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Streszczenie

Zmiany klimatyczne bedgce rezultatem m.in. efektu cieplarnianego stanowig istotne
wyzwanie obechego stulecia. W obliczu tych proceséw konieczne staje sie dgzenie
do ograniczenia antropogenicznej emisji gazéw cieplarnianych, w tym w szczegolnosci
dwutlenku wegla, ktory stanowi ok. 80% wolumenu ich catkowitej ilosci emitowane;j
do atmosfery. W zwigzku z tym, stale rosngcym zainteresowaniem cieszg sie
geopolimery, materiaty stanowigce niezwykle atrakcyjng alternatywe dla stosowanych
konwencjonalnie materiatdbw budowalnych. Ich wytworzenie jest procesem o nizszej
energochtonnosci, pozwalajgcym na ograniczenie iloéci emitowanego dwutlenku wegla
do atmosfery, a takze na zagospodarowanie odpadow i ochrone surowcow naturalnych,
w porownaniu do betonu wytworzonego z zastosowaniem tradycyjnego cementu
portlandzkiego. Dodatkowo udowodniono, iz przy odpowiednim doborze materiatéw
bazowych oraz warunkow procesu wytwarzania, geopolimery w poréwnaniu do betonéw
moga charakteryzowac sie m.in. wyzszg wytrzymatoscig na sciskanie i na zginanie oraz
wiekszg odpornoscig na warunki klimatyczne, w tym mrozoodpornoscig oraz
odpornoécig chemiczng. Jednak do tej pory materiaty geopolimerowe nie sg jeszcze
powszechnie stosowane m.in. ze wzgledu na brak dostatecznej charakterystyki ich
wiasciwosci oraz okreslenia wptywu zmiennych stosowanych podczas procesu

wytwarzania na produkt koncowy.

Celem naukowym prezentowanej rozprawy doktorskiej bylo opracowanie i analiza
wiasciwosci materiatow geopolimerowych modyfikowanych odpadowg sttuczkg szklang.
Dodatkowo celem utylitarnym byto opracowanie sposobu wytwarzania, umozliwiajgcego
zagospodarowanie materiatbw odpadowych oraz produktéw ubocznych proceséw
technologicznych. W celu realizacji przyjetych zatozen wytworzono geopolimery
spienione oraz niespienione na osnowie materiatdw poprocesowych, odpadowych
i/lub mineralnych takich jak: popiét lotny, tupek weglowy (po przeprowadzeniu obrdbki
mechanicznej i termicznej), metakaolin oraz hybrydy metakaolinu z tupkiem weglowym,
zawierajgce dodatek brgzowej odpadowej sttuczki szklanej. Wszystkie opracowane
geopolimery scharakteryzowano z zastosowaniem szerokiego spektrum metod
badawczych w celu okreslenia wptywu poszczegodlnych zmiennych, tj. udziatu
wagowego oraz wielkosci czgstek zastosowanych frakcji stluczki szklanej, rodzaju
materiatdbw bazowych oraz komponentéw, na finalne wifasciwosci kompozytow
geopolimerowych. Dodatkowo zrealizowane badania pozwolity na wskazanie
potencjalnych zastosowan zsyntetyzowanych materiatow. Zaproponowane rozwigzania
wykazujg potencjat mozliwosci ograniczenia ilosci sktadowanych odpadow oraz

produktow  ubocznych  procesdw  technologicznych.  Sugerowany  sposob




zagospodarowania odpadéw oraz produktéw ubocznych mozna uznaé za innowacyjny
i perspektywiczny. Wyniki zrealizowanych badan przedstawiono m.in. w cyklu czterech
artykutdbw  opublikowanych ~w  recenzowanym, renomowanym czasopismie,
indeksowanym w bazie Journal Citation Reports (JCR) oraz znajdujgcym sie w wykazie

czasopism naukowych Ministerstwa Edukacji i Nauki (MEIN).




Summary

Climate change resulting from among others the greenhouse effect constitutes
a significant challenge of this century. Faced with these processes, it becomes
necessary to pursue restriction of anthropogenic greenhouse gas emissions, in particular
carbon dioxide, which constitutes approximately 80% of the volume of the total amount
of greenhouse gas emissions into the atmosphere. Therefore, geopolymers, which are
materials constituting extremely attractive alternatives to conventionally applicable
building materials have been increasingly popular. Their manufacturing is a process
characterized by lower energy consumption, allowing for a reduction in the amount
of carbon dioxide emissions into the atmosphere, as well as waste management
and preserving natural resources in comparison to concrete manufactured using
Ordinary Portland Cement. Moreover, it has been proved that with the proper selection
of base materials and manufacturing process conditions, geopolymers can be
characterized by, for instance, higher compressive strength, higher flexural strength,
and higher resistance to climatic conditions, including freeze-thaw resistance
and chemical resistance compared to concrete. However, geopolymer materials are not
commonly used yet, among others due to the lack of sufficient characteristics of their
properties as well as determining the effect of variables used during the manufacturing

process on the final product, up to now.

The scientific aim of the presented doctoral dissertation was to develop and analysis
the properties of geopolymer materials modified with waste glass. Furthermore,
the utilitarian objective was to develop their fabrication process, enabling
the management of waste materials and byproducts of technological processes. In order
to realise established objectives, foamed and non-foamed geopolymers on the base
of post-process, waste and/or minerals materials, such as fly ash, coal gangue (after
mechanical and thermal treatment), metakaolin and coal gangue-metakaolin hybrids,
containing the addition of brown waste glass cullet were manufactured. All of the
developed geopolymers were characterised using a broad spectrum of research
methods to determine the influence of individual variables, such as weight ratios
and particle size of applied fractions of waste glass, the type of base materials,
and components on the final properties of the geopolymer composites. In addition,
completed research enabled to determine the potential applications of the synthesized
materials. The proposed solutions exhibit the capability to reduce the amount of landfilled
waste and by-products of technological processes. Furthermore, the suggested way
of waste management and by-products can be considered as innovative

and prospective. The results of the completed study were presented among others in the




series of four scientific articles, published in peer-reviewed prestigious scientific journal,
indexed in the Journal Citation Reports (JCR) database and contained in the Ministry

of Education and Science list of scientific journals.




Wykaz publikacji wchodzacych w sktad rozprawy doktorskiej

Prezentowana rozprawa doktorska sktada sie z cyklu czterech powigzanych
tematycznie publikacji, w ktérych przedstawiono i szczegdtowo oméwiono rezultaty
zrealizowanych prac badawczych. Artykuty opublikowano w recenzowanym
czasopismie, indeksowanym w bazie Journal Citation Reports (JCR) oraz znajdujgcym
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Spis wazniejszych skrotéw, symboli i oznaczen stosowanych

W pracy

BET — metoda Brunauera, Emmeta i Tellera umozliwiajgca wyznaczenie powierzchni

wiasciwej materiatu

CVAAS - (ang. cold vapour atomic absorption spectrometry) technika zimnych par

w atomowej spektrometrii absorpcyjnej
DOC - (ang. dissolved organic carbon) zawarto$¢ rozpuszczonego wegla organicznego
DTA — (ang. differential thermal analysis) termiczna analiza ro6znicowa

FT-IR — (ang. Fourier transform infrared spectroscopy) spektroskopia fourierowska

w podczerwieni

ICP-OES - (ang. inductively coupled plasma — optical emission spectroscopy) optyczna

spektrometria emisyjna z plazmg wzbudzong indukcyjnie

IUPAC — (ang. International Union of Pure and Applied Chemistry) Miedzynarodowa
Unia Chemii Czystej i Stosowanej

LCA — (ang. life cycle assessment) ocena cyklu zycia produktéw

LOI — (ang. loss on ignition) strata prazenia

obr./min — liczba obrotéw na minute, jednostka predkosci obrotowe;j

OPC - (ang. Ordinary Portland Cement) cement portlandzki

QMS — (ang. quadrupole mas spectrometry) kwadrupolowa spektrometria mas

RILEM — (fr. Réunion Internationale des Laboratoires et Experts des Matériaux,
systemes de construction et ouvrages) Miedzynarodowa Unia Laboratoriow i Ekspertéw

w zakresie Materiatow Budowlanych, Systeméw i Konstrukcji

ROI — (ang. region of interest) region zainteresowania, inaczej wybrany obszar obrazu

poddany analizie
SEM - (ang. scanning electron microscope) skaningowy mikroskop elektronowy
t—tona

TDS — (ang. total dissolved solids) catkowita zawarto$¢ rozpuszczonych substancji

statych

TG — (ang. thermogravimetry) termograwimetria




w/s — (ang. water to solid ratio) stosunek wagowy cieczy do sktadnikéw statych,

tzw. ,stosunek wodny”
wag. — wagowo, udziat wagowy [%]
XRD - (ang. X-ray diffraction) metoda dyfrakcji rentgenowskiej

XRF — (ang. X-ray fluorescence) metoda fluorescencji rentgenowskiej
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1. Wprowadzenie

Zyjacy okoto 2500 lat temu stynny grecki filozof Heraklit z Efezu gtosit poglad:
~Jedyng statg rzeczg w zyciu jest zmiana’ [1]. Pomimo uplywu czasu paradygmat
dynamicznej zmiany stanowigcej centralny element swiata mozna uzna¢ za aktualny,
a jego przekaz mozna rozpatrywac¢ zarowno w kontekscie sytuacji osobistych jednostki,
jak i globalnie. Do zadah wspétczesnej nauki nalezy nie tylko obserwacja zmieniajgcego
sie Swiata, reagowanie na pojawiajgce sie potrzeby i problemy, skutki zmian, lecz takze
prognozowanie zmian umozliwiajgce podjecie dziatan ukierunkowanych na okreslone

aspekty.

