 5.6 7.57 0.12 4.89 L86 0.57 0.30 0.72

The pH of eluates is listed in Table 6. The matrices with sand
reached the lowest pH, because they contained the smallest
amount of the binder. The presence of fly ash led to the
decrease of pH. The highest dosage of Pb (5 wt.%) caused
the decrease of pH as well.

3.4. SEM. The SEM analysis showed three different mi-
crostructures depending on the type of matrix. The samples
§2, P2, M2, and SR2 were investigated. The matrix based on
BFS had a compact structure with unreacted particles of
BFS and hydration products between them (Figure 3, Area 2;
Table 7). A similar structure was observed in the matrix
containing fly ash, but moreover, unreacted particles of fly
ash were identified. The addition of fly ash led to the in-
crease in the content of Si and Al and the decrease in the

content of Ca (Table 8). A quite different microstructure
occurred in the matrix with aggregates. The unreacted
aggregates filled the major area of the sample and in be-
tween them there was the matrix with the same compo-
sition as observed in the S2 sample (Figure 5, Table 9, and
Area 6). The aggregates were composed of quartz (Table 9
and Area 7).

When Pb was added as a solid, it behaved in the same
manner in all types of matrices. Pb was cumulated in pores
and formed specific structures (Figures 3, 5, and 6). These
structures consisted mainly of Pb and O. It can be assumed
that Pb transformed into its insoluble salt Pb{OH), after the
alkali activation. These findings correspond to previous
research [I14]. Minor amount of Pb was dispersed
throughout the matrix. A quite different situation came up
with the addition of Pb as a solution. Pb was dispersed
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Figure 5: The microstructure of M2 matrix.
TasLe 9: EDS analysis of M2 malrix.
Area s
Element (e} Si Ca Pb — — — — = - i
Atomic (%) 73.26 7.61 521 13.92 — — — — — — —
Area 6
Element o] Si Ca Pb Na Mg Al S K Ti Mn
Atomic (%) 59.02 15.38 12.87 014 393 417 352 0.44 0.21 0.13 0.19
Area 7
Element ] Si — — — — — — — — —
Atomic (%) 63.65 36.35 — — — — — — — — -—
Figure 6: The microstructure of P2 matrix.
TasLe 10: EDS mapping of SR2 matrix.
Element (e} Si Ca Al Pb Na Mg K Ti Mn
Atomic (%) 58.96 15.39 13.06 3.08 0.27 4.65 3.86 0.18 0.07 0.15

equally throughout the matrix and did not create any specific
structures (Figure 2, Table 10).

4. Conclusions

The immobilization of Pb in three different matrices was
investigated. All matrices showed good ability to im-
mobilize Pb. The increase in the Pb dosage led to the
increase of Pb concentration in eluates, but the immo-
bilization efficiency remained up to 99% in all cases. After

the alkali activation, Pb formed its insoluble salt Pb
(OH),. Both the compressive strength and the porosity
were influenced by the Pb dosage. The decrease of me-
chanical properties after the addition of higher Pb dosage
(5 wt.%) was observed. The concentration of Pb in eluates
correlated with the porosity: when the porosity was
higher, more Pb was released in eluates. It can be assumed
that Pb was fixed by physical fixation, which was linked
with the mechanical properties of matrices. Pb was also
well immobilized, thanks to the formation of its insoluble
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salt. There was a difference in Pb behavior when added
either as a solid or as a solution. In the case of solution, Pb
was dispersed throughout the matrix equally, but when
added as a solid, it formed specific structures, which
cumulated in pores.
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Abstract: The fixation of heavy metals (Ba, Cu, Pb) in an alkali-activated matrix was investigated.
The matrix consisted of fly ash and blast furnace slag (BFS). The mixture of NaOH and Na-silicate
was used as alkaline activator. Three analytical techniques were used to describe the fixation of heavy
metals—X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) equipped with
energy dispersive X-ray spectroscopy (EDS), and X-ray powder diffraction (XRD). All heavy metals
formed insoluble salts after alkaline activation. Ba was fixed as BaSOy, and only this product was
crystalline. EDS mapping showed that Ba was cumulated in some regions and formed clusters. Pb
was present in the form of Pb(OH)> and was dispersed throughout the matrix on the edges of BFS
grains. Cu was fixed as Cu(OH); and also was cumulated in some regions and formed clusters. Cu
was present in two different chemical states; apart from Cu(OH),, a Cu—O bond was also identified.

Keywords: fixation; alkali-activated materials; X-ray photoelectron spectroscopy; heavy metals

1. Introduction

Heavy metals are a significant part of various industrial and chemical waste materials, which can
be a serious environmental threat. Waste materials with heavy metal content are processed by the set
of procedures called stabilization/solidification. During these procedures, many different materials
such as concrete and glass are used. In the past few decades, a new material for the inhibition of
hazardous materials was used—alkali-activated material (AAM) [1,2].

The history of AAMs began in 1940s, when Kiihl [3] and later Purdon [4] used an alkali
activator for the activation of blast furnace slag. Nowadays, AAMs include broad types of
materials—blast furnace slag, metakaolin, fly ash, etc. However, AAMs can vary in chemical or
phase composition, and an alkali activator (high pH) is always used during the preparation of them.
The main difference among AAMs is the content of calcium. AAMs can be divided into the groups
of high-calcium alkali-activated materials (HCAAMSs) and low-calcium alkali-activated materials
(LCAAMs). HCAAMs are represented by alkali-activated blast furnace slag (BFS) or other types
of slag (steel, phosphorus, copper, nickel, etc.). The C-S5-H and C-A-5-H gels are assumed to be
the main hydration products of alkali activation of HCAAMSs. This gel has a similar structure like
disordered tobermorite-like C-5-H(I) type and AlO, tetrahedra enable the extension or crosslinking of
the silicon chains. The secondary hydration products are formed depending on the composition of blast
furnace slag and used activator. AFm type phases were identified when using NaOH as the activator,
hydrotalcite was identified in activated slags with a high amount of MgO, and zeolites were identified
in BFS with a high amount of Al,O; [5-10]. A considerably different structure is present after the alkali
activation of LCAAMSs. The structure can be described as a disordered cross-linked aluminosilicate
network, which consists of SiO, and AlOj tetrahedra linked by oxygen atoms. The negative charge
of AlQ; is balanced by the presence of a positive ion in the structure. Usually Na* or K* serve as

Materials 2016, 9, 533; doi:10.3390/ma®%070533 www.mdpi.com/journal /materials
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the charge-balancing ions, but Ca?*, Ba?*, Mgz", and NH** can also occur. In fact, the structure of
LCAAMs is very similar to the structure of zeolites [5,11,12]. The main reaction product of the alkali
activation of the mixture of both types of AAMs (BFS and fly ash) is the N-A-S-H type gel. The gel is
actually of a C-S-H type with a high concentration of tetrahedrally coordinated Al and an interlayer
of Na ions incorporated into its structure [13].

The ability of AAMs to immobilize heavy metals and other hazardous materials in their structure
has been investigated since the second half of the last century. The efficiency of the inhibition of
heavy metals and other hazardous materials within AAMs depends on more factors including the
type of immobilized material, its dosage, the type of matrix, the nature of alkaline activator, and its
concentration. In general, Pb, Zn, Cr, and B reach a high efficiency of immobilization in AAMs, as
opposed to Cu, Cd, and As, which have worse inhibition results. There are two different ways of
how to fix heavy metals in the matrix—physical and chemical. Often, both of these types occur at the
same time. The physical immobilization of heavy metals is the same in AAMs as in other binders
(e.g., ordinary Portland cement). The physical immobilization is linked with the mechanical properties
of matrix and its porosity. The chemical fixation means bonding with newly formed alumino-silicate
phases. Some metals are fixed by forming insoluble salts, mainly hydroxides or silicates [14-29].

The aim of this study was to describe, how heavy metals (Ba, Pb, Cu) are fixed within the matrix
based on the alkali-activated mixture of fly ash and BFS, what their chemical state is, and how they
are distributed in the matrix. The description of form and chemical state of heavy metals after the
activation was enabled by using a modern analytical method—X-ray photoelectron spectroscopy.

2. Materials and Methods

2.1. Sample Preparation

Blast furnace slag and high-temperature fly ash were used as raw materials. Their chemical
composition is shown in Table 1. The mixture of NaOH and Na-silicate (weight ratio Si02:Na,0O—3.1;
wt % Si0>—27.3) was used as the alkaline activator. Heavy metals were used in the form of Ba(NQOz)»
p- a., Pb(NO3)2 p. a., and CuCly-2H0 p. a. They were added as solids in the dosage of 2.5 wt % of
binder. Finally, three matrices with added heavy metals were prepared—one matrix for each heavy
metal. Demineralized water was used throughout. The composition of matrices is listed in Table 2.
The preparation of the matrix started with the mixture of all solid compounds together for 5 min,
followed by the adding of the alkaline activator and mixing for another 5 min. After mixing, the
samples were cast in steel molds measuring 20 x 20 x 100 mm? and vibrated for 90 s. All analyses
were performed after 28 days of open curing at ambient conditions.

Table 1. Chemical composition of fly ash and BFS (wt %).

Fly Ash

Si0:  ALO; CaO NaO KO MgO S04 FesO3  TiOs P>0sg
5030 27.70 3.84 0.76 267 115 0.87 10.40 145 0.28

Blast Furnace Slag

5102 A1203 CaO N s 8] K20 MgO 303 Fe203 TiOz
3470 9.05 41.1 041 0.90 105 146 0.25 096

n

c X
UIO

Table 2. Composition of matrices (wt %).

Slag Fly ash NaOH Na,0.Si0; Water Ba, Pb, Cu
15.6 574 6.1 6.2 12.2 25
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2.2. Methods

The X-ray photoelectron spectroscopy (XPS) analyses were carried out with an Axis Ultra DLD
spectrometer (Kratos Analytical Ltd., Manchester, UK) using a monochromatic Al Ka (hv = 1486.7 eV)
X-ray source operating at 150 W (10 mA, 15 kV). The spectra were obtained using the analysis area of
~300 x 700 um. The Kratos charge neutralizer system was used for all analyses. The high-resolution
spectra were measured with the step size of 0.1 eV and 20 eV pass energy. The instrument base
pressure was 2 x 107° Pa. The spectra were analyzed using the CasaXPS software (version 2.3.15)
(Casa Software Ltd., Teignmouth, UK) and were charge-corrected to the main line of the carbon C
1s spectral component (C-C, C-H) set to 284.80 eV. Standard Shirley background was used for all
sample spectra.

The scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) analyses
were performed using a JEOL JSM-7600F (JEOL Ltd., Tokyo, Japan) scanning electron microscope
equipped with X-Max 80 mm? SDD detector in back-scattering mode. The working distance for all
samples was 15 mm, the accelerate voltage was 15 kV, and the probe current was 1 nA. Prior to the
SEM analysis, all samples were polished for 6 h by a cross-section polisher JEOL (JEOL Ltd., Tokyo,
Japan). All samples were sputtered by gold to obtain good surface conductivity.

The X-ray powder diffraction (XRD) data were obtained using a PANanalytical Empyrean
(PANanalytical B.V., Almelo, The Netherlands) diffractometer with CuKa radiation (1.54 A) operating
at the voltage of 40 kV, and the current of 30 mA and equipped with 3D detection system PIXcel3D
(PANanalytical B.V., Almelo, The Netherlands). All samples were step-scanned from 5° to 90° 28
using vertical high-resolution goniometer with a step size of 0.013° 26. Time per step was 96 s.
The variable slits with an irradiated length of 10 mm were used. Presented X-ray patterns have an
original background that has not been subtracted.

3. Results and Discussion

3.1. XPS

The XPS results show the chemical state of examined elements (Pb, Ba, Cu). In the case of lead,
the high-resolution spectrum gives the binding energy of 138.6 eV for Pb 4f;; line (Figure 1), typical
for Pb(OH)>. The conversion of primary phase Pb(NO3)» to hydroxide will probably take place in the
same way as in the hydration of Portland cement. This salt forms insoluble hydroxide in an alkaline
solution and may form a coating on the cement (blast furnace slag) particles, which can be observed
in Figure 6. There is no evidence that the lead compound creates highly insoluble Pb3SiO5 as in the
system of alkali-activated fly ash in Palomo et al.’s study [29].

Pt

L L Ll L] Ll L]
148 148 144 142 140 138 135 134
binding energy (V)

Figure 1. X-ray photoelectron spectroscopy (XPS) spectrum of Pb.
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The Ba 4d spectrum (Figure 2) demonstrates the creation of BaSO; with a binding energy of Ba
3ds/2 of 780.0 eV, which is consistent with the EDS analysis.

L \: 1 ) L) ¥ 1 o, T 1{ 1 o, T
800 756 792 788 784 780 776
binding energy (eV)

Figure 2. XPS spectrum of Ba.