Swiatowy rozwoj gospodarczy i wzrost liczby ludnosci na $wiecie wigze sie z cigglym
wzrostem zapotrzebowania na zywno$¢, wode i materiaty. Powoduje on réwniez wzrost
popytu na produkty budowalne m.in. wskutek intensyfikacji budownictwa
mieszkaniowego, realizacji zaawansowanych  projektéw infrastrukturalnych
oraz urbanizacji. Oszacowano, iz obecnie dostepna infrastruktura zaspokoi jedynie 40%
globalnego zapotrzebowania prognozowanego na rok 2050. Wskazuje to ha ogromne
przyszie zapotrzebowanie na beton, ktéry juz teraz zaraz po wodzie, cechuje sie
najwiekszym globalnym zuzyciem. Kazdego roku jego produkcja wynosi okoto 30
miliardow ton. W przemysle budowlanym wykorzystanie betonu jest dwukrotnie wyzsze
niz wszystkich innych materiatow tgcznie, jednoczesnie beton jest kluczowy szczegodinie

dla krajéw rozwijajgcych sie [2-8].

Podstawowym materialem wigzgcym stosowanym w produkcji konwencjonalnego
betonu jest cement portlandzki (OPC). Obecnie powszechnie okreslany jest on mianem
materiatu niezrownowazonego i nieprzyjaznego $rodowisku ze wzgledu na zuzywanie
surowcow naturalnych w trakcie wytwarzania, wysokg energochfonnosé¢ tego procesu,
a takze emisje znacznych ilosci gazéw cieplarnianych. Szacuje sie, iz przemyst
cementowy jest odpowiedzialny na zuzycie istotnej ilosci paliw kopalnianych,

stanowigcych ok. 12—15% catkowitej energii zuzywanej przez przemyst [9, 10].

Antropogeniczna emisja olbrzymich ilosci CO, jest powaznym wyzwaniem XXI
wieku, ktory negatywnie wptywa na srodowisko, powodujgc m.in. zmiany klimatyczne
oraz globalne ocieplenie. Kwestia ta stanowi jeden z najistotniejszych problemow
Srodowiskowych obecnych czasow. Obliczono, iz proces produkcyjny 1 t cementu
powoduje sumarycznie emisje okoto 0,8-1,0 t CO2, na co sktada sie¢ 0,55 t CO:
wynikajgcej z koniecznosci zastosowania okoto 1,5 t surowcéw naturalnych oraz 0,4 t
CO; uwalnianej wskutek spalania paliw. Produkcja cementu ze wzgledu na rozktad

weglanu wapnia jest istotnym zrédtem emisji tego gazu cieplarnianego, odpowiada za




okoto 6-8% catkowitej emisji dwutlenku wegla [11-13]. Dlatego istnieje koniecznosé
opracowania nowych zrownowazonych materiatéw dla inzynierii lagdowej, ktére bedg
mogly zastgpi¢ materiaty stosowane konwencjonalnie, powodujac efektywne obnizenie
ilosci emitowanego do atmosfery CO.. Ponadto zatozenie to jest zgodne z wymaganiami
narzuconymi przez Komisje Europejskg, ktéra zadecydowata o obligatoryjnej
koniecznosci ograniczenia emisji gazow cieplarnianych o co najmniej 40% do 2030 r.

w porownaniu do poziomu z 1990 r. [14].

Innym aspektem zwigzanym z rozwojem gospodarczym jest rosngca ilo$¢
produkowanych odpadow [15, 16]. Jednym z nich jest szkto odpadowe. Szkio dzieki
posiadanym witasciwosciom takim jak m.in. odporno$¢ chemiczna, przezroczystoseé,
i nie biodegradowalnos$¢ jest materiatem szeroko rozpowszechnionym na catym swiecie.
Nalezy jednak podkres$lic wysokg podatnos¢ szkta na kruszenie oraz stluczenie.
Powszechnie wiadomo, iz recykling szkta jest mozliwy, natomiast proces ten jest
ztozony, gtdwnie ze wzgledu na wieloetapowos¢ oraz wysokg energochtonnosé. Wigze
sie z koniecznoscig transportu, sortowania, rozdrabniania, czyszczenia, przesiewania,
przetapiania i formowania celem produkcji wyrobow szklanych. Wszystkie te etapy moga
wigzac sie z zanieczyszczeniem srodowiska. Dodatkowo nalezy podkresli¢ obecny trend
polegajacy na stosowaniu domieszek m.in. metali ciezkich w procesie produkcji szkta
celem poprawy poszczegodlnych wiasciwosci materiatu, ktére w czasie recyklingu moga
zosta¢ uwolnione do Srodowiska [17]. Dane literaturowe z 2018 roku wskazuja,
iz catkowita iloS¢ wyprodukowanego szkta na Swiecie wyniosta 130 milionéw ton,
natomiast globalny poziom recyklingu szkta jedynie 21% [18]. Wedtug danych Eurostatu,
czyli Urzedu Statystycznego Unii Europejskiej z 2020 roku, 19,1% odpaddéw
opakowaniowych stanowity odpady szklane. Ponadto w ostatnich latach widoczna jest
tendencja wzrostu ilosci produkowanych odpaddw szkta opakowaniowego, przyktadowo

wzrost 0 13,1% odnotowano w 2020 roku, wzgledem danych z 2009 roku [19].

Niski poziom recyklingu produktow szklanych wynika przede wszystkim z wysokich
wymagan dotyczacych jakosci surowca wejsciowego podczas produkcji, co jest
niezbedne w celu uzyskania wyrobow szklanych o wysokiej jakosci korncowej. Odpady
szklane o roznych kolorach mogag nie spetniaC wymogow wzgledem posiadanych
wiasciwosci po procesie odbarwiania, co utrudnia ich recykling ukierunkowany na
wytwarzanie nowych wyrobow szklanych. Dodatkowy problem stanowi zréznicowanie
pod wzgledem rodzaju oraz obecnych zanieczyszczen szkta odpadowego trafiajgcego
na sktadowiska odpaddéw. Dlatego opracowanie materiatdbw umozliwiajgcych
wykorzystanie szkta odpadowego pochodzgcego z recyklingu, ktérego przetwarzanie

stanowi obecnie powazne wyzwanie srodowiskowe dla spoteczenstwa, przyczynitoby sie




do zmniejszenia objetosci sktadowisk odpadéw, zagospodarowania odpaddéw, obnizenia
emisji emitowanego CO., ograniczenia zuzycia energii potrzebnej do wytopienia szkita,

a takze ochrony surowcow naturalnych [20-26].

Wielu badawczy w swoich pracach udowodnito, iz proszek szklany ze wzgledu na
stosunkowo wysokg zawartos¢ SiO, oraz wlasciwosci amorficzne posiadat wtadciwosci
pucolanowe, wskazujgc na mozliwos¢ zastosowania tego materialu w przemysle
budowalnym [19, 27]. Aktywnos$¢ pucolanowa szkta zalezy m.in. od wielko$ci czgstek
szkia i rosnie wraz z ich zmniejszeniem [28]. Ponadto wykazano, iz w zalezno$ci od
wielkosci czastek odpady szklane mogg petni¢ odmienng funkcje w betonie
cementowym, tzn. mogg wystepowaé jako kruszywo grube (wielkos¢ czgstek ponizej
14 mm), kruszywo drobne (wielkos¢ czgstek ponizej 4,75 mm), prekursor (wielkos¢

czgstek ponizej 0,6 mm) [29].

Ogromne ilosci sktadowanych obecnie odpadow i produktéw ubocznych proceséw
technologicznych pochodzg z przemystu wydobywczego (gérniczego), metalurgicznego
oraz energetycznego. Przykiadem takich materiatdw sg popioty lotne, tupki weglowe,
a takze zuzle. Ich deponowanie moze powodowac problemy ekologiczne wskutek
oddziatywania zanieczyszczenh na gleby, powietrze, wody powierzchniowe i podziemne,
a takze wymaga naktadéw finansowych na poczet utworzenia oraz utrzymania

sktadowisk, zajmujgcych ogromne obszary powierzchniowe [30, 31].

Materialy odpadowe i/lub poprocesowe mogg stanowi¢ surowiec do produkcji
materiatow geopolimerowych, polimerow nieorganicznych lub materiatéw aktywowanych

alkalicznie.

Termin geopolimer zostat opracowany przez Profesora Joseph’a Davidovits'a
w 1972 roku [32]. Jednak Profesor Davidovits podkreslit w swojej pracy, iz jego odkrycie
poprzedzone bylo osiggnieciami innych badawczy w zakresie badan materiatow
glinokrzemianowych. Juz w latach trzydziestych XX wieku prowadzono badania
z zastosowaniem m.in. wodorotlenku sodu i potasu, ktérych celem byto ustalenie czy
zuzel wielkopiecowy zostanie zwigzany po dodaniu go do cementu portlandzkiego.
W czasie realizacji badan w 1940 roku belgijski naukowiec o nazwisku Purdon
zaobserwowat powstanie szybko wigzgcego spoiwa w efekcie zastosowania dodatku
alkaliow. Cementy zuzlowe otrzymywane poprzez aktywacje alkaliami, tzw. ,cementy
Triefa”, stosowano w budownictwie na duzg skale w latach 50-tych XX wieku. Nastepnie
w 1957 roku ukrainski naukowiec Victor Glukhovsky, pracujgcy w Kijowskim Instytucie
Inzynierii Ladowej w Zwigzku Socjalistycznych Republik Radzieckich, stworzyt recepture

otrzymywania spoiw zuzlowych aktywowanych alkaliami. W kolejnych latach (60 i 70 XX




wieku) odniést on wiele sukcesdw badawczych skoncentrowanych wokoét identyfikacji
hydratéw glinokrzemianu wapnia i sodu, a takze hydratéw krzemianu wapnia i sodu.
Betony otrzymywane wedtug tej technologii zostaty przez naukowca nazwane mianem
.betonéw krzemianowych glebowych” (1959 r.), natomiast spoiwa otrzymaty od niego

nazwe ,cementoéw glebowych” (1967 r.) [33].

W rysie historycznym rozwoju materiatdbw geopolimerowych podkresla sie rowniez
wktad innych naukowcow tj.: Flint wraz ze wspotpracownikami (w 1946 roku wykazali
mozliwos¢ ekstrakcji tlenku glinu z materiatdéw takich jak boksyty i glina), Borchert
oraz Keidel (w 1948 roku zsyntetyzowali hydrosodalit Na—PS jako produkt reakcji
kaolinitu w roztworze NaOH w temperaturze 100 °C), Howell (w 1963 roku z metakaolinu
otrzymanego w wyniku kalcynacji kaolinu otrzymat zeolit typu A), zespdt w skladzie
osobowym Besson, Caillere i Hénin (w 1969 roku dokonali syntezy hydrosodalitu
z krzemianéw warstwowych w roztworze NaOH w temperaturze 100 °C), Jean Paul
Latapie wraz z Michel Davidovic (w 1972 roku potwierdzili mozliwo$¢é wytworzenia
ceramicznych, wodoodpornych ptytek bez koniecznosci stosowania wypalania, co byto
mozliwe dzieki reakcji przebiegajgcej pomiedzy kaolinitem (sktadnik gliny), a sodg

kaustyczng, w temperaturze 150 °C) [33].

Ponadto niewatpliwie przetomowym osiggnieciem byto opracowanie przez Joseph’a
Davidovits’a technologii bazujgcej na geosyntezie w 1972 roku w laboratorium CORDI
zlokalizowanego w Saint-Quentin we Francji, ktéra zostata w pézniejszym czasie

opatentowana [33].

Synteza geopolimeréw nastepuje w wyniku alkalicznej aktywacji prekursoréw
glinokrzemianowych zazwyczaj w temperaturze 20-120 °C, a proces ten nosi nazwe
geopolimeryzacji [34]. Davidovits wskazat, iz geopolimery mogg wystepowacé w trzech
podstawowych jednostkach strukturalnych w zaleznosci od stosunku Si:Al, ktéry wptywa

na uporzgdkowanie bliskiego zasiegu:

e poli(sialan) - podstawowa jednostka tahcuchéw polimerycznych to:
—Si—O-AI-0-), gdy stosunek Si:Al jest rowny 1,

e poli(silokso-sialan) - podstawowa jednostka tancuchow polimerycznych to:
—Si—O—-Al-O-Si—-0-), gdy stosunek Si:Al jest rowny 2,

e poli(disilokso-sialan) - podstawowa jednostka tancuchéw polimerycznych to:
—Si—0O-Al-0O-Si—0-Si—0-), gdy stosunek Si:Al jest rowny 3 [35, 36].

Jednak nalezy podkreslic¢ istnienie geopolimeréw charakteryzujgcych sie wartoscig
stosunku Si:Al powyzej 3 w sytuacji, gdy stosowane sg prekursory glinokrzemianowe

Z wysokg zawartoscig Si, a aktywacja alkaliczna przebiega z zastosowaniem




krzemianow [37]. Geopolimery skfadajg sie z tetraedrow (SiO.)* i (AlO4)*> potgczonych
ze sobg za pomocg wspolnych atoméw tlenu. Dodatkowe kationy takie jak Na*, czy K*
sg obecne we wnetrzu szkieletéw, celem zréwnowazenia ujemnego fadunku [38]. Taka
budowa geopolimerow sprawia, iz sg one odporne na dziatanie podwyzszonych

temperatur [39, 40].
Empiryczny wzér geopolimerdw przedstawiono ponizej [41]:
Mo[=(SiO2),~AlO2=], - WHO @
przy czym:
M — kation, tj. K* lub Na*,
n — stopieh polikondensacji,
Z — wspotczynnik przyjmujgcy wartos¢ 1, 2 lub 3, w zaleznosci o stosunku Si:Al,
w — ilos¢ moli wigzanej wody.

Zrédtem pochodzenia kationéw jest zwykle alkaliczny rozwér krzemianu sktadajacy
sie z mieszaniny wodorotlenkéow (sodu i/lub potasu) oraz roztworéw krzemianéw
(roztwdr krzemianu sodu, inaczej szkto wodne sodowe i/lub roztwor krzemianu potasu,
inaczej szkto wodne potasowe). Wodorotlenek zasadowy rozpuszcza glinokrzemiany
i korzystnie wptywa na wytrzymatos¢ mechaniczng geopolimerdéw, natomiast roztwor
krzemianu alkalicznego ma wptyw na stopien geopolimeryzacji oraz na wytrzymatosc na

Sciskanie [42].

Prekursorami geopolimerowymi mogg by¢ zarédwno surowce mineralne,
np. metakaolin lub glina [43], jak i materiaty poprocesowe i/lub odpadowe np. popioty
lotne pochodzace ze spalania wegla kamiennego [44] oraz wegla brunatnego [45], tupki
weglowe [46], zuzel wielkopiecowy [47], czerwony szlam [48], odpady gumowe [49],
popidt z tusek ryzu [50], proszek ceglany [51], zuzyte dachéwki [52], odpady szklane
[53], czy odpady ceramiczne [54]. Wszystkie omowione powyzej aspekty sprawiaja,
ze geopolimery sg ekologiczng alternatywg dla powszechnie stosowanych materiatow
dla inzynierii lgdowej, a ich zastosowanie umozliwia zmniejszenie ilosci generowanego

CO, az 0 70-90%, w poréwnaniu do cementu portlandzkiego [55].

Wsrod geopolimerow mozna wyrdzni¢ pianki geopolimerowe, czyli geopolimery
o niskiej gestosci, charakteryzujgce sie porowatg strukturg. Takie spienione materiaty
mozna otrzymywac¢ miedzy innymi w efekcie zastosowania metody bezposredniego

spieniania, stosowania mikrosfer, czy stosowania zabiegu nhapowietrzania




z zastosowaniem pecherzykéw powierza. Jednak najczesciej stosowang metodg jest
bezposrednie spieniane, ktére moze mie¢ charakter chemiczny lub mechaniczny.
Spienianie bezposrednie chemiczne polega na wprowadzeniu do mieszanki substanciji
chemicznych, powszechnie nazywanych srodkami spieniajgcymi, takich jak
m.in. reaktywne proszki metali (na przyktad proszek aluminium Ilub krzemu),
czy nadtlenek wodoru (H20,). W efekcie zastosowania srodkéw chemicznych nastepuje
wydzielanie sie gazu, ktéry powoduje powstanie porowatej struktury. Wytworzone w ten
sposoéb pianki sg niestabilne termodynamicznie, a wskutek napiecia powierzchniowego
pomiedzy gazem, a zaprawg geopolimerowg struktury porowate mogg sie tgczyc
tworzgc makropory. Jednak zbyt intensywne wydzielanie gazu moze spowodowac

zapadniecie sie porowatej struktury geopolimeru [56-58].
Dziatanie H.O, na zaprawe mozna przedstawi¢ za pomocg ponizszych réwnan [59]:
H.O; + OH™ — HO; ~ + H20 (2)
HO,™ + H202 = — H20 + Oz + OH” (3)

Natomiast przebieg reakcji spieniania mieszanki z zastosowaniem proszku Al mozna

przedstawi¢ nastepujaco [9]:
Al + 3H,0 + OH™ — AI(OH)s™ + 3/2 H; 4

Wiasciwosci geopolimeréw, jako produktéw kohcowych zalezg od wielu czynnikéw,
m.in. wiasciwosci prekursorow tj. sktadu chemicznego i stosunku Si:Al, wielkosSci
i ksztattu czagstek, ich reaktywnosci, a takze od kompozycji mieszanek, warunkéw
utwardzania oraz kondycjonowania, rodzaju i stezenia aktywatora alkalicznego,
stosowanych dodatkéw, rodzaju i ilosci $rodka spieniajgcego oraz stabilizujgcego

(w przypadku materiatéw spienionych) [60—62].