Finally, the XPS spectrum of Cu 2p (Figure 3) shows two different chemical states. The first Cu
2p3;2 component at 934.8 eV with a strong shake-up satellite belongs to Cu(OH),. Shake-up peaks
may occur when the outgoing photoelectron simultaneously interacts with a valence electron and
excites it to a higher-energy level. The kinetic energy of the shaken-up core electron is then slightly
reduced giving the satellite structure a few eV below (higher on the calculated binding energy scale)
the core level position [30]. It should be noted that the determination of Cu(OH); also depends on
the peak shape and main peak to shake up peak separation. The second Cu 2p;;, peak at 932.7 eV
represents the bond of Cu with O. That can be interpreted as the formation of copper oxide or the
formation of the bond with the matrix.

Cu2p,,
|

Cu2p .

ﬁ
shake-up salellies fr"‘\‘ I|

f 4

x ~] shake-up satelltes
g s

W,
“\mh\-.,-u‘" . ‘.’l A

T

I | ¥ 1 1 ' v 1 1 ks 1 R Bl
965 960 55 950 945 940 935 230
binding energy (eV}

Figure 3. XPS spectrum of Cu.
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3.2. SEM

The microstructure of prepared matrices with heavy metals was characterized by the SEM analysis.
The regions containing heavy metals were investigated with EDS analysis. In all images, remaining
particles of fly ash and grains of BFS are evident. High-temperature fly ash consists of spherical
particles of various sizes. Some of them can be hollow, and smaller particles are encapsulated in bigger
ones in many cases. BFS is represented by grains of irregular shape. The remaining space is filled by
alumino-silicate gel.

Figure 4 shows the SEM image of the prepared matrix. The light structure in the middle of
the image represents the area with a high amount of barium. Performed EDS analysis determined
barium, sulfur, and oxygen as the main components of the structure (Table 3). Their molar ratio of
1:1:4 responds to BaSOjy. These results correspond with the XPS analysis. BaS04 was also identified by
the XRD analysis. Subsequently, the mapping of chemical elements within the matrix was performed.
The mapping (Figure 7) showed that Ba cumulated in some bigger areas such as BaSOy, rather than
being dispersed uniformly throughout the matrix. Unlike Cu and Pb, Ba did not form hydroxide
because of the good solubility of Ba(OH),. The sulfates originated from raw materials due to the fact
that the chemical composition of both fly ash and blast furnace slag contained a sufficient amount of
sulphur to form BaSOy.

Figure 4. Scanning electron microscopy (SEM) image of the region with fixed barium, magnitude 2000x.

Table 3. Energy dispersive X-ray spectroscopy (EDS) analysis of the Ba cluster (atom %).

(8] Na Si S cl K Ca Fe Ba
62.86 0.59 1.96 14.44 1.76 1.12 0.32 0.59 16.36

3

In Figure 5, the SEM image of the area with cumulated Cu is displayed. It can be seen as “foggy”
lighter structure of irregular shape in the central part of image. The prevailing components are
Cu and O (Table 4). The molar ratio of 1:1.6 shows Cu(OH), as a possible reaction product of Cu.
This assumption was proved by the XPS analysis. No Cu(OH), was identified by the XRD analysis.
It indicates a non-crystalline character of Cu(OH),. The mapping showed similar results as in the case
of barium. Cu tends to cumulate in small areas of Cu(OH), rather than being dispersed throughout
the matrix. The difference of distribution between barium and copper is that copper forms a higher
number of smaller clusters.
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Figure 5. SEM image of region with fixed Cu, magnitude 7000x.

Table 4. EDS analysis of the Cu cluster (atom %)

(o] Al Si Cl Ca Fe Cu Pb
55.8 0.87 6.91 131 0.34 0.28 33.79 038

Figure 6 shows the detail of a grain of BFS. A coating of small particles are visible on the edges of
the grain. The EDS analysis proved that the coating contained Pb (Table 5). The particles are supposed
to be formed of Pb(OH); according to XPS analysis. Unlike both previous elements, Pb did not
cumulate in larger clusters of Pb(OH),, but it seems to be dispersed throughout the matrix (Figure 7).
The reason that Pb did not form bigger clusters could be caused by the smaller amount of Pb atoms
in the matrix. All metals were added in wt %, so the amount of Pb atoms in the matrix is the lowest,

because of its superlative molar weight.

Figure 6. SEM image of P’b coating on the BFS grain, magnitude 4000x.
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Table 5. EDS analysis of the Pb coating (atom %).

8] Mg Al Si S K Ca Ti Fe Cu Pb
5836 548 564 2008 058 329 425 028 057 042 104

Figure 7. EDS mapping of Ba, Cu, and Pb in the matrix.

3.3. XRD

The XRD analysis identified only one crystalline compound of fixed heavy metals—BaSO;.
The XRD patterns of the alkali-activated matrix are shown in Figure 8. The patterns of BaSO; are
described, the rest of the patterns belongs to the phases of the matrix (quartz, mullite, merwinite,
calcite, magnetite) and to NaCl. No compounds of Pb and Cu were identified by XRD, since they are

fixed in the amorphous phases.
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Figure 8. X-ray powder diffraction (XRD) patterns of the alkali-activated material (AAM) matrix with

heavy metals.

4. Conclusions

The fixation of three heavy metals—Ba, Pb, and Cu—in alkali-activated matrices based on blast
furnace slag and fly ash was examined. The XPS analyses proved that all metals formed insoluble
salts—BaSOy, Pb(OH); and Cu(OH);—after alkaline activation. Only Cu was present in matrices in
two different chemical states; apart from Cu(OH)z, a Cu-O bond was also identified. Both Pb(OH)>
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and Cu(OH); were present in an amorphous or semicrystaline form, which could not be identified by
XRD. The distribution of heavy metals within the matrices was quite different. Ba and Cu were not
dispersed throughout the matrix evenly and were cumulated in some regions. On the other hand, EDS
mapping showed that Pb did not form clusters and was present as a coating on the edges of grains
of the blast furnace slag in the whole matrix. The results show that the metals were fixed mainly by
encapsulation in the matrix and forming insoluble salts. Only in the case of Cu can the formation of
some chemical bond with newly formed phases after alkali activation be assumed.
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The following abbreviations are used in this manuscript:
BFS blast furnace slag

XPS X-ray photoelectron spectroscopy

SEM scanning electron microscopy

EDS energy dispersive X-ray spectroscopy
XRD X-ray powder diffraction

AAM alkali-activated material

HCAAMs  high-calcium alkali-activated materials
LCAAMSs low-calcium alkali-activated materials
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Abstract: Significant drying shrinkage is one of the main limitations for the wider utilization of
alkali-activated slag (AAS). Few previous works revealed that it is possible to reduce AAS drying
shrinkage by the use of shrinkage-reducing admixtures (SRAs). However, these studies were mainly
focused on SRA based on polypropylene glycol, while as it is shown in this paper, the behavior
of SRA based on 2-methyl-2,4-pentanediol can be significantly different. While 0.25% and 0.50%
had only a minor effect on the AAS properties, 1.0% of this SRA reduced the drying shrinkage
of waterglass-activated slag mortar by more than 80%, but it greatly reduced early strengths
simultaneously. This feature was further studied by isothermal calorimetry, mercury intrusion
porosimetry (MIP) and scanning electron microscopy (SEM). Calorimetric experiments showed that
1% of SRA modified the second peak of the pre-induction period and delayed the maximum of the
main hydration peak by several days, which corresponds well with observed strength development
as well as with the MIP and SEM results. These observations proved the certain incompatibility
of SRA with the studied AAS system, because the drying shrinkage reduction was induced by the
strong retardation of hydration, resulting in a coarsening of the pore structure rather than the proper
function of the SRA.

Keywords: alkali activated slag; shrinkage reducing admixture; shrinkage; hydration;
microstructure; retardation

1. Introduction

Ordinary Portland clinker or cement (OPC)-based binders are probably the most common in
concrete production. OPC is a traditional and versatile binder but, on the other hand, its manufacturing
consumes great amounts of energy and significantly contributes to the global emissions of greenhouse
gases. Approximately one ton of CO; is released per one ton of cement produced [1]. Therefore,
it is necessary to search for some alternative binders such as calcium aluminate cements, calcium
sulfoaluminate cements or supersulfated cements [2]. Another possible way is the formulation
of alkali-activated binders, usually based on blast furnace slag (BFS), fly ash (FA) or metakaolin [3].
According to Duxson ef al. [4], geopolymers can provide approximately 80% reduction of CO, emissions
compared to OPC.

AAS-based materials seem to be promising for practical applications. Naturally, their properties
are often compared to those of OPC-based materials. In general, AAS can be equal to or even better
than OPC in terms of mechanical strength [5], durability in aggressive environments [6-8], behavior
at elevated temperatures [9-11] and interfacial transition zone [12]. However, AAS-based materials
also have some drawbacks, especially their complicated workability improvement by conventional
superplasticizers designed for OPC [13,14], rapid setting [15] and high shrinkage [15,16].
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Shrinkage of AAS can be classified into drying shrinkage, autogenous shrinkage and carbonation
shrinkage [17]. The considerably higher shrinkage of AAS compared to that of OPC is mostly attributed
to the significantly higher mesopore content in AAS binders [18] and the different nature of C-5-H
or C-S-A-H gel [19]. Autogenous shrinkage can be regarded as the macroscopic result of the effects
of chemical shrinkage and self-desiccation [20]. Lee ef al. [21] stated that self-desiccation is the main
reason for the autogenous shrinkage of AABFS/FA. Shrinkage during drying originates from the two
mechanisms of capillary suction and disjoining pressure. The former dominates for pore diameters
higher than 10 nm, while the latter becomes more important for a very fine porosity [22].

Recently, many various efforts to reduce the shrinkage of AAS were made, such as the partial
replacement of BFS by mineral additives such as FA [21,23-25] and silica fume [23] or a combination
of these [23], initial curing at elevated temperature [26-29], internal curing [30], use of fibers [31-33]
and utilization of some expanding admixtures [34-36]. The most effective seem to be the partial
replacement of slag by silica fume and heat curing prior to dry air exposure. However, heat curing
means additional energy consumption and is restricted mostly to the precast production. Moreover,
volume changes during the heat curing stage are not always measured, despite the fact that they can
noticeably contribute to the total shrinkage, particularly under sealed conditions.

Another possibility of shrinkage mitigation is provided by SRAs. The use of these admixtures
in order to reduce both autogenous and drying shrinkage of OPC-based matrices is relatively well
established [37-41] and such admixtures are commercially available. The beneficial effect of SRAs
is attributed mainly to the decline of the surface tension of the pore water. Only a few studies
investigating the influence of these admixtures, designed originally for OPC systems, on properties of
AAS were reported: Puertas and Palacios [42] reduced both autogenous and drying shrinkage of AAS
by using SRA based on polypropylene glycol. Significantly higher shrinkage reduction was observed at
99% relative humidity than at 50% relative humidity. Better results for moist curing than for dry curing
were reported by Bilim ef al. [43), also using SRA based on polypropylene glycol. Bakharev et al. [44]
significantly reduced shrinkage by using some nonstandard SRA and then reduced it even more by
using an air-entraining admixture, which was recommended for use in AAS concrete, as it greatly
improved workability.

Despite the great effort and promising results mentioned above, shrinkage is still regarded as the
main limiting factor for the practical use of AAS. The aim of this paper is to investigate the effect of
different types of SRAs from those mentioned above not only on the shrinkage of AAS, but also on its
other properties such as microstructural and strength development.

2. Materials and Methods

2.1. Materials and Sample Preparation

BFS from the Czech production with a volume mean diameter of about 12 um was used as a solid
precursor for the reference binder.

The prevailing amount of amorphous phase was determined by X-ray diffraction as well as the
presence of melilite, merwinite and traces of -C,5 and calcite. The chemical composition of slag
determined by X-ray fluorescence is given in Table 1.

Table 1. Chemical composition of BFS as determined by XRE

Raw Material Chemical Composition wt. %

Si0: A0z GO NaxO K20 MgO SO3  FeaOs T2 MnO
347 9.1 411 04 09 105 14 03 1.0 0.6

BFS

BFS was activated by waterglass with a silica modulus of 1.85 provided by Vodni sklo, a.s. The
amount of waterglass was adjusted to maintain the mass ratio Na;O/slag of 0.04. Commercially
available SRA based on 2-methyl-2,4-pentanediol originally designed for OPC systems was used to
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test its effect on the properties of AAS in amounts of 0.25, 0.50 and 1.0 wt. % of slag. Corresponding
mortars and pastes were marked as SRA0.25, SRA0.50 and SRA1.0, respectively. SRA was mixed with
activating solution just before the slag addition. Specimens with no SRA were also prepared as a
reference (R). The mixture of SRA with activating solution quickly separated into two layers.