Stosunek Si:Al w geopolimerach determinuje ich wtasciwosci, a w konsekwencji
obszary ich zastosowan. Na rysunku 1 przedstawiono zalezno$¢ pomiedzy budowg sieci
polimerowej, a zastosowaniem geopolimeréw, zaproponowang przez Profesora

Joseph’a Davidovits’a.
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Rys. 1. Struktura geopolimeréw, a mozliwosci ich zastosowania (opracowanie wtasne na
podstawie literatury [63]).

Poli(sialany), w ktérych stosunek Si:Al wynosi 1:1 sg stosowane do produkcji
ceramiki. Poli(silokso—sialany), czyli materiaty odpowiadajgce stosunkowi Si:Al rwnemu
2:1, znajdujg zastosowanie do produkcji cementéw, betondw oraz mogg by¢ stosowane
do hermetyzacji materiatbw  niebezpiecznych. W  przypadku materiatow
charakteryzujgcych sie stosunkiem Si:Al na poziomie 3:1 tj. poli(disilokso—sialany)
wykazano, iz mogg by¢é stosowane jako materiaty do ochrony przeciwpozarowej,
w przemysle odlewniczym, do obrébki tytanu oraz jako kompozyty Zaroodporne,
przeznaczone do pracy w temperaturze od 200 °C do 1000 °C. Natomiast materiaty
o stosunku Si:Al wynoszgcym powyzej 3 sg stosowane jako uszczelniacze
oraz oprzyrzadowanie do formowania aluminium [63, 64]. Do innych zastosowan
materiatow geopolimerowych mozna zaliczyé: materiaty izolacyjne [65], materialy do
stabilizacji gruntu [66], elementy stosowane celem izolacji akustycznej [67], filtry [68],
ochrona przeciwogniowa [69], powtoki [70], chodniki oraz nawierzchnie drég [71],

elementy dekoracyjne [31], oraz doniczki [59].



2. Cel i zakres pracy

Celem naukowym pracy bylo opracowanie i analiza wiasciwosci materiatéw
geopolimerowych wytworzonych na bazie surowcow odpadowych, poprocesowych
i/lub mineralnych modyfikowanych odpadowg sttuczkg szklang, ktérej obecne
zagospodarowanie w przemysle jest ograniczone. Realizacja celu pozwolita na
uzupetnienie informacji dotyczacych mozliwosci integracji geopolimeréw z odpadami
szklanymi. Ponadto przyjeto cel utylitarny, ktérym bylo opracowanie sposobu
wytwarzania kompozytdw geopolimerowych umozliwiajgcych zagospodarowanie
materiatéw odpadowych lub produktéw ubocznych proceséw technologicznych, a takze
wskazanie potencjalnych obszarow ich zastosowan. Zaproponowane rozwigzania sg

zgodne z koncepcjg gospodarki o obiegu zamknietym.

Materiatami wpisujgcymi sie w przyjete zatozenia i zastosowanymi w ramach badan
przedstawionych w niniejszej rozprawie doktorskiej byty: popiét lotny pochodzacy
ze spalania wegla kamiennego, tupek weglowy z kopalni wegla kamiennego Silesia (po
przeprowadzeniu obrébki mechanicznej i termicznej), metakaolin oraz brgzowa

odpadowa stluczka szklana.

Zakres pracy obejmowat analize literatury dotyczgcg geopolimeréw, ich
aplikacyjnosci, mozliwosci zastosowania w ich produkcji odpaddéw, materiatéw
poprocesowych i mineralnych jako prekursoréw geopolimerowych oraz zdefiniowania
obecnego stanu wiedzy w  zakresie kompozytow  geopolimerowych
z dodatkiem odpadéw szklanych. Materiaty bazowe scharakteryzowano

m.in. poprzez okreslenie:

sktadu chemicznego metodg fluorescencyjnej spektrometrii rentgenowskiej,
powierzchni wlasciwej metoda sorpcji fizycznej,

gestosci metodg piknometrii helowej,

rozktadu wielkosci czastek metodg dyfrakcji laserowej,

wymywalnosci wodnej z uwzglednieniem pomiaru pH wyciggu wodnego,

-~ o a0 T p

promieniotworczosci naturalnej w zakresie stezenia izotopéw naturalnie

promieniotwdrczych: 2%°Ra, 228Th, 40K,

g. identyfikacji wigzan chemicznych w materiatach metodg FT-IR,

h. obserwacji morfologii czgstek z zastosowaniem skaningowego mikroskopu
elektronowego oraz mikroskopu cyfrowego,

i. struktury materiatow, stabilnosci termicznej i zjawisk zachodzgcych podczas

nagrzewania materiatdbw za pomocg sprzezonych metod analizy termicznej

(DTA, TG, QMS oraz TG-FT-IR),




] rentgenowskiej jakosciowe;j i ilosciowej analizy fazowe;j.

Nastepnie na podstawie wynikbw 2z przeprowadzonych badan wstepnych
oraz w oparciu o dane literaturowe zaprojektowano przebieg empirycznych badan
wiasnych. W kolejnych etapach przeprowadzono szereg syntez kompozytow
geopolimerowych na bazie surowcow naturalnych, materialtdw poprocesowych
i/lub odpadowych, przy zastosowaniu réznych zmiennych m.in. wielkosci czgstek
odpadowe;j sttuczki szklanej, ilosci wprowadzonego dodatku, kompozycji mieszanek,
rodzaju sSrodka spieniajgcego. Tak otrzymane materiaty scharakteryzowano
z zastosowaniem spektrum badan umozliwiajgcych okreslenie wiasciwosci
wytworzonych kompozytéw geopolimerowych tj. m.in. przeprowadzono jakosciowag
i ilosciowg analize skltadu fazowego, zbadano efekty cieplne zachodzgce podczas
geopolimeryzacji oraz czas wigzania geopolimeréw. Zdefiniowano takze konsystencje
mieszanek geopolimerowych, okreslono wspétczynnik przewodzenia ciepta A,
wyznaczono powierzchnie wiasciwe, gestosc, sktad chemiczny, wymywalnosé oraz
nasigkliwos¢ geopolimeréw. Ponadto przeprowadzono analize morfologii prébek na
podstawie mikrofotografii wykonanych za pomocg skaningowego mikroskopu
elektronowego oraz mikroskopu cyfrowego, zrealizowano badania tomograficzne
geopolimeréw, okreslono niepalnos¢ oraz wtasciwosci mechaniczne materiatow poprzez
przeprowadzenie badan wytrzymatosci na zginanie, a takze wytrzymato$ci na Sciskanie.
Sukcesywnie realizowane etapy prac badawczych pozwolity na scharakteryzowanie
wiasciwosci materiatéw, w zaleznosci od sposobu ich wytworzenia. Na zakonczenie

w pracy wskazano potencjalne zastosowania otrzymanych materiatéw.




3. Metodologia badan

3.1 Zastosowane materialy

Geopolimery wytworzono na bazie materiatbw odpadowych, poprocesowych
i/lub mineralnych takich jak: popiét lotny, metakaolin, szkto odpadowe, tupek weglowy.
W dalszej czesci pracy syntetycznie opisano zroédia pochodzenia zastosowanych

w badaniach surowcow.

o Popidt lotny pozyskano z elektrofiltréw z Elektrocieptowni Skawina.

¢ Metakaolin o nazwie handlowej Metakaolin KM 60 zakupiono od firmy Keramost
z siedzibg w Republice Czeskiej.

e tupek weglowy pochodzit z kopalni wegla kamiennego Przedsiebiorstwa
Gérniczego "SILESIA" Sp. z 0.0., zlokalizowanej w Czechowicach-Dziedzicach,
w potudniowej Polsce.

o Brgzowa odpadowag sttuczke szklang, uzyskang ze szkta opakowaniowego,
pozyskano od firmy Grabowski Export-Import (Sedziszowa, Polska). Wielkos¢
czgstek dostarczonego materiatu nie przekraczata 1200 ym. Celem doktadnego
okreslenia wptywu zastosowanych frakcji wielkosci czgstek na geopolimery,
szkto odpadowe stosowano zaréwno bezposrednio w stanie wyjsciowym
(w publikacjach: P2, P3, P4), jak i po sortowaniu za pomocg zestawu sit
i wytrzgsarki laboratoryjnej na frakcje o wielkosci czgstek: 200-1200 ym; 100—
250 pum; 63-120 um; 40—63 pm; 0,1-40 um (w publikacjach: P2, P3). Sttluczki nie
poddawano dodatkowemu czyszczeniu, co pozwolito na redukcje ilosci wody
i energii elektrycznej oraz wymaganego naktadu pracy, tym samym zasobow
finansowych, potrzebnych do przygotowania surowcoéw. Proces przygotowania

sttuczki odpadowej do badan schematycznie przedstawiono na rysunku 2.
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40 pm

X D"

Rozdrabnianie Stluczka szklana Przesiewanie
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Brazowe szkio Wstepne
odpadowe czyszczenie

Rys. 2. Proces wytwarzania odpadowej stluczki szklanej [na postawie publikacji P3].




Ponadto do wytworzenia geopolimerow zastosowano nastepujgce produkty:

O

wodorotlenek sodu (NaOH) w postaci ptatkéw firmy Krakchemia S.A. (Krakow,
Polska),

szklo wodne sodowe R-145 (roztwdér krzemianu sodu, NapSiOs) o module
molowym 2,5 firmy Chemi Kam sp. z 0.0. (Bedzin, Polska),

proszek aluminium 5-7350 firmy Benda-Lutz (Skawina, Polska),

nadtlenek wodoru (perhydrol, H,O>) o stezeniu procentowym 35% firmy Chempur
(Piekary Slaskie, Polska),

aldehyd syryngowy W404926 (HOCsH2(OCHs3).CHO) firmy Sigma-Aldrich (Saint
Louis, Stany Zjednoczone Ameryki),

cement CEM | 42,5R firmy Gorazdze Cement S.A. Heidelberg Cement Group
(Chorula, Polska),

piasek rzeczny kwarcowy zakupiony od lokalnego dostawcy (Swigtochtowice,
Polska).




3.2 Wytworzenie prébek geopolimerowych

W ramach realizacji pracy wytworzono probki zarowno spienione, jak i niespienione.
Proces aktywacji alkalicznej przeprowadzono z zastosowaniem mieszaniny sktadajgcej
sie z 8-molowego roztworu wodorotlenku sodu oraz szkta wodnego sodowego R-145
(roztworu krzemianu sodu) o module molowym 2,5 zmieszanych w stosunku wag. 1:2,5.
Autorzy wczes$niejszych prac wykazali, ze takie proporcje umozliwity uzyskanie
najnizszych gestosci pianek geopolimerowych, przy zastosowaniu popiotu lotnego jako
prekursora [20, 72]. Ponadto wyboru pomiedzy aktywatorem potasowym, a sodowym
dokonano w oparciu 0 znacznie nizsze koszty aktywatora sodowego [43]. Roztwér
wodorotlenku sodu przygotowano z zastosowaniem wody wodociggowej, nie stosowano
wody destylowanej. Jako srodek spieniajgcy w piankach geopolimerowych zastosowano
proszek aluminium lub nadtlenek wodoru o stezeniu 35%. Przygotowany roztwor
alkaliczny dokfadnie mieszano i nastepnie pozostawiano w temperaturze pokojowej na
24 godziny w celu zapewnienia wyrdwnania sie stezen i osiggniecia statej temperatury
mieszaniny. Stosunek cieczy do suchych sktadnikow tzw. ,stosunek wodny” byt staty

i wynosit w/s=0,4 wag. [31].
Zasadniczo proces wytworzenia prébek spienionych obejmowat nastepujgce etapy:

1) mieszanie suchych sktadnikdw (wybrane z nastepujgcych, w zaleznosci od
mieszanki: popiot lotny, metakaolin, tupek weglowy, piasek, sttuczka szklana, cement,
stabilizator) przy wykorzystaniu mieszalnika planetarnego przez 2 minuty z predkoscia
obrotowg 600 obr./min w celu uzyskania jednolitej mieszanki;

2) stopniowe wprowadzanie roztworu alkalicznego i doktadne mieszanie
sktadnikow;

3) dodanie srodka spieniajgcego (proszku aluminium lub 35% roztworu nadtlenku
wodoru) i mieszanie pasty geopolimerowej przez 1 minute?*;

4) umieszczenie masy geopolimerowej w formach;

5) utwardzanie mieszanek geopolimerowych w suszarce laboratoryjnej przez
24 godziny w temperaturze 75 °C, przy cisnieniu atmosferycznym;

6) rozformowanie probek;

7) sezonowanie geopolimerow w temperaturze pokojowej przez 28 i 56 dni.

* Prébki niespienione wytworzono zgodnie z powyzszym opisem, jednak

z pominigciem wprowadzenia srodka spieniajgcego (etap 3).




3.3 Zastosowane metody badawcze

Ponizej syntetycznie opisano metody badawcze zastosowane w celu
scharakteryzowania zarowno wtasciwosci surowcow jak i wytworzonych materiatow
geopolimerowych. Nalezy jednak podkresli¢, iz zawarte w publikacjach wyniki stanowity
efekt realizacji 4-letnich badan naukowych, co wigzalo sie réwniez ze zmiennym
dostepem do poszczegdlnych urzadzen wynikajgcym m.in. z modernizacji aparatury
badawczo-laboratoryjnej. W zwigzku z tym w przypadku wybranych metod badawczych,
badania przeprowadzono =z zastosowaniem dwoch urzgdzeh  pomiarowych,
co wyszczegolniono ponizej. Doktadny opis badan i przyjetych parametrow opisano
w publikacjach P1, P2, P3, P4.

Sktad chemiczny okreslono metodg rentgenowskiej analizy fluorescencyjnej (XRF)
z zastosowaniem spektrometru PANalytical Epsilon 3XLE (Malvern Panalytical, Aimelo,
Holandia) oraz spektrometru EDX-7200 (Shimadzu Corporation, Kioto, Japonia). Wyniki

przedstawiono w formie skfadu tlenkowego.

Pomiary technikg spektroskopii w podczerwieni z transformacjg Fouriera (FT-IR)
zrealizowano za pomocg spektrofotometru IRAffinity—1 S (Shimadzu, Kioto, Japonia)
wyposazonego w przystawke ATR Quest (Specec). W celu obnizenia poziomu szumoéw,
prezentowane wyniki stanowity srednig z 32 widm, zarejestrowanych w zakresie liczby
falowej 4000-400 cm™. Badania przeprowadzono w temperaturze pokojowej. Widma
przeanalizowano z wykorzystaniem bazy danych dostepnej w oprogramowaniu
LabSolution FT-IR Shimadzu.

Sktad mineralogiczny okreslono z zastosowaniem metody dyfrakcji rentgenowskiej
(XRD). Badania przeprowadzono na dyfraktometrze PANalytical Aeris z wykorzystaniem
promieniowania CuKa. Dyfraktogramy rejestrowano w zakresie katowym 10-100°(26)
z krokiem pomiarowym 0,003° (20) oraz czasem zliczenn 340 s na krok pomiarowy.
Zarejestrowane dyfraktogramy poddano analizie jakosciowej oraz ilosciowej (metoda
Rietvelda) z zastosowaniem oprogramowania HighScore Plus oraz bazy danych
International Centre for Diffraction Data (ICDD) PDF4+.

Badania wymywalnosci przeprowadzono zgodnie z normg PN-EN 12457-2:2006 [73].
Przedmiot badan stanowity surowce (metakaolin, popiét lotny) w stanie wyjsciowym,
w postaci proszku, oraz geopolimery rozdrobione na kawatki o wielkosci
nieprzekraczajgcej 10 mm w kazdym z wymiaréw. Porcje materialu z wodag
dejonizowang poddano wytrzgsaniu z zastosowaniem wytrzgsarki laboratoryjne;.

Nastepnie uzyskane wyciggi wodne (eluaty) przefiltrowano i poddano analizom.




Przeprowadzono analize fizykochemiczng obejmujgcg oznaczenie wartosci pH metoda
potencjometryczng zgodnie z normg PN-EN ISO 10523:2012 oraz okreslenie zawartosci
wody (wilgoci analitycznej) metodg wagowa wg normy PN-EN 15934:2013-02 [74, 75].
Ponadto stezenie cynku, kadmu, miedzi, otowiu, niklu, baru, chromu, arsenu, selenu,
molibdenu i antymonu oznaczono metodg optycznej spektrometrii emisyjnej z plazma
wzbudzong indukcyjnie (ICP-OES) zgodnie z normg PN-EN ISO 11885:2009 [76].
Zawartos¢ rozpuszczonego wegla organicznego (DOC) w probkach okreslono za
pomocg spektroskopii w podczerwieni z transformacjg Fouriera (FT-IR) wg normy PN-
EN 1484:1999 [77]. Oznaczenie catkowitej zawartosci rozpuszczonych substancji
statych (TDS) wykonano metodg grawimetryczng zgodnie z normg PN EN 15216:2010
[78]. Stezenie rteci okreslono za pomocg techniki zimnych par w atomowej spektrometrii
absorpcyjnej (CVAAS) wg normy PN-EN ISO 12846:2012 [79]. Zawarto$¢ jondw SO.*
i ClI" okreslono przy uzyciu metody chromatografii jonowej zgodnie z normg PN-EN 1SO
10304-1:2009/AC:2012 [80].