Based on the composition described above, both AAS pastes and mortars were prepared. In the
case of the mortars, three different fractions of siliceous Czech standard sand (complying with CSN
EN 196-1) were used as a fine aggregate. The sand-to-binder ratio was 2:1. The water-to-binder ratio
(w/b) was 0.35 for the pastes and 0.40 for the mortars. After the mixing, fresh material was cast into
the steel molds and moist-cured for 24 h. After that, specimens were demolded and water- and /or
air-cured until the time of testing (see following sections). Both mixing and curing was performed at
laboratory temperature.

2.2. Drying Shrinkage Tests
Drying shrinkage tests were based on ASTM C596. After three days of water curing, mortar bars

with dimensions of 25 mm x 25 mm x 285 mm were removed from water and air-cured at laboratory
conditions, i.e., relative humidity of approximately 50% and temperature of 23-25 °C, until the age of
28 days. During this period, relative length changes were measured almost every workday using the
ASTM C490 apparatus. Three samples of each mixture were measured. For comparison, mortars with
0% and 1% of SRA were also water-cured until the age of 28 days and then the relative length changes
during air-curing were measured.

2.3. Mechanical Strength Testing

Flexural strengths were tested on the mortar specimens with dimensions of 20 mm x 20 mm x 100 mm.
Compressive strength tests were performed on the broken parts after the flexural strength tests. Only
water-cured samples were used for the mechanical strength tests. These tests were performed at the
age of 24 h, seven days and 28 days. Three prisms were used for every flexural strength test.

2.4. Isothermal Calorimetry

Influence of SRA on AAS hydration at 25 °C was investigated through isothermal conduction
calorimetry. Slag and mixture of liquid components of the AAS paste were tempered separately inside
the calorimeter, mixed together and mechanically stirred for three minutes. This i sifu mixing enabled
an immediate heat flow measurement.

2.5. Mercury Intrusion Porosimetry

MIP measurements were conducted on the paste samples containing 0% and 1% of SRA at the
age of one, seven, 28 and 56 days. These pastes were moist-cured during the first 24 h and then
cured immersed in water. Before the MIP testing, thin plates with dimensions of approximately
10 mm x 30 mm x 3 mm were sawed from inner parts of the 20 mm x 20 mm x 100 mm prisms and
put into acetone in order to stop hydration until their drying and start of MIP measurement. Three
such plates were used together for one measurement. Pore diameter in the range of 7 nm to 100 pm
was calculated according to the Washburn equation [45] from the pressure required to intrude pores of
a certain diameter. The contact angle between mercury and a pore wall was assumed to be 140° and
the surface tension of mercury was assumed to be 480 mN/m.

2.6. Scanning Electron Microscepy

For the SEM observations in the secondary electron mode the same paste prisms with the same
curing conditions as for the MIP measurements were prepared, but unlike the MIP measurements,
SEM observations were performed on the fracture surfaces. An accelerating voltage of 10 kV was
used. Broken parts of hardened pastes were immersed in acetone in order to stop hydration until the
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time of testing. Then the samples were stuck on a carbon tape and the exposed fracture surfaces were
sputter-coated with gold. SEM tests were performed at the age of 24 h, three, 14 and 28 days.

3. Results and Discussion

3.1. Drying Shrinkage and Weight Loss

The drying shrinkage development depending on the mortar composition and the age of the
samples at the end of water curing (four or 28 days) is presented in Figure 1a. It can be seen that SRA
at the dosages of 0.25% and 0.50% did not markedly affect the drying shrinkage of the plain mortar (R),
but when 1% of SRA was used, shrinkage was reduced by more than 80%. When more mature mortars
were exposed to the atmospheric conditions, there was no difference between the drying shrinkage of
the plain (R-28d) mortar and that containing 1% of SRA (SRA1.0-28d). This indicated that the beneficial
effect of SRA on shrinkage diminished as the time of water curing increased. This may be related
to the leaching of the SRA molecules during the water curing. The leaching phenomenon of SRA in
OPC-based materials was widely studied by Eberhardt [46], where the vanishing of the beneficial
effect of the SRA mobile fraction in the capillary range of humidity was observed. Also, the differences
in microstructural development could be an issue, as will be discussed in Sections 3.4 and 3.5. A
decrease in shrinkage of the reference mortar with a prolonged time of curing is in agreement with
data summarized in [3] and is probably attributed to the maturity of the binder phase.

Days after the removal from water Days after the removal from water
0 5 10 15 20 25 30 0 5 10 15 20 25 30
0.0 1 1 1 1 1 ] 0 1 1 2 1 1 1 3
]
0.1+ i‘
X
23 -0.2 ]|‘ =
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7o e @
g’ _0 4 o "‘ - g)
P e = 2
(5] ~um o
£ -0.51 =
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9 0.6+ =
-0.74
084
—&— R-4d +  SRA0.25-4d —e—SRA1.0-4d —8— R-4d SRA0.25-4d —e—SRA1.0-4d |
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(a) (b)

Figure 1. Effect of SRA on (a) drying shrinkage development and (b) weight loss development during
drying of AAS mortars.

Figure 1b shows the effect of SRA on weight changes during drying. The increasing amount of
SRA resulted in an increase in weight loss, especially during the initial stages of drying. When the
length of water curing was increased, a lower weight loss was recorded for both the plain and the
SRA mortar. The reason is a decrease in porosity and more water incorporated in a binder phase as
a result of the proceeding hydration reactions. However, unlike similar shrinkage of these mortars
after prolonged curing, the weight loss values of 51.0-28d mortar were significantly higher than those
of the R-28d mortar. Higher weight losses of mortars with SRA than those without were observed
also for OPC-based materials and this was explained by the lower liquid saturation for the same
relative humidity induced by the SRA [47]. Contrary to this, Saliba ¢t al. [38] observed lower mass loss
during the drying of concrete with SRA compared to the concrete without, at least during the first 24 h.
Unfortunately, there is a lack of information about the effect of SRAs on the weight loss of AAS in
the literature to compare the obtained results. Nevertheless, as the chemical admixtures are usually
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consumed during the proceeding hydration reactions, it is more likely that the difference after 28 days
of water curing is a consequence of the different porosity of the binder phase. This is also in agreement
with the decrease in strength and the increased volume of the intruding mercury for specimens with
SRA, as will be shown further.

3.2. Flexural and Compressive Strength

The flexural strength development of the water-cured mortars is shown in Figure 2a. It is clear
that even a low amount of SRA resulted in a significant decrease in the flexural strength. This effect
increased with the increasing SRA dosage, especially at early ages. At the age of 28 days, all three
SRA-containing mixtures showed similar flexural strengths whose values were about 30% lower than

that of the reference mortar. For more precise results, more than three specimens of each series should
be tested.

144 140 4

IR R
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() (b)

Figure 2. Effect of SRA on (a) flexural strength and (b) compressive strength development of AAS-based
mortars; error bars correspond to a standard error of the mean.

As can be seen from Figure 2b, compressive strength values showed a similar trend as to
what was observed for flexural strength development, i.e., with an increasing amount of SRA the
compressive strength decreased. This was recorded for all the tested series. While compressive strength
development for the mortars with 0.25% and 0.50% of SRA had a comparable shape to the reference
mortar, the SRA1.0 mortar showed a different rate of strength gain. For up to seven days, the SRA1.0
mortar had a very low compressive strength, but beyond this age, it had the highest strength gain of
all the tested mortars, which may indicate that SRA caused some retardation during the hydration
processes. We observed a similar effect on the compressive strength development of AABFS/FA
mortars for the three different commerdially available SRAs based on modified alcohols [48]. In order
to investigate this feature, additional experimental methods, namely isothermal calorimetry, MIP and
SEM, were applied.

3.3. Isothermal Calorinetry

The heat flow evolution curves for the plain and SRA-containing mortars are shown in Figure 3.
Especially in the case of the plain slag paste curve, the typical shape for waterglass-activated slag was
observed, as was schematically introduced by Shi and Day [49], i.e., the initial peak was related to the
particle wetting and slag dissolution as well as the additional initial peak was mainly associated with
the primary C-5-H gel formation, both during the pre-induction period. Then several hours of the
induction period followed, after which the acceleration/deceleration stage occurred, where massive
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precipitation of the reaction products took place. In the presence of SRA, similar curves with some
differences were recorded.

25
R
— — 0.25% SRA
+ 0= 0.50% SRA
—-— 1.0% SRA
20
15
0
=
=
-
&
= 1.0
@G
T
05—
0.0 - o ':""'._‘?'_i'_.
v T T r v T T T v T v T v 1
0 50 100 150 200 250 300 350
Time (hours)

Figure 3. Effect of SRA on hydration heat evolution of AAS pastes.

Firstly, the initial peak seems to be more intense when the SRA is added, which might be caused
by the interactions of the SRA molecules with the AAS system, e.g., the adsorption of SRA molecules
onto the slag particles. However, the reproducibility of this peak is generally poor, which makes its
interpretation uncertain. This is also probably the reason why the most intense peak was recorded for
the paste with 0.5% of SRA.

Secondly, significant changes of the additional initial peak were observed. With the increasing
SRA content, the overall intensity of this peak decreased, but what is even more interesting is that this
peak was split into two partially mutually overlapping peaks with its maximums just before 1 and 3 h,
respectively. For the plain slag paste curve, these peaks were merged into one peak, but even in this
case two parts with different slopes of the increasing heat evolution rate are distinguishable. This could
imply that the formation of the primary C-A-S-H gel proceeded in two steps, or some additional
process occurred. Increasing the amount of SRA in the pastes made this observation more obvious and
led even to the splitting of this peak into two partially separated peaks. To the best knowledge of the
authors, this has not been reported yet and deserves further study.

Thirdly, the occurrence of the peak of the acceleration/deceleration stage is strongly affected by
the dose of SRA. The higher the SRA portion, the more delayed this peak, which indicates a retardation
effect of SRA on the AAS hydration. Moreover, the peak was wider and lower in magnitude when the
dose of the SRA was increased, which could be due to the more developed surface layer of the reaction
products on the slag grains and, consequently, the slower diffusion of pore solution species. A similar
effect, although much less intense, was reported for slag systems activated with an increasing modulus
of waterglass [50], i.e., a decreasing alkalinity of the activating solution, but such a long induction
period as in this case cannot be explained only by the very slight neutralization and therefore by the
increase of the silicate modulus of the activating solution by the SRA (pH approx. 6.5). The reason
for this could be some process occurring in the pre-induction period during or just after the mixing,
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because further calorimetric response is significantly affected, the formation of the primary C-A-S-H
gel is suppressed and the formation of the secondary C—A-S-H gel is delayed. The exact retardation
mechanism deserves further study. A certain retardation effect of SRA based on polypropylene glycol
on the hydration of waterglass-activated slag was reported Palacios and Puertas [42], but unlike the

SRA used in the present study, their SRA delayed the main hydration peak only by several hours.

It also seems that increasing the dose of their SRA resulted in the more intense second peak in the
pre-induction period, while in the present study SRA had the opposite effect. Therefore, two different
SRAs may affect AAS hydration in a completely different manner.

The retardation effect of SRA on AAS hydration is also evident from Figure 4, which shows the
cumulative heat release of the evaluated pastes. Although during the first days of hydration the highest
amount of the heat released was recorded for the pure slag paste, the total heat release increased in the
presence of the SRA. This indicates that after the retardation, hydration reactions can continue to an
even greater extent than for the pure slag paste. Nevertheless, the strengths measured up to 28 days of
hydration were still significantly lower when SRA was added to the slag paste.
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Figure 4. Effect of SRA on the total heat released during the hydration of AAS pastes.

The action of chemical admixtures can be negatively affected by the high pH in AAS, as was
proved by Palacios and Puertas [13], particularly for superplasticizers. On the other hand, this was
not the case for the SRA in their study. Also, the SRA used in this study would be stable in a highly
alkaline environment, but the deprotonation of its hydroxyl groups as a consequence of high pH can
be expected, despite the glycols belonging to the non-ionic surfactants [47]. Therefore, one cannot
exclude the adverse effect of SRA on AAS properties resulting from either possible adsorption on solid
particles or interactions with the dissolved species present in AAS pore solution.

3.4. Mercury Infrusion Perosimetry

Since there are serious limiting factors in cementitious systems for the use of the Washburn
equation adopted for the pore size distribution calculations, particularly the inaccessibility of all the
pores for mercury, MIP cannot provide realistic pore size distribution determination [51]. However, it
can give us interesting information about the size of the pores (threshold diameter), which interconnect
larger pores throughout the matrix. The threshold pore diameter is related to the permeability and
diffusion characteristics of the material and thus may affect its durability [52].