Morfologie surowcow oraz geopolimeréw obserwowano za pomocg skaningowych
mikroskopow elektronowych (SEM): JEOL JSM5510LV (JEOL, Tokio, Japonia)
oraz JEOL JSM—-6390LV (JEOL, Tokio, Japonia). Przed badaniem na prébki nanoszono
warstwe ziota z wykorzystaniem napylarki prézniowej JOEL JEE-4X (JEOL, Tokio,

Japonia)

Gesto$¢ wilasciwg okreslono metodg piknometryczng, stosujgc piknometr helowy

Pycnomatic ATC (Thermo Fisher Scientific, Waltham, MA, Stany Zjednoczone Ameryki).

Badania promieniotwdrczos$ci naturalnej przeprowadzono w zakresie stezenia izotopow
naturalnie promieniotworczych: ??°Ra, 228Th, “°K metodg spektrometrii promieniowania
gamma przy uzyciu urzgdzenia z detektorem germanowym o wysokiej czystosci
(ang. High-Purity Germanium detector — HPGe detector). Okreslono wskazniki
aktywno$ci dla materiatdw budowalnych, zgodnie z rozporzgdzeniem Rady Ministréw,
z dnia 2 stycznia 2007 roku w ,sprawie wymagan dotyczgcych zawartosci naturalnych
izotopow promieniotworczych potasu K-40, radu Ra—226 i toru Th—228 w surowcach
i materiatach stosowanych w budynkach przeznaczonych na pobyt ludzi i inwentarza
zywego, a takze w odpadach przemystowych stosowanych w budownictwie, oraz kontroli

zawartoSci tych izotopow” [81], wedtug zaleznosci:

C Cc C
f1 — K + Ra + Th (5)
3000 Bq/kg 300Bq/kg 200Bq/kg

f2 = Cra [Ba/kd] (6)




w ktorych:

Ck — stezenie promieniotwdrcze izotopu potasu “°K, wyrazone w Bg/kg,
Cra — stezenie promieniotwdrcze izotopu radu ?2°Ra, wyrazone w Bg/kg,
Cm— stezenie promieniotworcze izotopu toru 26Th, wyrazone w Bg/kg,
f1, f2 — wskazniki aktywnosci.

W uaktualnionym rozporzadzeniu z dnia 17 grudnia 2020 r., wskaznik stezenia
promieniotworczego izotopdéw promieniotwérczych K—40, radu Ra—226 i toru Th—-228
(wskaznik 1) wyznacza sie zgodnie z przedstawiong powyzej zaleznoscig na wskaznik

aktywnosci f1 [82].

Izotermy adsorpcji i desorpcji azotu wyznaczono w zakresie cisnien wzglednych
(P/Po): 1*10° + 0,95 z zastosowaniem analizatora sorpcji fizycznej Quantachrome
Autosorb iQ - MP (Anton Paar, Graz, Austria). Przed realizacjg pomiaréw prébki
odgazowano w temperaturze 300 °C umozliwiajgcej usunigcie wody oraz czesSci
zanieczyszczen z powierzchni prébek, jednak niepowodujgcej zmian w strukturze
materiatu. Czas odgazowania kazdej badanej prébki wynosit minimum 180 minut.
Otrzymane wyniki pomiaréw przeanalizowano 2z zastosowaniem programu
Quantachrome ASiQwin. Powierzchnie wtasciwg okreslono m.in. metodg wielopunktowg

Brunauera-Emmetta-Tellera (BET) w zakresie cisnien wzglednych P/P, od 0,05 do 0,30.

Rozkfad wielkosci czgstek okreslono z zastosowaniem analizatora wielko$ci czgstek
Fritsch Analysette 22 MicroTec plus (Fritsch GmBH, Idar-Oberstein, Niemcy)
oraz analizatora wielkosci czgstek PSA 1190 LD (Anton Paar, Graz, Austria).
Przedstawione wyniki stanowity Srednig arytmetyczng z miniméw 3 pomiaréw dla

kazdego z badanych materiatow.

Roéznicowg analize termiczng (DTA), analize termograwimetryczng (TG) i analize
wydzielanych produktéw gazowych z materiatu: m/z = 12 (C), m/z = 17 i 18 (H:20),
m/z = 28 (CO), m/z = 32 (O2), m/z = 44 (CO,), przeprowadzono z zastosowaniem
urzgdzenia STA 449F3 sprzezonego z kwadrupolowym spektrometrem masowym
QMS 403 (Netzsch-Geratebau GmBH, Selb, Niemcy). Eksperymenty przeprowadzono
w zakresie temperatur od 30 °C do 1000 °C. Probki ogrzewano z predkoscig
10 °C min* w atmosferze powietrza. Dane analizowano przy uzyciu oprogramowania
Proteus (Netzsch-Geratebau GmBH, Selb, Niemcy).

Badania wytrzymatosci na sciskanie przeprowadzono zgodnie z normg PN-EN 12390-

3:2019 z zastosowaniem prébek szesciennych wymiarach 50 mm x 50 mm x 50 mm, na




maszynie MATEST 3000 kN, model C-104 wyposazony w oprogramowanie Cyber-plus
(MATEST S.p.A., Arcore, Wiochy) oraz na urzadzeniu MTS Criterion Model 43 (MTS
Systems, Eden Prairie, MN, Stany Zjednoczone Ameryki) [83]. Wynik stanowit srednig
arytmetyczng wraz z obliczonym odchyleniem standardowym z badania minimum
3 prébek dla kazdej kompozycji. Geopolimery zbadano po 28 i/lub 56 dniach

sezonowania w warunkach laboratoryjnych.

Wytrzymatosc¢ na zginanie prébek okreslono zgodnie z normg PN-EN 12390-5:2019 [84].
W celu realizacji badan dla kazdej kompozycji zsyntetyzowano minimum 3 probki
o wymiarach 200 mm x 50 mm x 50 mm. Probki zbadano po 28 dniach sezonowania,

z zastosowaniem hydraulicznej prasy do betonu (MATEST, Arcore, Wiochy).

Morfologie prébek obserwowano za pomoca mikroskopu cyfrowego Keyence VHX-

E100 (Keyence, Osaka, Japonia), przy zastosowaniu réznych powiekszen.

Gestos¢ probek geopolimerowych okreslono metodg geometryczng jako stosunek masy
do objetosci probki. Wynik dla kazdej kompozycji stanowit srednig arytmetyczng
przedstawiong wraz z odchyleniem standardowym z badania minimum 3 probek. Mase
zwazono za pomocg wagi Radwag XA 60/220/Y (RADWAG, Radom, Polska) lub wagi
Radwag PS 200/2000R2 (RADWAG, Radom, Polska). Objeto$¢ okreslono stosujgc
odpowiedni wzor na objetos¢ figury geometrycznej, przy czym wymiary probek

zmierzono za pomocg suwmiarki cyfrowej Limit 19014—-0103 (Limit, Alingsas, Szwecja).

Konsystencje mieszanek oznaczono z zastosowaniem metody stozka Novikowa zgodnie
z normg PN-85-B-04500 oraz za pomocg metody stolika rozptywu w oparciu o norme
PN-EN 1015-3:1999/A2:2006 [85, 86]. Wyniki stanowig $rednig arytmetyczng
z uwzglednionym odchyleniem standardowym z badania minimum 3 porcji zapraw dla

kazdej mieszanki.

NasigkliwosS¢ probek okreslono zgodnie z normg PN-88/B-06250 [87]. Badania
zrealizowano na 3 probkach dla kazdej mieszanki o wymiarach 50 mm x 50 mm x 50
mm, po 28-dniowym okresie sezonowania. Na podstawie uzyskanych rezultatow

obliczono $rednig arytmetyczng oraz odchylenie standardowe.

Porowatos¢, $redni rozmiar i Srednig gestos¢ komorek obliczono na podstawie
mikrofotografii struktur geopolimerowych, przy uzyciu oprogramowania ImageJ w wersji
1.53t.




Srednig gesto$¢ komarek obliczono na podstawie zaleznoéci [88]:

3

N = [(TLALZ)]E [liczba komdrek/cm?] )
w ktorej:

N — gestosé komorki,

n — liczba komdrek widocznych na zdjeciu,

A — pole powierzchni analizowanej fotografii,

M — powiekszenie.

Badanie pod wzgledem niepalnosci geopolimerdéw przeprowadzono wedtug normy PN-
EN ISO 1182:2020, stosujgc minimum 3 prébki dla kazdej kompozyciji po 28—dniowym
czasie sezonowania [89]. Wynik badania stanowit $rednig arytmetyczng ze
zrealizowanych pomiaréw wraz z obliczonym odchyleniem standardowym.

Resztkowg wytrzymatosé na $Sciskanie wyznaczono na probkach o wymiarach
50 mm x 50 mm x 50 mm po przeprowadzonym wczesniej badaniu niepalnosci. Testy
zrealizowano na maszynie MATEST 3000 kN (MATEST, Arcore, Wiochy).
Przedstawiony wynik dla kazdej z badanych kompozycji stanowit $rednig arytmetyczng

z badania minimum 3 prébek z uwzglednionym odchyleniem standardowym.

Proces geopolimeryzacji zbadano z zastosowaniem systemu ujemnego wspotczynnika
temperaturowego. Uktad wykorzystany do rejestracji danych oraz przyjeta metodyke

doktadnie opisano w publikacji [90].

Analize termograwimetryczng (TG/DTG) i spektroskopie w podczerwieni z transformacjg
Fouriera (FT-IR) przeprowadzono za pomocg urzgdzenia TG 209 F1 Libra (NETZSCH-
Geratebau GmbH, Selb, Niemcy) sprzezonego z spektrometrem FT-IR ALPHA (Bruker
Optics GmbH, Ettlingen, Niemcy). W czasie pomiaréw probki ogrzewano od 25 °C do
1000 °C z szybkoscig ogrzewania 10 °C min? w atmosferze argonu. Widma FT-IR

zarejestrowano w zakresie 4000-600 cm™.

Wspotczynnik przewodzenia ciepta (A) geopolimeréw wyznaczono z zastosowaniem
aparatu ptytkowego HFM 446 Lambda (NETZSCH-Geratebau GmBH, Selb, Niemcy).
Pomiary przeprowadzono w trzech zakresach temperaturowych: 0-20 °C, 20-40 °C,
30-50 °C zgodnie z normg DIN EN 12667 [91].

Badania tomograficzne przeprowadzono z zastosowaniem wysokorozdzielczego

mikrotomografu komputerowego Phoenix nanotom S (Skaneateles, Nowy Jork, Stany




Zjednoczone Ameryki), wyposazonego w lampe rentgenowskg o maksymalnym napieciu
180 kV. Analize ilosciowg uzyskanych danych zrealizowano z zastosowaniem otwartego
oprogramowania Fiji w wersji 1.53f51 i wtyczki Bone J przeznaczonej do analizy danych
z pomiarow struktur porowatych. Centralna czes¢ probek o wymiarach okoto
27 mm x 27 mm x 27 mm zostata wykorzystana do analizy jako obszar zainteresowania
(ROI — ang. Region Of Interest).




4. Uzasadnienie potaczenia publikacji w cyKil

Realizowane w pracy doktorskiej badania podzielono na cztery etapy,
co odzwierciedlono w numerac;ji i kolejnosci ukazywania sie artykutow, stanowigcych
spojny cykl publikacji naukowych. Do najwazniejszych zadah badawczych

zrealizowanych w poszczegoélnych etapach zaliczono:
Etap 1. Charakterystyka surowcow stosowanych w badaniach [P1].

Nowos¢é naukowa: Szczegdtowa charakterystyka metakaolinu i popiotu lotnego,
weryfikacja ich wlasciwosci pod wzgledem mozliwosci zastosowania jako prekursoréw
geopolimeréw. Dodatkowo przedstawiono mozliwosé druku geopolimeréw oraz hybryd

betonowo-geopolimerowych.

Moj wkiad w powstanie publikacji polegat na: przygotowaniu materiatbw do badan,

wytworzeniu geopolimerow, przeprowadzeniu badan oraz analizie uzyskanych wynikow.

Etap 2. Wytworzenie pianek geopolimerowych na osnowie popiotu lotnego
oraz kompozytéw zawierajgcych odpadowg sttuczke szklang. Charakterystyka sttuczki
szklanej, stosowanej jako materiat bazowy. Okreslenie wptywu wielkosci czgstek frakciji
wprowadzonego dodatku oraz udziatu wag. na wtasciwosci geopolimeréw spienionych:
powierzchnie wtasciwg, morfologie, gestos¢, wytrzymatos¢ na $ciskanie, wytrzymato$¢

na zginanie, nasigkliwos¢, porowatos¢, wymywalnosc¢ [P2].

Nowos¢ naukowa: Okreslono wptyw udziatu wag. (0%, 10%, 20%, 30%) i wielkosci
czgstek réznych frakcji odpadéw szklanych (0,1-1200 pm, 200-1200 ym, 100-250 um,
63-120 pm, 40-63 pm; 0,1-40 um) niepoddanych dodatkowemu czyszczeniu na
wiasciwosci pianek geopolimerowych wytworzonych bez zastosowania obrdébki

wysokotemperaturowe.

M¢j wktad w powstanie publikacji polegat na: sformutowaniu problemu badawczego,
opracowaniu koncepcji i metodyki badan, przygotowaniu materiatbw do badan oraz
wytworzeniu geopolimeréw, przeprowadzeniu badan, analizie uzyskanych wynikow,
interpretacji i opracowaniu graficznym uzyskanych danych, przygotowaniu pierwszej
wersji manuskryptu, przygotowaniu ostatecznej wersji manuskryptu, korekcie

manuskryptu po recenzjach.

Etap 3. Synteza geopolimerow niespienionych z odpadowg sttuczkg szklana,
a nastepnie okreslenie wptywu zastosowanego udziatu wag. oraz wielkosci czgstek
odpaddéw szklanych na: konsystencje mieszanek, przebieg procesu geopolimeryzacii,

gestos¢, sktad mineralogiczny oraz chemiczny, powierzchnie wtasciwg, mikrostrukture,




wytrzymatosc¢ na sciskanie, nasigkliwosc¢, niepalnosc, a takze wytrzymatos¢ na sciskanie

oraz sktad chemiczny po ekspozycji na wysoka temperature [P3].

Nowosc¢ naukowa: Okreslono wptyw dodatku szkta odpadowego o réznej wielkosci
czgstek (0,1-1200 ym, 200-1200 pm, 100-250 ym, 63—120 ym, 40-63 pm; 0,1-40 um)
I udziale wag. (0%, 10%, 20%, 30%) na niepalnos¢ wytworzonych na osnowie popiotu

lotnego geopolimerdw niespienionych.

Moj wkiad w powstanie publikacji polegat na: sformutowaniu problemu badawczego,
opracowaniu koncepcji oraz metodyki badan, przygotowaniu materiatéw do badan,
wytworzeniu geopolimerow, realizacji badan, analizie uzyskanych wynikow, interpretacji
i opracowaniu graficznym uzyskanych danych, przygotowaniu pierwszej wers;ji
manuskryptu, przygotowaniu ostatecznej wersji manuskryptu, korekcie manuskryptu po

recenzjach.

Etap 4. Wytworzenie kompozytow geopolimeréw spienionych na osnowie tupka
weglowego (po przeprowadzeniu procesu kruszenia, mielenia oraz kalcynacji)
i/lub metakaolinu z dodatkiem odpadowej sttuczki szklanej. Charakterystyka tupka
weglowego oraz dostosowanie sposobu przygotowania materiatu do zastosowania jako
prekursor w procesie geopolimeryzacji. Ocena wptywu zastosowania tupka weglowego
i/lub metakaolinu jako materiatéw bazowych, a takze wptywu modyfikacji geopolimerow
dodatkiem szkia odpadowego poprzez wyznaczenie: skfadu chemicznego,
przewodnosci cieplnej, wytrzymatosci na Sciskanie, gestosci, wlasciwosci termicznych,
badania struktury, rozmieszczenia wprowadzonych dodatkéw w geopolimerach,
porowatosci zamknietej i otwartej, anizotropii oraz homogenicznosci materiatow.

Wskazanie mozliwosci zastosowania opracowanych materiatow [P4].

Nowos¢  naukowa:  Zaprezentowano  mozliwos¢  wytworzenia  pianek
geopolimerowych na osnowie fupka weglowego (po przeprowadzeniu obrobki
mechanicznej i termicznej), wzmocnionych odpadami szklanymi. Ponadto wytworzono
geopolimery na osnowie metakaolinu oraz hybryd (metakaolinu z tupkiem weglowym)
oraz porownano ich wiasciwosci. W badaniach zastosowano odpadowg sttuczke szklang
w stanie wyjsciowym, bezposrednio po dostarczeniu od producenta, niepoddang

dodatkowej obrébce.

Méj wktad w powstanie publikacji polegat na: sformutowaniu problemu badawczego,
opracowaniu koncepcji badan, przygotowaniu materiatdw do badan, wytworzeniu
geopolimeréw, opracowaniu metodyki badan, realizacji badan, analizie wynikéw,

interpretacji i opracowaniu graficznym uzyskanych danych, przygotowaniu pierwszej




wersji manuskryptu, przygotowaniu ostatecznej wersji manuskryptu, korekcie

manuskryptu po recenzjach.




5. Omowienie uzyskanych wynikow badan

W tej czesci pracy esencjonalnie omowiono wyniki uzyskanych badan naukowych,
przyjmujgc  nastepujgcg  kolejnosé:  charakterystyka  materialtdbw  bazowych
zastosowanych w badaniach (podrozdziat 5.1), charakterystyka wytworzonych
geopolimeréw (podrozdziat 5.2). Nalezy jednak podkresli¢, iz wszystkie wyniki badan
wraz ze szczegotowym ich omowieniem i analizg oraz z odniesieniami literaturowymi

przedstawiono w publikacjach dotgczonych do pracy jako zatgczniki.