Differential intrusion curves obtained for the reference paste and the paste containing 1% of
SRA after the different hydration times are shown in Figure 5. A great difference between the
pore structures of these two mortars can be observed, particularly at the early ages: the threshold
diameter of the reference paste after 24 h (approx. 70 nm) was much lower than that of the SRA
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paste (more than 1 pm). Similarly, after seven days the SRA paste still exhibited the net of relatively
large pores, while significant mercury intrusion into the pure slag paste was recorded only for pores
corresponding to a pore diameter lower than 20 nm. At later ages, the reference and SRA pastes’
intrusion curves resemble each other more. This could be a consequence of the proceeding of retarded
hydration reactions as was shown in the previous section and also of the gradual leaching of SRA,
as the specimens were cured in water. For both pastes no intrusion was observed after the 56 days,
indicating pore system refinement beyond the measurability range of MIP. Also pore blockage, as a
consequence of the hydration products” growth, may affect the volume of the intruded mercury.
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Figure 5. MIP curves showing the effect of SRA on pore structure development: (a) pure AAS paste;
(b) AAS paste with 1% of SRA.

Such high differences between the intrusion curves of the studied pastes during the first several
days of hydration proved that the presence of 1% SRA caused the retardation of the hydration products’
formation and thus slowed down the pore structure refinement. Therefore, if these pastes or mortars
are exposed to dry ambient conditions without sufficient length of the curing stage, they start to dry
rapidly and are not able to fully hydrate. This is the main reason for such an intense weight loss
of SRA1.0 mortar during drying as presented in Section 3.1. The coarser pore structure of SRA1.0
specimens compared to those without SRA led to a modified weight loss development, with accelerated
weight loss rate during the first days of drying. A slight increase in weight beyond the third day of dry
air exposure is probably caused by the intense carbonation which was, together with the relatively low
strengths of these air-stored specimens, presented in [53]. The importance of the pore size distribution
for drying shrinkage was emphasized by Collins and Sanjayan [18] and it can thus be concluded that
the great reduction of drying shrinkage induced by 1% of SRA is attributed to coarser pores, where the
shrinkage forces are not so high. Puertas and Palacios [42] also explained the beneficial effect of SRA
based on polypropylene glycol on shrinkage with the pore structure redistribution, but as they stated,
it was “due to the decrease of the capillary stress of the water that SRA induces during the mixing
process”. This is the difference between their study and the present one, where the SRA induced
changes in the pore structure primarily by the retardation of hydration.

3.5. Scanning Electron Microscopy

The data obtained from the previously described methods are in a good agreement with the
results from SEM presented in Figure 6. Microstructural development of the pastes with 0% and 1% of
SRA was investigated. After the 24 h of hydration, the reference mortar showed a relatively dense
matrix surrounding the slag grains, while in the case of SRA-containing paste only surface reacted
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separate slag grains were observed. After three days, the situation was very similar to that after 24 h,
i.e., dense C—-A-S-H gel formed in the plain paste in contrast with the porous structure and practically
unreacted slag grains. The situation of the SRA paste at the ages of 14 and 28 days was completely
different, where its microstructure was the same as that of the paste with no SRA addition. This agrees
well with the experimental data either from the strength testing or calorimetry or MIP measurements.

0% SRA 1% SRA

24 hours §

Figure 6. SEM image showing the effect of SRA on the microstructure development of AAS paste.

4. Conclusions

This study investigated the effect of SRA based on 2-methy-2,4-pentanediol on the mechanical
properties, drying shrinkage and microstructure development of waterglass-activated slag (Ms = 1.85,
NayO/slag = 0.04).
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It was found that the SRA greatly influenced the course of hydration of the studied AAS system.
An increase of the SRA content resulted in a reduction and bisection of the second peak on the
calorimetric curve and also in a delayed occurrence of the main hydration peak.

This was observed as flexural and compressive strength reduction, increased weight loss during
drying and coarser porosity of mixtures with the SRA when compared to the mixtures without the
SRA, particularly during the first several days of hydration. This is also probably the main reason for
such a high shrinkage reduction recorded for mortar with 1% of SRA exposed to the dry environment
four days after mixing, i.e., before reaching the proper degree of hydration.
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Abbreviations

The following abbreviations are used in this manuscript:

AAS Alkali activated slag

AABFS/FA alkali activated blend of BFS and FA

BFS Blast furnace slag

C-5-H Calcium=silicate=hydrate

C-A=5-H Calcium=aluminate=silicate=hydrate

FA Fly ash

MIP Mercury intrusion porosimetry

orc Ordinary Portland cement

SRA Shrinkage reducing admixture

SEM Scanning electron microscopy
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Abstract: In recent years, the utilization of different non-traditional cements and composites has been
increasing. Alkali-activated cementitious materials, especially those based on the alkali activation
of blast furnace slag, have considerable potential for utilization in the building industry. However,
alkali-slag cements exhibit very rapid setting times, which are too short in some circumstances, and
these materials cannot be used for some applications. Therefore, it is necessary to find a suitable
retarding admixture. It was shown that the sodium phosphate additive has a strong effect on the heat
evolution during alkali activation and effectively retards the hydration reaction of alkali-activated
blast furnace slag. The aim of the work is the suggestion of a reaction mechanism of retardation
mainly based on Raman and X-ray photoelectron spectroscopy.

Keywords: alkali activated cement; granulated blast furnace slag; retardation

1. Introduction

In recent years, a diverse selection of admixtures has been used to retard the setting in
alkali-activated cements, although their activity varies substantially [1]. The research was initially
focused on the retardants commonly used for Portland cement. Wu et al. [2] observed that potassium
or sodium tartrate did not show any effect on the initial setting time, but slightly shortened the final
setting time. The use of borates as retardants for Portland cement is also very well known. However,
Nicholson et al. [3] reported that borates added to alkali-activated fly ash (class C) did not influence
the setting behavior; conversely, the strength of the binders was negatively affected by a high amount
of borates. Some admixtures used as setting accelerators in Portland cement systems have the opposite
effect when used in alkali-activated materials. Brought ¢t al. [4] investigated that the addition of NaCl
significantly retarded both setting and strength development at high levels, but at low addition levels,
ie., 4% or less by weight of slag, NaCl acted as an accelerator. Another possibility is the usage of
phosphoric acid or its salts. Chang et al. [5] concluded that using solely phosphoric acid increased the
setting time, but reduced the compressive strength at an early age. Gong and Yang [6] observed the
strong retardant effect of sodium phosphate on alkali-activated red mud slag cementitious material.
However, Shi and Li [7] found no retardation effect of Na3PO, on alkali-activated phosphorus slag.
From the published studies it is thus apparent that the nature and dosage of added admixtures and
also the types of activated raw materials have a significant effect on the retardation of the setting
process of the alkali-activated materials.

Unfortunately, the reaction mechanism of the retarding admixtures has not fully been explained [1].
Lee and Deventer [8] tried to suggest the hydration kinetics of PO,3~ in fly ash-based alkali-activated
materials. They assumed that phosphate anions have strong affinities to Ca®* cations. The value of the
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solubility product equilibrium constant for Ca(OH), is very low (pKsp = 5.26); therefore, dissolved

calcium cations from fly ash precipitated as Cajo(PO4)s(OH)> (hydroxyapatite) instead of Ca(OH)a.

On the other hand, Shi and Day indicate a different reaction mechanism [9] in alkali-activated blast
furnace slag. From their study it seems that the formation of Ca3(POj); retards the activation of slag as
usually observed during the hydration of Portland cement. It is obvious that the final reaction products
from the retardation process depend on used raw materials but the detailed action of phosphate in
alkali-activated systems remains unclear.

The current study presents the possibilities of using sodium phosphate as an effective retardant
for alkali-activated blast furnace slag-based materials and clearly explains the retarding effect which is
described in more detail compared to the other published reaction mechanisms.

2. Materials and Methods

2.1. Materials and Sample Preparation

Blast furnace slag (BFS) obtained from ArcellorMittal Ostrava, Inc. (Ostrava, Czech Republic)
ironworks was used as the raw material. The chemical composition of BFS determined by X-ray
fluorescence spectroscopy (XRF) is given in Table 1. The phase composition of BFS measured by
powder X-ray diffraction (XRD) revealed the presence of merwinite, melilite, 3-C>S and calcite. Water
glass (molar ratio of 5i03/NayO = 2.00) used as an alkali activator was produced by Vodni Sklo, Inc.
(Brno, Czech Republic). Sodium phosphate (SP) additive was obtained from Sigma-Aldrich (St. Louis,
MO, USA).

Table 1. Chemical composition of used BFS as determined by XRE.

Raw Material Chemical Composition wt %

S5i0; ALOs Ca0 NaxO KO MgO  SO3  Fe;O3 TiO; MnO
347 9.1 411 04 09 105 14 0.3 1.0 0.6

BFS

Alkali-activated samples were made by mixing water and water glass solution with the mixture
of BFS and specific addition of sodium phosphate (recalculated to wt % of P2Os contained in SP)
for three minutes to produce homogenous pastes. Individual additions of SP were 0.5, 1.0, 2.5 and
5.0 wt % of P,Os in sodium phosphate calculated on BFS content. The water glass solution and BFS
ratio was set to (.25 for all samples and the additional water was always mixed with water glass in the
constant weight ratio 1:1. These pastes were cast into the polystyrene crucibles covered with teflon foil
to prevent drying of the system. The specific quantity of the samples with the addition of SP was then
taken in times defined by the microcalorimeter results, the hydration was then quenched by acetone
and subsequently subjected to Raman and XPS spectroscopy. Due to the high amount of amorphous
phase in the samples the usage of powder X-ray diffraction as common silicate analytical technique
was not satisfactory.

2.2. Physical-Mechanical Tests

Initial setting time was determined according to the standard procedure CSN EN 196-3 using
Vicat's device. Compressive strength tests were based on CSN EN 196-1 and were carried out by means
of compressive and bending strength on tester Desttest 3310 (Betonsystem Ltd., Brno, Czech Republic).
The strengths were tested at the age of one, seven and 28 days. The workability of fresh mortars
was measured using a flow table spread test (CSN EN 1015-3). The diameter was measured in
four directions after 15 blows with the jolting table. The final value was the arithmetic mean of
these measurements.
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2.3. Heat Evolution Rates Measurement

The evolution of hydration heat was monitored by means of TAM Air isothermal calorimeter
(TA instruments, Wetzlar, Germany). The test samples of BFS and sodium phosphate were weighted
and uniformly distributed to the glass-closed ampules (15 mL). The solution of water and alkali
activator was weighted in a syringe. The water ratio was the same as in the preparation process of
pastes and the mass of slag was 4 g. The measurements of heat evolution were performed at constant
temperature of 25 °C £ 0.02 °C. The samples with BFS and SP as well as the syringe with the activator
and water were heated to testing temperature prior to mixing in the admix ampule directly in the
calorimeter. When the thermal equilibrium was achieved, BFS with SP and alkali activator were mixed
by injecting the solution into the ampule. The time of mixing was three minutes. The heat evolution
was recorded as the heat flow (mW/g).

2.4. Raman Spectroscopy

Raman scattering measurements were performed using Nanofinder S micro-Raman spectrometer
(SOL instruments, Minsk, Belarus) equipped with a confocal microscope (Nikon, Amsterdam,
The Netherlands). The Raman scattering spectra were excited by 633 nm with 10 mW power.
The system was calibrated on silicon (518.2 cm™'). The beam was focused on the samples with
a 20x microscope objective with a numerical aperture of 0.45. The exposure time was 100 s and
600 grating with 2.7 cm™! resolution. All measurements were performed at room temperature in
ambient atmosphere.

2.5. X-ray Photoelectron Spectroscepy

X-ray photoelectron spectroscopy (XPS) were carried out with Axis Ultra DLD spectrometer
(Kratos Analytical Ltd., Manchester, UK) using a monochromatic Al Ka (hv = 1486.7 eV) X-ray source
operating at 150 W (10 mA, 15 kV). The spectra were obtained using an analysis area of ~300 x 700 um.
The Kratos charge neutralizer system (Kratos Analytical Ltd., Manchester, UK) was used for all analyses.
High resolution spectra were measured with the step size 0.1 eV and 20 eV pass energy. Instrument
base pressure was 2- 10~° Pa. The spectra were analyzed using CasaXPS software (version 2.3.15) and
charge corrected to the main line of the carbon C 1s spectral component (C-C, C-H) set to 284.80 eV.
A standard Shirley background was used for all sample spectra.

3. Results and Discussion

3.1. Physical-Mechanical Properties

The influence of different additions of sodium phosphate is shown in Figure 1. Both initial and
final setting time were prolonged with the sodium phosphate content but only to a certain limit of
P»0s5 content (Figure 1a). The maximum of retardation is observed for the content of 2.5 wt % of
P>0s; above that value, the time of setting is shortened, and therefore this content was chosen for
further study of the reaction mechanism via Raman and XPS analyses. In general, the addition of SP
considerably delays the initial time of setting which has been already verified in previous studies [5-8].

The workability determination of the flow table spread test is shown in Figure 1b. The workability
gradually decreased with the higher content of SP. With respect to the initial and final setting time
measurement, the reason of the workability decline is not related to the formation of the binder phase
but is caused by the loss of mixing water which is very quickly bonded to the created phosphate
hydrates, as verified by Raman spectroscopy.
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Figure 1. Influence of NazPOy on the initial and final setting time (a) and workability (b) of
alkali-activated BFS.

The compressive strength development is shown in the Figure 2. The early strengths of samples
with the addition of SP are slightly lower compared to the reference sample. This effect is probably
connected to the secondary formation of CSH gel. The formation of secondary CSH gel in the reference
sample starts to increase earlier, which positively affects the mechanical properties after one day
(Figure 3). After seven days, the obvious trend of lower compressive strength with the greater addition
of SP is observed. The addition of SP decreases the secondary formation of CSH gel which is well
correlated with the heat evolution in Figure 3. However, after 28 days, the samples with a lower
addition of SP (0.5 and 1.0 wt %) showed higher compressive strength compared to the reference
sample. This beneficial strength development could play an important role in the production of
alkali-activated materials, because the lower SP content (up to 1.0 wt %) significantly retards the
initial and final setting time, and it also slightly worsens the workability but improves the final
mechanical properties.
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Figure 2. Influence of Na3PO; on the compressive strength development of alkali-activated BFS.
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Figure 3. Influence of Na3PO; on the initial setting of alkali-activated BFS.

3.2. Heat Evolittion

The hydration heat evolution of alkali activated BFS without or with the specific addition of P2Os
contained in SP is shown in Figure 3. The first peak is associated with wetting and dissolution of slag
and phosphates particles as well as with the formation of sodium phosphate hydrates. The second
peak is mainly connected with the formation of primary CSH gel through the reaction of SiOs*~ from
water glass and Ca?* dissolved from the surface of slag grains. In this hydration period, the effect
of the added sodium phosphate is also reflected. The total heat evolution values corresponding to
the second peak increase with the greater addition of SP, which can be attributed to the formation of
new hydrogen phosphate phases as discussed further. Finally, the third peak belongs to the secondary
formation of CSH gel. It is evident that the hydration reactions start earlier in pure alkali-activated BFS
systems than in the case of alkali-activated slag with a retardant admixture. The calorimetry results
clearly show that the heat evolution changes with the addition of sodium phosphates. Unfortunately,
it is not possible to explain the reaction mechanism only from thermocalorimetric curves because the
released heats connected with the formation of different phases (CSH gel, calcium phosphates and
phosphate hydrates) are overlapped. Therefore, the employment of suitable testing methods, such as
the combination of Raman spectroscopy and X-ray photoelectron spectroscopy, is needed. Due to the
high amount of amorphous phase in the samples, these methods are most appropriate for the study of
the reaction mechanism of the phosphate additive in alkali-activated binders.

3.3. Raman Spectroscopy

The Raman investigations show five spectra at various times of alkali activation (Figure 4). The
first spectrum, 30 min after mixing, reveals the characteristic band at 930 cm™! corresponding to the
symmetric stretching vibration v;(A;) of tetrahedral PO43~ [10,11]. All spectra show the presence
of Na; PO, hydrates. This hydration process of Na;POy- xH;0 is connected with the decrease in the
asymmetric stretching mode around 1078 em™! v3(F,), which presents the distortion of symmetry of
PO~ in the crystal structure. The shoulder at ~900 cm™"! indicates the changes in the symmetry site
of the PO,*~ characteristic of the hydrated form of Na;POy-7H,0 [12]. After 0.5 h from the beginning
of the hydration process, two bands at 993 and 1062 cm™! appear and they are attributed to the P-O
symmetric stretching vibration v;(A;) and both P-0O, P-OH asymmetric stretching vibrations v3(F;) in
the H,PO,~ unit, respectively [13]. After one hour, the hydration process of NazPOy- xH;O continues,
and it is connected with the shift of the band position from 930 to 940 cm—! [12]. As could be seen from
the spectra, the phase with the H,PO,~ unit completely disappears and the new band at 965 cm~! of
the symmetric stretching vibration of v, (A;), typical for HOPO3?—, is observed [13]. This band does
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not remain in the system for long and it completely diminishes over time at around 32 h. However,
after 75 h, the band at 965 cm™! arises again. In this case, the very strong band is typical for the calcium
hydroxyapatite Cax(POs)y(OH); structure which also corresponds to the growth of the weak bands at
1057, 1030 and 1005 cm~! assigned to the asymmetric stretching modes v3(F2) of the P-O bond in the
tetrahedral PO4®~ group [14,15]. The suggested mechanism of created phosphate phases is further
discussed in XPS measurements.

relative intensity (a.u.)

T LG e T e, P . . VS R T e R
800 850 900 950 1000 1050 1100 1150 1200
Raman shift (cm™)

Figure 4. Raman spectra of alkali-activated BFS with NayPO, recalculated to the 2.5 wt % addition
of PzOs.

3.4. X-ray Photoelectron Spectroscopy

The core level P 2p; 4, positions of samples subjected to measurements are summarized in Table 2
and provide an insight into the binding of the phosphate in the system. The high resolution spectra
of samples quenched at the same times as in the case of the Raman spectroscopy are presented in
Figure 5.

Table 2. The binding energies and peak widths (FWHM) of P 2p3,> components.

Binding Energy (FWHM)/eV

Component
N33P04 05h 1.0h
1322 (1.4) 132.2 (1.4)

1322(14)  y339(14)  1335(14)

bl

P2ps/2 25h 32h 75h
1322 (1.4) , o
wesae 132209 1324 (1.4)
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Figure 5. XPS spectra of alkali-activated BFS with Na3POy recalculated to the 2.5 wt % addition of
P20s. (The energy separations for the P 2p3y3 and P 2py /5 lines were fixed at 0.80 eV.)

The first P 2p spectrum represents a pure NazPO; compound with a typical binding energy (BE)
of POy~ equal to 132.2 eV. Strong peaks with this BE appear in each spectrum, which indicates the
presence of the Na3PO; phase at any time during the alkali activation. However, other components
representing different chemical states of phosphorus are detected. According to the previous
experimental measurements, the phosphate anions of the [POn(OH) ¥~ type generally follow a
systematic rule. The contribution of covalently bonded OH ligands (m) to “free” O ligands (n) increases
together with the binding energy of P 2p. The stepwise increase from PO43— up to H3POy is typically
about 1 eV in every OH ligand presented in the structure [16,17]. Therefore, the P 2p;/», component
with BE at 133.9 eV in 30 minutes of alkali activation belongs to the HaPO;™ units verified with
Raman spectroscopy as well (993 and 1062 cm™~! bands). The P 2p spectra t 1.0 and 2.5 h indicate the
increase of BE to 133.5 eV, which corresponds to phosphate with only one hydroxyl unit. The results of
Raman spectroscopy together with the XPS investigations revealed the existence of HOPO32~. XPS
measurements also correspond to the Raman spectroscopy concerning the disappearance of this phase
32 h after mixing, which comes just before the secondary formation of the CSH gel (Figure 3). The
calcium ions bonded so far in the hydrogen phosphate structure likely move into the solution and
incorporate the created phases with the always higher value of the negative logarithms of the solubility
product equilibrium constant PKsp such as secondary CSH gel (pKsp = 8.16 for CSH gel with low
C/S ratio [18]) and calcium hydroxyapatites (pKsp = 115.50 for Cayo(POy)g(OH); [19]). The P 2p3»
component in the spectrum of 75 h with BE at 132.4 eV does not show any hydrogen phosphate forms,
which is also in good agreement with the Raman investigations. The shift in the BE compared to the
pure Na; PO, P 2p spectrum could be attributed to sodium phosphates with a small addition of stable
calcium hydroxyapatite of which the binding energy is slightly higher [16,20]. The peak positions of
both phases are considerably overlapped and should not be deconvoluted.
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4. Conclusions

The results from Raman and XPS analyses combined with microcalorimetry measurements were
beneficially used to clarify the mechanism of retardation in alkali-activated materials with the addition
of sodium phosphate. It was assessed that Ca?* jons formed after the dissolution of alkali-activated
blast furnace slag in a highly alkaline environment bond to the phosphate anion from the retardant
agent (Na3zPQj). The formation of calcium dihydrogen, later hydrogen phosphate structures, arises.
The deficiency of calcium ions in the solution causes the nucleation and the growth of the CSH
phase to be poisoned and the initial setting time is prolonged. Their formation, nevertheless, also
strongly affects the delayed formation of secondary CSH gel compared to the system without the
retarding agent, which may affect the mechanical properties of alkali-activated materials at an early
age. The stability of the created calcium hydrogen phosphate phase in the system is temporary, which
leads to its dissolution and the formation of less soluble phases such as secondary CSH gel and
calcium hydroxyapatite.
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Abbreviations

The following abbreviations are used in this manuscript:

K. solubility product constant

B% blast furnace slag

XRF X-ray fluorescence

XRD X-ray diffraction

B-CsS p-dicalcium silicate

Sp sodium phosphate

XPS X-ray photoelectron spectroscopy

CSH gel  calciums-silicate-hydrate gel
FWHM  full width at half maximum

BE binding energy

vi(Ag) symmetric stretching vibration
vs(F3) asymmetric stretching vibration
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The aim of this work is to investigate the influence of the by-pass cement-kiln dust (CKD) and two types of the
fluidized-bed-combustion (FBC) fly ash on the workability. shrinkage and mechanical properties (compressive and flexural
strengths) of the water-glass-activated slag. The utilization of CKD and FBC is very problematic. Onc of the main reasons for
this is a high lime and sulfate content in these wastes, which can lead to the formation of expansive hydration products and,
consequently, to the cracking of ordinary Portland-cement (OPC) materials. On the other hand. these products might act against
the high shrinkage of the alkali-activated slag (AAS). In order to investigate this assumption and the influence of these
admixtures on the other propertics mentioned above, fine-grained AAS-based composites were prepared. A ground, granulated
blast-furnace slag (the reference binder) was partially replaced (0-50 %) by one type of CKD and two types of the FBC fly ash.
A significant reduction in the shrinkage was observed on the samples containing an even lower amount of fly ash, while the
composites with CKD did not show any notable shrinkage reduction. When using higher dosages of these admixtures the
mechanical propertics were reduced, but lower dosages did not have such effects, especially as regards the compressive strength.
The workability was also strongly dependent on the admixture dosage. Its improvement was observed especially in the case
when slag was replaced by up to 30 % of CKD.

Keywords: alkali-activated slag, by-pass cement-kiln dust, FBC fly ash. workability, strength. shrinkage

Namen tega dela je preiskati vpliv prahu iz pei za cement (CKD) in dveh vrst leteega pepela (FBC) iz zgorevanja v vrtindasti
plasti na obdelovalnost, kréenje in mehanske lastnosti (tlaéna in upogibna trdnost) Zlindre, aktivirane z vodnim steklom. Upo-
raba CKD in FBC je zelo problematiéna. Eden od glavnih razlogov za to je visoka vsebnost “?ma in sulfatov v teh odpadkih. kar
lahko povzrogi nastanck ckspanzijskih hidracijskih produktov in poslediéno pokanje portlandskih cementnih materizlov (OPC).
Po drugi strani pa ti produkti Jahko zavirajo veliko kréenje Zlindre, aktivirune z alkalijami (AAS). Da bi preverili te pred-
Eosmvkc in vpliv teh dodatkov na druge, zgoraj omenjene lastnosti, so bili pripravljeni na osnovi AAS drobnozrnati kompoziti.

robozmata plavZna Zlindra (referentno vezivo) je bila delno nadomeséena ((-50 %) z eno vrsto CKD in dvema vrstama FBC
leteéega pepela. OpaZeno je bilo obfutno zmanjsanje kréenja pri vzorcih s celo majhnim deleZem leteéega pepela. medtem ko
kompozit s CKD ni pokazal cga zmanjanja kréenja. Pri uporabi veéjih deleZev obeh dodatkov so se poslabale mehanske
lastnosti. pri majhnem dodatku pa ni bilo takega vpliva na tlaéno trdnost. Obdelovalnost je bila moéno odvisna od kolidine
dodatkov. Njeno izboljSanje je bilo posebno opazno v primeru, ko je bila Zlindra nadome3dena z do 30 % CKD.

Kljuéne besede: z alkalijami aktivirana Zlindra. prah iz pedi za cement, FBC letedi pepel, obdelovalnost. trdnost, kréenje

significant amounts of alkali, chloride. sulfate and free
lime.* Several works investigating the CKD use in the
mortar and concrete production were published. It is
usually concluded that a replacement of OPC higher than
5-10 % has an adverse effect on the compressive and
tensile strengths.* FBC technology has many advantages
in comparison with pulverized coal combustion,? but the
ashes from FBC are very porous and they contain high

1 INTRODUCTION

The binders based on AAS are considered as an
ecological alternative to the OPC-based binders, which
are most common in the concrete production. AAS, in
comparison with Portland cement, can have a better
durability. a lower hydration heat, a better resistance to
elevated temperatures and an aggregate-matrix inter-
phase and other benefits.! On the other hand, the main

disadvantages of AAS are a very high shrinkage and a
poor rheology, especially with respect to a relatively
rapid setting in the case of a water-glass activation.?
CKD is a by-product of cement manufacturing with a
highly variable composition, but it usually contains

Materiali in tehnologije / Materials and technology 49 (2015) 4, 549-552

amounts of very reactive free lime and anhydrite, which
lead, on the one hand, to their self-cementing properties.
but, on the other hand. to the problems with the
workability and volume stability due to the formation of
expansive-hydration products.®

549

143



Pfiloha XII

V. BILEK et al.: EFFECT OF THE BY-PASS CEMENT-KILN DUST AND FLUIDIZED-BED-COMBUSTION FLY ASH ...

2 EXPERIMENTAL WORK
2.1 Materials and sample preparation

A ground, granulated blast-furnace slag with a
specific surface of 380 m¥kg was used as the reference
binder (R). The slag was partially replaced (0=50 %) by
one type of the by-pass CKD and two types of the FBC
fly ash. The phase compositions of CKD and fly ashes
were determined with X-ray diffraction (XRD). CKD
mainly consisted of KCl, K,SO,. CaO and C,S. The main
phases found in both fly ashes were anhydrite, quartz,
glassy phase, free lime, portlandite and calcite. The fly
ash designed as P contained more anhydrite, quartz and
free lime, while the fly ash designed as L contained a
higher amount of the glassy phase. The water glass with
the silicate modulus equal to 1.85 was used as the alka-
line activator. The weight ratio of Na.O/binder was kept
constant at 0.042. The mass ratio of the Czech standard
sand (three different fractions according to standard CSN
EN 196) to the binder was 2 : 1. The water-to-binder
ratio (w/b) was kept constant at 0.40, only in the case of
the mixtures with fly ash L. w/b had to be increased due
to a very low workability. The binder compositions of
the mortars prepared are shown in Table 1.

After approximately four minutes of mixing the
workability of the mortar was measured using the
flow-table spread test and then the mortar was cast into
the molds. Prisms with the dimensions of 20 mm x 20
mm X [00 mm were prepared for the compressive- and
flexural-strength tests and prisms with the dimensions of
25 mm x 25 mm x 285 mm and stainless-steel gauge
studs in their front walls were prepared for the shrinkage
tests.

2.2 Compressive- and flexural-strength testing

The prisms for the strength testing were demolded
after 24 h and moist cured at a 99 % relative humidity
and (23 = 2) °C. Compressive strengths were tested at
the ages of (1. 7 and 28) d. Three prisms were used for
the flexural testing (three-point bending) of each mixture
at each age and broken parts from these tests were used
for the compressive-strength testing.

2.3 Shrinkage ftests

The shrinkage tests were based on ASTM C596.
After 24 h of moist curing the specimens were de-
molded, a comparator reading was taken and the speci-

mens were immersed for three days in tap water. Then
the bars were removed from the water, their surfaces
were dried with a wet towel and a zero reading was
performed. After that the bars were stored in laboratory
conditions ((45 + 5) % relative humidity, (23 = 2) °C) for
56 d and their length changes were measured. These
shrinkage tests were rather tentative because only two
samples of each mixture were measured.

3 RESULTS AND DISCUSSION

The average values of compressive f. and flexural
strength fi for different ages with the standard errors of
the mean are listed in Table 2. There are also the results
of the workability testing expressed as the average values
of the diameters of the mortar spread 4 in the same table.
The data for the mortars designed as P10, L30 and L50
are not included because these mortars did not harden
even after three days.

Table 2: Flexural f; and compressive f; strength development, standard
errors of the mean (in parenthesis) and workability of the prepared
composites

Tabela 2: Spreminjanje vpogibne f; in tlaéne f trdnosti, povprecje
standardne napake (v oklepaju) in obdelovalnost pripravljenih kompo-
zitov
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Except for some cases of the CKDI0 mixtures, the
highest strengths were observed for the reference mortar.

Table 1: Binder compositions of the prepared composites in mass fractions, w/%
Tahela 1: Sestava veziv pripravijenih kompozitov v masnih deleZih, w/%

Mixture designation R CKDID CKD20 CKD30 CKD40 CKD50
Slag 100 o0 80 70 60 50
Cement Kiln dust 0 10 20 30 40 50
Mixture designation P2.5 P35 P10 L10 L30 L350
Slag 97.5 95 90 90 70 50
FBC fly ash P 25 5 10 0 0 0
FBC fly ash L 0 0 0 10 30 50
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However. a significant strength gain was observed
between 24 h and 7 d and also between 7 d and 28 d in
the case of replacing the slag with up to 40 % of CKD
and up to 5=10 % of the FBC fly ash. Higher dosages of
these admixtures had a fatal effect on the mechanical
properties of AAS, especially in the case of the FBC fly
ash.

Both compressive and flexural strengths gradually
decreased with the increasing slag replacement at all the
ages. The strength reduction was the most severe at the
early ages and in the case of the flexural strength. The
strength reduction in the presence of CKD could have
been caused not only by the decrease in the slag content,
but also by a possible formation of chloro and sulfoalu-
minate phases, leading to a softening and an increased
porosity.” Another reason can be the increase in the real
w/b ratio if taking into account the CKD composition,
which can also be a reason for the workability improve-
ment at the replacement levels of up to 30 9. When
more than 30 % of CKD was used, the workability
became reduced, which can be attributed to the fast
setting. The setting time was not measured but it was
observed that these mortars set very soon after the filling
of the molds. A shortening of the setting time was also
observed with the increasing FBC-fly-ash dosages. The
reason for this can be the formation of the primary CSH
through the reaction between [SiO4]- from the water
glass and Ca®* released from the free lime present in the
fly ash. The precipitation of portlandite is probably
suppressed due to its higher solubility in comparison
with CSH.®* Anyway, the hydration of the alkali-activated
slag in the presence of the FBC fly ash needs further
investigation to explain the problems with the hardening
of the mortars with the replacements of the slag by the
FBC fly ash higher than 5=10 9. Perhaps most of [SiO, ]
from the activator is consumed during the first minutes
to form some type of calcium silicate which is cannot
contribute to the strength gain or which suppresses
further hydration.

On the other hand. at the later ages, especially the
compressive strength grew faster in the case of the
appropriately blended composites in comparison with the
reference composites. From this point of view, it could
be interesting to study the strength development over a
longer period. This strength increase might be associated
with the C,S hydration and the pozzolanic reactions of
the slag in the presence of the lime contained in CKD.
The strength increase of the L10 mortar at the later ages
might be due to the pozzolanic reactions of its glassy
phase.

The shrinkage development is outlined in Table 3.
The highest shrinkage rate was observed during the first
three days after taking the specimens out of the water.
After 14 d, only slight length changes were recorded.

When using CKD at a different replacement level, no
clear trend in the shrinkage development was observed.
Some mortars showed a slightly lower shrinkage than the

Materiali in tehnologije / Materials and technology 49 (2015) 4, 549-552

reference mortar, but the shrinkage values of the other
mortars were higher. From the data obtained, CKD does
not seem to affect the shrinkage reduction. However. the
situation with both fly ashes is considerably different: in
the case of a 2.5 % replacement of the slag by FBC fly
ash P, the shrinkage of the reference mortar was reduced
by more than 20 % and if 10 % of fly ash L was used.
the shrinkage was reduced even by more than 70 %.
Unfortunately, both P5 specimens were broken during
demolding. so the data for them were not obtained.
These preliminary results showed that the FBC fly ashes
can be beneficial for the suppressing of the AAS
shrinkage, but attention must be paid to the preservation
of the other properties. Additional investigations through
instrumental methods like scanning electron microscopy,
calorimetry or XRD are planned for the future to clarify
the role of the FBC fly ash in the AAS systems.

Table 3: Shrinkage development of the prepared composites
Tabela 3: Spreminjanje kréenja pripravljenih kompozitov

Compo- Days after water curing
site 1 3 7 14 28 56
R 052 | 074 [ 081 | 083 | 085 [ 086
CKDIO | 058 | 081 | 088 | 0.89 | 0.90 [ 0.91
CKD20 | 052 | 084 | 084 | 084 | 084 | 084
CKD30 | 036 | 077 | 078 | 0.78 | 078 | 0.78
CKD40 | 040 | 075 | 081 | 0.81 | 081 | 081
CKDS0 | 040 | 078 | 090 [ 091 | 091 | 051
P25 032 | 055 [ 061 | 066 | 0.67 [ 0.67
L10 005 | 013 [ 015 | 018 | 022 | 0.24

4 CONCLUSIONS

This pilot study investigated the effect of a partial
replacement of the water-glass-activated blast-furnace
slag with the CKD and FBC fly ashes on the workability,
mechanical properties and the shrinkage. It was observed
that CKD, in proper dosages, improved the workability.
while the FBC fly ashes reduced it dramatically even at a
low content. On the other hand, unlike CKD, the FBC fly
ashes significantly reduced the shrinkage. Both these
admixtures, at low replacement levels, had no or little
adverse effect on the compressive strength, especially at
later ages. In contrast, the flexural strength was affected
more negatively. The FBC fly ashes at the dosages
higher than 5-10 % had a fatal impact on the strength
development.
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1. Introduction [2-4]. Many studies have defined the different variable roles of polymer

MDF cements were developed following the work by the research
group led by Birchall at IC] during the late 1970s and early 1980s [1].
The 'MDF signification, which stands for ‘macro-defect-free’, refers to
the material’s structure, which is without relatively large voids or de-
fects normally present in ordinary cement pastes [2]. MDF materials
represent a potentiaily attractive range of materials whose properties
lie between those of conventional cements and ceramics. They are ex-
amples of alternative technological approaches to obtain low-porosity
and very high-strength products. These materials are made with a
cement paste with a very low wy/c ratio, containing up to 7% by
mass of a water soluble plasticizing agent, such as hydrolyzed polyvinyl
acetate, hydroxypropyl-methyl cellulose, polyacrylamide or sodium
polyphosphate. Glycerol is often added to improve the processing

* Corresponding author. Tel: + 420 541 149 426; fax: +420 541 149 351.
E-mall address: kalina@fch.vutbrez (L Kalina).

http:f/dxdol.org/10.1016/).cemconres 2014.07.021
0008-8846/ 2014 Elsevier Lid. All rights reserved.

varying during the production process. Initially, the polymer acts as a
rheological aid, significantly improves the workability of normally dry
cement paste and reduces friction of particles during mixing and espe-
cially high shear-mixing process. Moreover, polymer also fills the space
between the unreacted cement grains and allows them to join together in
a tightly packed compact structure during compaction [5-7|. However,
studies on the chemistry and the microstructure of the calcium aluminate
MDF materials have attributed to the significant improvements of the
mechanical properties of these materials and also to the chemical reac-
tions occurring between the PVA polymer (the polyvinyl alcohol arising
from the PVAc hydrolysis) and the inorganic ions produced when the ce-
ment constituents dissolve in water |8|. The bonding forces formed in this
way are quite strong, and thus the failure of MDF material tends to occur
within the polymer phase or clinker grains rather than at the interface [9].

In the preparation process of MDF materials the high-shear mixing is
an important step [10]. The crumbly mixture of cement, polymer and
water is subjected to the twin roll mixer which rapidly proeduces
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rubbery, cohesive dough usable for further processing. The high-shear
mixing intensity could be well controlled by gap and speed of two
rollers [11]. At the beginning, researchers supposed that the high-
shear mixing is used only to eliminate macrodefects (large pores and
air voids) from the paste, but further development confirmed, that the
high-shear mixing also induces chemical interactions between the poly-
mer and the inorganic cement [12]. It was also recognized that much of
the mechanical strength of these materials is due to the mechanically in-
duced chemical changes [9]. However, the shear rate cannot be increased
above a certain limit, because with an increasing rate of mixing the
amount of heat is generated, which may cause the material to become
stiff before the processing is completed [2}.

The key role plays the interphase region that influences the mechan-
ical behavior of the MDF materials. The interphase region is a very
complicated system that was subject to a number of different tech-
niques to understand the chemical structure of this amorphous system.
It has been suggested that the cement grains are dissolved in high pH
environment, Ca** ions will be present as Ca(OH), and AI** jons in a
[AI{OH).]™ complex unit. Calcium can form a hemihydrate calcium
acetate following interaction with the polymer and the presence of
aluminum led to the suggestion of the existence of a cross-linking of
the PVA chains by Al ions where Al is bonded to the O atoms of two dif-
ferent PVA chains with O~ Al-0 bonds [ 13,14). The proposed chemical
reaction mechanismis illustrated in Fig. 1[9.11). The irreversible confir-
mation of these bonds is the main objective of this study.

2. Experimental program
2.1. Preparation process

Due to the high sensitive nature of XPS the use of pure constituents
of both polymer and cement is required. The synthesis of major phase
CaAl,0, was prepared by repeated sintering at 1450 °C for 10 h using
AlLO; (pa.) and Ca0 (p.a.). The quality of the created monecalcium alu-
minate phase was controlled using an XRD analysis (Fig. 2). The results
demonstrated the creation of almost pure CA phase with approximately
2.6 wt.% of grossite, calculated through the Rietveld method.

The mechanochemical activation was applied into the interface
between the surface of sintered CaAl,0,4 and the tablet of pressed PVA
{Gohsenol GH 17 s, Nippon Chemicals). The PVA tablet of 13 mm diame-
ter was stuck with epoxy glue to the bottom of a glass dish. The tablet of
sintered CaAl,0; of 25 mm diameter was stuck also with epoxy glue to

CH CH. CH
S N Nl Sar

(e]

OH OH OH

AI(OH),; ©
CH CH cH
\TH/ z\tle/ KIH/ KcI;H
OH o\ﬂl 4 OH
[ |
CH CH CH CH
/ \cuz/ \crz( \CHz/ \

the steel shaft in the center of the tablet The shaft was fixed to the con-
trolled electric motor and the tablet was rotated by 300 min™"' speed.
The PVA tablet was over-layered with distilled water and the rotating
CaAlz04 tablet was pressed to the top of the PVA tablet. The shear be-
tween the surfaces was decreased by the formation of a gel layer at the
surface of PVA. The rotation was stopped after 300 s and the surfaces of
tablets were quickly rinsed with distilled water and then dried at 60 °C.
To get the effect of mechanochemical activation the experiment was re-
peated without the rotation of a CaAl, 0, tablet. The supposed chemical
reaction at the interface was able to proceed but no mechanical energy
was applied. Such a way prepared surfaces of CaAl,0, and PVA was sub-
jected to further investigation.

22 Test methods

22.1. X-ray diffraction analysis (XRD)

X-ray powder diffraction data were obtained using a PANanalytical
Empyrean diffractometer with CuKe radiation equipped with the detec-
tion system PIXcel*P. Specimens were step scanned from 5° to 60° 20
using a vertical high-resolution goniometer with a step size of 0.013" 20.

222 X-ray photoelectron spectroscopy

XPS analyses were carried out with Axis Ultra DLD spectrometer
using a monochromatic Al Ko (hv = 1486.7 eV) X-ray source operating
at 150 W (10 mA, 15 kV). The spectra were obtained using an analysis
area of -300 x 700 um. The Kratos charge neutralizer system was used
for all analyses. The high resolution spectra were measured with the
step size 0.1 eV and a pass energy of 20 eV. Instrument base pressure
was 2 - 10 % Pa. Spectra were analyzed using CasaXPS software (version
2.3.15) and have been charge corrected to the main line of the carbon C
1s spectral component (C—~C, C~H) set to 284.80 eV. A standard Shirley
background is used for all sample spectra.

3. Results and discussion

The main objective of the study was the investigation of chemical re-
actions that might be occurring between monocalcium aluminate (main
phase of alumina cement) and polyvinyl alcohol/acetate co-polymer
(PVA) after mechanochemical activation. The X-ray photoelectron spec-
troscopy (XPS) is the technique well suited to examining possible inter-
actions on inorganic-organic interphase. The binding energies and peak
widths (FWHM}) of primary and activated samples are given in Table 1.

+ |CaAlLO, + H,0
CHa

bl l

Ca” + AOH), + OH"

HaC CH,
g o

o

o} e}
et Py
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Q

Fig. 1. Propased chemical reaction in the formation of MDF compasite.
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10005 The C 1s spectrum of primary PVA phase shows the presence of three
it A carbon environments with 92.3% of the peak area contributing to C~C;
| i C-H (284.80 eV) and C~ OH (286.2 eV} groups. The remaining 7.8% of
e the C 1s region is derived from non-hydrolyzed acetate groups

100004 (28924 eV), which increased the surface activity of the material.
| The different chemical situation of monocalcium aluminate phase
%’ 8000 arises after the mechanochemical process with PVA. The surface of the
E 1 i CA sample was covered mainly with PVA, but the C 1s spectrum was
£ 6000+ not the same as for the pure polyvinyl alcohol phase. Not only the
£ expected chemical states of carbon were measured, which have been
4000 4 described above, but also another component at 287.76 eV was detected.
According to the Handbook of X-ray Photeelectron Spectroscopy [18),
2000 L J this binding energy is typical of carbon-oxygen chemical bonding.
1 Sl LJLuLU, Ll,,d wwah More explanatiop prfwided Al 2p spectrum. The first peak at_ 7350eV
0 belongs to alumina in tetrahedral coordination as well as in the CA
’)9 =il phase, but the second peak at 74.30 eV characterizes C—-0-Al connec-

Fig. 2. XRD spectrum of the primary monecaldum aluminaze phase.

For the first time, the chemical state of calcium and alumina in the
primary phase of monocalcium aluminate (CA) phase was measured.
All XPS spectra are shown in Fig. 3. A certain amount of carbon, belonging
to the organic contaminants, was detected on the surface of the sample.
A single peak (Gaussian 70%-Lorentzian 30%), ascribed to alkyl type
carbon, was fitted to the main peak of the C 1s spectrum for adventitious
carbon (284.80 eV). A second peak (286.10 eV), with a higher value of
FWHM to the main peak, is attributed to alcohol functionalities. Further
high binding energy component (289.18 eV) can be added to the
0~ C=0 functional group [15]. The spectrum of calcium shows two dif-
ferent chemical states. The ratio between the components was calculated
to 2:1, which is in accordance with the expected [3-tridymite structure.
There are two calcium cations (347.16 eV) in the distorted octahedral
and the one (347.96 eV) that is coordinated with nine 0°~ ions to
form a trigonal antiprism with six oxygens and a triangular formation
with the other three [16]. Binding energy of alumina (73.47 eV) is typical
for AlOs tetrahedra with sharing comers creating the three-dimensional
framework. All alumina high resolution spectra were fitted by an asym-
metric form A({a,bn)GL(p). The parameters a and b allow the asymptotic
form of the alumina asymmetric tail while the third parameter n defines
the width of Gaussian used to convolute the basic shape of the profile.
The best mixture of Gaussian-Lorentzian components is controlied by
the parameter p, which is dependent on the instrument and resolution
(pass energy) settings used as well as the natural line width of the spe-
cific core hole [17].

Table 1
The binding enesgies and peak widths (FWHM) of the primary phases and after mechano-
chemical activation.

Binding energy (FWHM}/eV
Primary phases Mechanochemical activation
cA rva CA A
Cls 28480(1.33)  284.80(1.23)  28480(1.11)  284.80(1.01)
286.10 (2.09) 28620 (1.53) 28623 (1.41) 28626 (1.25)
289.18 (2.41) 289.24(1.26) 287.76 (1.02) 288.16 (0.84)
28928 (1.16) 28912 (0.95)
CaZpsz  34716(132) 347.13(1.21)  347.45(1.39)
34796 (1.37) 347.75 (1.30)
Al 2psp 7347 (1.22) 73.50(1.25)
74.30(133)

The energy separations for the 2py,, and 2p, ,, lines were fixed at 0.42 and 3.50 eV for
2luminum and calaum, respectively. Values in italics were assigned to new created phases
formed after mechanochemical activation.

tion presented in many studies [19-21). It proves the chemical interac-
tion between the monocalcium aluminate and polymer. According to
the main hypothesis of reaction mechanisms, the hydroxyl groups of
PVA are crosslinked with the aluminate ions (Al{OH)3 ) released during
the hydration reaction of the CA phase |22-24|, which also explains the
slight decrease in C~OH contribution compared to the primary PVA.
The Ca 2p spectrum of activated CA shows two different kinds of calcium.
The chemical state of the first one is the same as in the primary phase
(347.13 V), but the second one is characterized by shift to a lower
value of binding energy (347.75 eV). This could mean the creation of
new calcium aluminate hydrates, such as CAH,, or CAHg. where
hydroxyl functional groups are incorporated into the structure, which
causes the decrease in binding energy of calcium. The expected forma-
tion of C;AH; is inhibited by the presence of PVA [14).

On the surface of PVA sample, only carbon and a small amount of
calcium were detected. The C 1s spectrum indicates the decrease of
the C- OH group and at the same time the creation of another carboxyl
functionality (288.16 eV), which can be ascribed to carbon of ester in
calcium acetate. In the polyvinyl alcohol/acetate co-polymer a hydrolysis
of the acetate groups takes place. The liberated acetate groups react with
Ca®* cations in the liquid phase resulting in calcium acetate precipita-
tion, Ca 2pyp, spectrum with component at 347.45 eV, which is consis-
tent with the expected reaction mechanism |9,11]. The NIST database
[25] unfortunately does not include the measured spectra of calcium
acetate, but only of calcium(il) formiate with binding energy of Ca
2pasz at 34740 eV. However, it can be expected that the Ca 2psz binding
energies of these compounds will be very close.

The effect of mechanochemical activation is well observed, when the
whole process was repeated without rotation. Both CA and PVA surfaces
were covered of a thin layer of polyvinyl alcohol/acetate with a small
amount of the created calcium acetate. The C 1s and Ca 2p spectra
contained the same features as the PVA activated sample (Fig. 3). The
surface of monocalcium aluminate tablet additionally comprises the
alumina with binding energy of Al 2py.; at 74.01 eV belonging to
gibbsite — Al(OH)4 [25), which is the hydration product of the CA
phase. The experiment without mechanochemical activation clearly
shows that there is no crosslinking via C~0 - Al connection character-
ized with specific chemical states of C 1s (287.76 eV), respectively Al
2p,y; (7430eV).

4. Conclusion

The XPS analysis provides a very successful method for the study of
the composition and interphase structure of surface layers at the molec-
ular level. It was found out that the mechanochemical activation of
monocalcium aluminate and polyvinyl alcohol causes the creation of
new C-0- Al chemical bends. The appearance of this connection is ev-
idence of a chemical reaction between the hydrated inorganic phase and
PVA chains.
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Fig. 3. Curve fitted XPS spectra of the primary and mechanochemical activated phases.
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Abstract

Portland cement-based products are the most commonly used building materials. Worldwide production accounted for about 2.5
billion metric tons. However, it is well known that the production of Ordinary Portland Cement (OPC) is associated with
generating of by-product materials. Cement kiln dust is one of secondary material of cement manufacturing process. Purpose of
this work is to use this undesirable material for development of new cementitous material similar to Portland cement-based
concrete, which is convenient in terms of energy and is environmental-friendly at once. This article presents preparation and
composition of new alkali activated material, called geopolymer, synthesized from blast furnace slag and fly ash activated by
sodium hydroxide and cement kiln dust as well as the potential to immobilize heavy metals in its structure. Study was mainly

based on SEM-EDX, XRD and ICP-MS analyses.
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1. Introduction

Throughout the world, millions of tones of
waste materials are generated each year. Often these
materials contain heavy metals which adversely affect
environment. Currently is an effort to utilization of
waste materials in order to avert the increasing
contamination of the planet with toxic substances
(Brandstetr, 2004). A large proportion of waste
products are still stored in landfills or in surface.
underground mines. Therefore there is a necessity to
find new technology which will be focused on cheap
and simple processing of large amount of these
materials. Economic factors also increasingly dictate
that industry should look towards recycling or value
addition to waste materials as opposed to landfilling
and discarding (Fu et al., 2011; Xu et al., 2005).

Another reason for usage of the industrial by-
product is a considerable increase in production of
construction materials which causes that the
consumption of Ordinary Portland cement (OPC) is

still growing. Portland cement-based products are the
most often used building materials. Currently, the
cement industry produces 1.5 billion tons of OPC
each year. However, it is well known that the
praduction of OPC not only consumes a significant
amount of natural resources and energy but also
releases high quantity of carbon dioxide (CO,) to the
atmosphere. In the manufacture of cement the CO; is
emitted from the calcination process of limestone,
from combustion of fuels in the kiln as well as from
the power generation. Carbon dioxide emissions are
the largest source of greenhouse gases associated with
global warming. During cement manufacturing 0.498
metric ton of CO» is released from each ton of cement
production, therefore is cement production the third
largest cause of man-made carbon dioxide emissions
(Davidovits, 1991).

One of the possibilities how to produce more
environmentally friendly concrete is to replace the
OPC  with  aluminosilicate  polymer, called
geopolymer, synthesized by alkali activation of

* Author to whom all correspondence should be addressed: e-mail: kalina@fch.vutbr.cz
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by-products materials such as fly ash, slag and
another sources rich in silicon and aluminum
(Sumajouw et al., 2006).

Geopolymers are formed by dissolution (Fig.
1) of solid aluminosilicate particles at high pH which
quickly create a supersaturated aluminosilicate
solution. Result is the formation of large network by
condensation. Chemical structure can be described by
M, {-(8i-0)-Al-O}, wH2O where “M™ is a cation
such as potassium, sodium or calcium; “n” is a degree
of polymerization; and “z” is ratio of Si0O, and ALOs.
The network is configured of SiO; and AlO,
tetrahedrons united together by oxygen bridges. The
fact that aluminum is four coordinated with respect to
oxygen creates a negative charge imbalance and
therefore the presence of cations such as K* and Na*
is essential to maintain electric neutrality in the
matrix (Davidovits, 1994; Harja et al., 2009).

The chemical stability of geopolymer materials
is proved as well as a tendency to drastically decrease
the mobility of most heavy metal ions contained in
large quantity of industrial by-products. Another
important consideration in connection with concrete
is the price of final products. The alkali activators
used for geopolymerization are mainly sodium or
potassium hydroxides that are very expensive. The
aim of this work is to develop inexpensive
geopolymer concrete activated by another secondary
material — cement kiln dust (CKD).

Cement kiln dust is created in the kiln during
the production of cement clinker. The dust is a
particulate mixture of partially calcined and unreacted
raw feed, clinker dust and ash, enriched with alkali
sulfates, halides and other volatiles. These
particulates are captured by the exhaust gases and
collected in electrostatic precipitators (Adaska et al.,
2008). They are vary in composition, but most of
them contain silica, calcium carbonate and calcium
oxide (“free lime®); many also contain alkali sulfates
and chlorides and sometimes other minor
components. The presence of free-lime (Ca0), the
high alkali content and high fineness of CKD also
makes them an excellent activator for pozzolanic
materials such as blast fumace slag and fly ash
(Peethamparan et al., 2008).

The objective of the work is to understand the
interaction of CKD with slag/fly ash mixture in order
to explore the feasibility and the approaches to
development of new inorganic binder.
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It is expected that the high free lime content of
CKD will improve the hydration process by
accelerating hydration. Hydrated lime (Ca(OH),) is
the most common used soil stabilizer. The hydration
products may significantly affect CKD's soil
stabilization potential. The characterization process of
CKD’s alkali activated matrix, leading to better
understanding of stabilization mechanisms, is based
on chemical analysis such as XRD, SEM-EDX
analysis. The ability to inhibit hazardous material is
determined by leaching tests and identified by using
ICP-MS method.

2. Experimental
2.1. Materials and specimens preparation

In this research, low calcium fly ash (LCFA)
obtained from Czech power plant, blast furnace slag
(BES) and cement kiln dust (CKD) were used as the
base materials. Chemical composition of by-products
materials is given in Table 1. XRD analysis of blast
furnace slag and fly ash indicate the presence of a
great deal of amorphous phase. The main crystal
minerals identified in BFS were merwinite, melilite
and calcite. The major crystal phases detected in
LCFA include mullite. quartz, hematite and
magnetite. Through the use of the Rietveld method
for XRD quantitative analysis of CKD were
determined 50.0 % sylvite (KCl), 23.8 % free lime
(Ca0), 16.5 % arcanite (K,SO,) and 9.8 % lamite
(2Ca0-5i0,). Alkali activator used in this study was
sodium hydroxide in flake form dissolved in water to
create 4M water solution.

The hydroxide solution was then poured into a
solid fly ash/slag/CKD mixture. Time of the mixing
takes 3 minutes. The paste was elaborated into steel
molds of 2x2x10 cm. Specimens were cured at
laboratory temperature for 24 hours.

2.2. Test methods

2.2.1. X-ray diffraction analysis (XRD)

X-ray powder diffraction data were obtained
using a PANanalytical Empyrean diffractometer with
CuKa radiation equipped with a 3D detection system
PIXcel™®. Specimens were step scanned from 5° to
90° 26 using vertical high-resolution goniometer with
step size 0.013° 26.

Hemodins

Fig. 1. Conceptual model for geopolymerization (Fendndez-Jiménez et al., 2009)
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Table 1. Mineralogical composition of used materials

Content (%) BFS CKD LCFA
SiO, 34.7 4.1 40.3
AlLO; 9.1 G 29.8
Fe,04 0.3 1.3 19.2
Ca0 41.1 19.3 43
Na:0 04 - 0.9
K0 0.9 36.2 L5
MgQ 10.5 - 1.3
S0 1.5 5.1 1.1
TiO, 1.0 - T4
Pgo_( = = 0.3
PbO = 1.8 =
Cr- = 318 =

2.2.2. Scanning electron microscopy (SEM-EDX)
Scanning electron microscopy was used to
examine the fractured specimen surfaces in the
backscatter mode using JEOL JSM-7600F and ZEISS
EVO LSIO electron microscopes. The surface was
polished using JEOL Cross section CP Polisher for 5
hours. The specimens were stick on carbon tape and
the exposed fractured surfaces were sputter-coated
with gold. Energy dispersive X-ray (EDX) results and
EDS mapping of sample surface were obtained at
selected locations using an Oxford AZtec Systemn.

2.2.3. Leaching analysis

Leaching analyses were occurred after 28
days. The samples were stired using the special
shakers for 24 hours at ambient temperature
according to CSN EN 12457-4 norm. The sample
solutions were filtered using a 0.45 pm membrane
filters and analyzed by Thermo X Series I ICP-MS.

3. Results and Discussions

3.1. Mineralogical and microstructure of CKD-BFS-
LCFA binder

The mineralogical characterization was
determined using TG-DTA-EGA and XRD analyses.
The XRD result (Fig. 2) of CKD-BFS-LCFA paste
identified the presence of new crystalline phases such
as hydrotalcite and carbonates. The sample indicates
the presence of great deal of amorphous phase (hump
from 20 to 40 °24). The microscopic appearance of
alkali activated binder was examined by scanning
electron microscope imaged in the backscatter mode
using EDX analysis. The main objective was the
determination of binder phases responsible for
mechanical properties  of  material. The
Fig. 3 shows fracture area of 28 days old hydrated
CKD-BFS-LCFA binder composed of spherical

particles of LCFA (place 1) and longitudinal grains of
BFS (place 2). The EDX spectrum collected from fly
ash particles had the main peaks for Al, Si and O
revealed the presence of mullite and quartz. Some
particles contained also high amount of Fe probably
in Fe,0; or Fe;O4 phases. Blast furnace slag grains
were rich in O, Si, Ca, Mg and Al associated with
presence of menwinite, melilite and calcite, as well as
with amorphous calcium aluminosilicate glass. In the
alkali activation process of slag, two layers are
formed at the slag grain surface. The inner layer
contains a constant thickness of a hydrotalcite-type
composition (place 3) and the outer product belongs
to binder CSH phase (place 4). EDX analysis of
binder phase indicates CSH gel with the Ca/Si ratio ~
1.1. This ratio is almost same as in hydrated blended
Portland cement, but it differs by the presence of
distinct amounts of aluminum (A)/Ca ~ 0.2) and alkali
ions in its structure. Aluminum substitutes for silicon
in the bridging tetrahedron of dreierketten chains
constituting the CASH phase (Richardson, 2004).

The second type of binder phase is created
around and inside of fly ash particles (place 5). The
chemical composition differs from previous phase.
The main difference is the low value of Ca/Si~ 0.6,
conversely the high content of alumina. The ratio
Al/Ca~ 1.1 suggests the creation of phase related to
zeolite (Ca-faujasite) as confirms XRD analysis
(Fig. 4). As shown Fig. 3. the chemical attack via
alkali activators can be observed on fly ash particle.
The reaction product is generated both inside and
outside of fly ash particles until the particle is
completely or almost completely consumed. When
alkaline solution penetrates inside the particles, the
interior space is filled up with reaction product
forming a dense matrix (Fernandez-Jiménez et al.,
2005). The results from EDX analysis are
summarized in Table 2.

Table 2. EDX results at selected locations

Place/at.]%] 0 Na Mg Si [a] K Ca (&
1 54.5 2 0.8 18.9 234 % 1.1 0.7 z
2 513 0.5 88 162 = 2 15.6 =
3 57.7 3.0 5.8 6.1 = z 17 18
4 383 32 1.7 204 45 45 227 =
3 47.0 45 L6 12.3 183 1.5 3.7 113 E
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Fig. 4. Detail of XRD diffractogram of CKD-BFS-LCFA binder

The technology of geopolymerization can be
also applied to solidify with the resultant
immobilization of toxic materials. The example, how
the immobilization process works is shown in case of
lead (Pb) in Fig.5.

The particles of blast fumace slag were
surrounded by round shining particles that were
identified as Pb by EDX analysis. In this case are

582

possible two different explanations. Lead can be
incorporated within the hydration products of the
blast furnace slag mainly into the C-S-H gel. This
corresponds with the fact that Pb was concentrated
near the particles of the blast furnace slag. Pb could
substitute Ca in the structure. At the place 1 was
conducted EDX analysis (Table 3).
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Table 3. EDX results at selected location

place/at.[%] (4] Ph Mg Al Si S K Ca C
1 525 1.3 54 54 16.2 1.0 10.8 4.0 29

Table 4. The concentrations of hazardous elements leached from secondary industrial by-products materials [pg/l]

Materials/ el IS As Ba Cr Cu Ni Pbh Sr Zn
LCFA 9.97 143.00 591 603.90 303.70 7.85 1095.00 1019.00
BFS 0.62 185.70 211 1.60 1.98 0.02 279.80 0.55
CKD 153.60 65.93 82.43 0.21 423 4954.00 118.50 99.50
Matrix 86.56 20.53 797 2.29 142.10 6.90 39.30 3.64

It was found that elemental composition was
dominated by Si, K and important was also
occurrence of Al. According to this EDX analysis Pb
is rather incorporated within  geopolymer
aluminosilicate matrix. Possibly Pb;SiO; can be
formed (Palomo, 2003).

BT = 20000 Zgrd A LIRS0 Data 23 M 3011

Woe 80 wn Moy 100K X Towe AT 2

TTYEeee T

Fig. 5. SEM picrure of geopolymer matrix with Pb particles
3.2. Immobilization

The technology of geopolymerization can be

also applied to solidify with the resultant
immobilization of toxic materials.
The exact mechanism of inhibition of hazardous
elements hasn’t been found out yet, but there are two
possible types of mechanism. The first one is physical
encapsulation. Elements are fixed within the matrix
after setting only by physical forces. This mechanism
is linked with mechanical properties of matrix mainly
with compressive strength.

The other one is chemical fixation. Alkali
metals like Cs, Ba, Sr can replace charged balancing
cation and can be incorporated into the geopolymer
network. Other elements such as Pb can be bonded in
new created aluminosilicate phases, which are formed
after the alkali activation. These elements are usually
well dispersed throughout the matrix. Alkali
activation can also change a form of heavy metals
from soluble one to the less soluble one. This
conversion decrease leaching of heavy metals from
geopolymer matrix.

One of only methods available for determining
efficiency of hazardous elements immobilization is by
leaching tests (Van Jaarsveld etal., 1995). Table 4
shows the results of concentrations for selected
hazardous elements after leaching used raw materials
and final geopolymer matrix which were washed out
from fly ash and CKD.

However the process of geopolymerization
(results from matrix) rapidly decreased the
concentration of toxic elements. Especially the
immobilization of lead, strontium and zinc
demonstrate very good fixation capacity.

3.3. Application and economic benefit

This building alternative also offers economic
benefits over Portland cement concrete. From
economical point of view the very expensive sodium
hydroxide solution was partly replaced by cement kiln
dust. Finally, the geopolymer concrete is about 10
percent cheaper than OPC concrete and moreover
processes and stabilizes large amount of dangerous
by-product materials. Based on advantageous
properties of this geopolymer binder was made the
geopolymer concrete in cooperation with ZPSV as.
company. The resulting product was transition board

(Fig. 6).

Fig. 6. Transition board made from geopolymer concrete

4. Conclusions

Cement kiln dust (CKD) used in this study is
characterized as very usable for alkali activation of
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by-product materials such as blast furnace slag (BFS)
and low calcium fly ash (LCFA) mixture.

Mineralogical and microstructural analysis
identified that the main binder products are
Al-containing CSH gel with alkali ions in structure
and semi-crystalline alkali silicoaluminate related to
zeolites. The results from immobilization tests
demonstrated that the manufacturing of geopolymers
from waste materials should provide cheap alternative
of building material with potential to encapsulate
toxic metals in its structure.

Results presented in this work demonstrate
that CKD-BFS-LCFA binder has an excellent
potential for its application in building industry.
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