5.1 Charakterystyka materiatow bazowych

Materiatami wyjsciowymi zastosowanymi do syntezy geopolimeréw byty materiaty
odpadowe, poprocesowe i/lub mineralne takie jak: byt popidt lotny (przedstawiony
w publikacji: P1, P2, P3), metakaolin (przedstawiony w publikacji: P1, P4), szkio
odpadowe (przedstawione w publikacji: P2, P3, P4), tupek weglowy (opisany
w publikacji: P4).

5.1.1 Charakterystyka popiotu lotnego

Popidt lotny pochodzacy ze spalania wegla kamiennego ze wzgledu na skfad
chemiczny sklasyfikowano jako popiot krzemionkowy klasy F, zgodnie z normg
ASTMC618 [92]. Obserwacja morfologii popiotu lotnego ujawnita, ze charakteryzowat sie
on w przyblizeniu kulistg morfologia czgstek, co jest korzystne pod wzgledem
zastosowania materiatu w procesie geopolimeryzacji, poniewaz poprawia wtasnosci
reologiczne mieszanki, zwiekszajac jej urabialnosé, a takze zmniejsza zapotrzebowanie
na substancje ciekte oraz korzystnie wptywa na wtasciwosci mechaniczne geopolimeréow
[44]. Wielkos¢ czgstek popiotu lotnego miescita sie w zakresie od 1,3 ym do 32,5 pm.
Gesto$¢ popiolu wyznaczona z zastosowaniem piknometru helowego wyniosta
2,288 + 0,001 g cm 3. Szczegdtowa analiza chemiczna odciekdéw uzyskanych podczas
badania wymywalnosci wodnej popiotu wskazata obecnosé pierwiastkéw toksycznych,
jednak wystepowaty one w akceptowalnych wedtug obowigzujgcych regulacji prawnych
stezeniach. Odciek z badania popiotu byt silnie zasadowy (wyznaczona wartos¢ pH
powyzej 12). W kolejnym etapie zrealizowano badania promieniotwérczosci naturalnej
popiotu, ktore ujawnity, iz stezenia radioaktywnych izotopdw w materiale, takich jak: 4°K,

226Ra i 226Th miescity sie w dopuszczalnych zakresach, z wyjgtkiem $redniego poziomu




radioaktywnosci popiotu, ktory byt nieznacznie wyzszy od przyjetych akceptowalnych

poziomow [P1].

Strata prazenia (LOI) popiotu lothego wynosita 3,3%, a wiec uzyskana wartos¢
miescita sie w dopuszczalnych limitach (od 3% do 6%, w zaleznos$ci od kraju). Parametr
ten wskazuje na zawartos¢ niespalonego wegla w badanym materiale, ktéry moze
absorbowa¢ wode czy domieszki chemiczne wplywajgc na wtasciwosci produktu
koncowego [93-95]. Surowiec poddano rowniez badaniom metodami analizy termicznej.
W zakresie temperatur od 25 °C do 125 °C zarejestrowano efekty endotermiczne dla:
m/z 17 i 18 (woda) oraz m/z 32 (tlen), zwigzane z parowaniem. Znaczgce efekty
egzotermiczne zarejestrowano dla popiotu lotnego w zakresie temperatur od 400 °C do
700 °C, co powigzano z rozktadem materiatu organicznego. Potwierdzity to wyniki
zarejestrowanych metodg spektrometrii mas (QMS) jonéw o okreslonym zakresie
stosunku masy do tadunku elektrycznego: m/z 12 (wegiel) i m/z 44 (dwutlenek wegla)
[P1].

W nastepnym etapie przeprowadzono badania z zastosowaniem metody FT-IR.
Najbardziej intensywny efekt zarejestrowany na widmie popiotu lotnego przy liczbie
falowej 1003 cm? przypisano asymetrycznym drganiom rozciggajgcym Si-O.
Dodatkowo zidentyfikowano obecnos¢ wigzan Si—O, Si-Si, Si—O-Al, Al-0 [P1].

W publikacji P2 zaprezentowano wyniki jakosciowej i ilosciowej analizy fazowej
dyfrakcji promieni rentgenowskich. Analiza zarejestrowanego dyfraktogramu pozwolita
na identyfikacje nastepujgcych faz krystalicznych w podanym udziale: 50,3% kwarcu
(SiO2), 45,0% mulitu (AleSi2013), 2,1% hematytu (Fe203), 2,4% anhydrytu (CaSO.)
i 0,2% magnetytu (Fez04). Jednak przedstawione udziaty procentowe nalezy traktowaé
z pewnym przyblizeniem ze wzgledu na wystepujgcg faze amorficzng, wysokie tto

I naktadajgce sie na siebie odbicia [P2].

W kolejnym etapie wyznaczono izotermy adsorpcji - desorpcji azotu dla popiotu
lotnego, ktére zidentyfikowano jako izotermy typu Il z petlg histerezy typu H3. Dodatkowo
okreslono powierzchnie wtasciwg surowca metodg wielopunktowg BET (w zakresie
ci$nien wzglednych od 0,05 do 0,3), wynoszacg 7,804 m? g! [P2]. Na podstawie
przedstawionych wynikéw badan popiotu lotnego stwierdzono, ze surowiec ten mozna

stosowac jako prekursor materiatdw geopolimerowych.




5.1.2 Charakterystyka odpadowej sttuczki szklanej

Analiza sktadu chemicznego brgzowego, opakowaniowego szkta odpadowego
zgodnie z oczekiwaniami ujawnita wysokg zawartos¢ SiO. (68,8%), Na.O (15,3%)
oraz CaO (11,7%). Dodatkowo w ilosci powyzej 1% zidentyfikowano: Al>O3 (1,6%) oraz
MgO (1,3%). Pozostate zwigzki chemiczne wystepowaty w ilosci ponizej 1%.
Obserwacja morfologii szkta odpadowego ujawnita, iz czastki posiadaty nieregularny

ksztalt oraz wielkos¢, gtadkg powierzchnie i ostre krawedzie [P3].

Zarejestrowany dyfraktogram szkfa odpadowego posiadat charakterystyczny efekt
dyfrakcyjny o wysokiej intensywnosci, usytuowany w zakresie od 15° do 40° (28). Jego
obecnos¢ oraz brak innych identyfikowalnych efektéw dyfrakcyjnych wskazuje na

amorficzny charakter badanego materiatu [P2].

Ponadto w publikacji P2 przedstawiono wyniki pomiaréow zrealizowanych
z zastosowaniem laserowego analizatora wielko$ci czgstek. Srednia wielko$¢ czastek
sttuczki szklanej w stanie dostawy wynosita 550,1 £ 18,9 um, przy czym rozktad wielkoSci
czgstek byt dwumodalny, z ekstremami dla czgstek o wielkosci okoto 170 um i 600 um.
Dodatkowo badaniom poddano stluczke odpadowg po sortowaniu na frakcje
0 mniejszym zakresie wielkosci czgstek. Srednia wielko$¢ czastek dla poszczegdlinych
frakcji wynosita: 584,9 + 4,4 ym (dla frakcji o wielkosci czgstek od 200 ym do 1200 um),
155,2 £ 0,5 ym (dla frakcji o wielkosci czgstek od 100 ym do 250 ym), 55,4 £ 1,2 ym (dla
frakcji o wielkosci czgstek od 63 ym do 120 uym), 33,3 + 0,1 um (dla frakcji o wielkosci
czgstek od 40 ym do 63 um), oraz 19,8 + 0,3 um (dla frakcji o wielkosci czastek od
0,1 ym do 40 um) [P2].

Dodatkowo zrealizowano badania z zastosowaniem analizatora sorpcji fizycznej,
umozliwiajgce wyznaczenie powierzchni wiasciwej szkta odpadowego, wynoszgcej
0,152 m? g* dla sttuczki niesortowanej. Wraz ze zmniejszeniem wielkos$ci czgstek szkia,
powierzchnia wiasciwa rosta, osiggajgc maksymalng warto$¢ wynoszgcg 0,693 m? g*

dla frakcji zawierajgcej czastki szkta o wielkosci 0,1-40 pym [P2].

5.1.3 Charakterystyka metakaolinu

Czastki metakaolinu obserwowane z zastosowaniem skaningowego mikroskopu
elektronowego (SEM) charakteryzowaty sie ksztattem zblizonym do ptatkowego, jednak
o dos¢ duzej nieregularnosci, porowatej strukturze, a takze losowej geometrii.
Dodatkowo zaobserwowano tendencje czgstek metakaolinu do tworzenia aglomeratow.

Wielko$¢ czastek metakaolinu miescita sie w zakresie od 0,5 ym do 39,2 pm.




Wyznaczona gesto$¢ metakaolinu wynosita 2,566 + 0,001 g cm™. W sktadzie
chemicznym metakaolinu zidentyfikowano w najwiekszych ilosciach: SiO, (54,9%) oraz
Al,O3 (41,8%). Kazdy z pozostatych zwigzkdéw chemicznych wystepowat w ilosci ponizej
1,2% [P1, P4].

Zrealizowane dla metakaolinu badania wymywalnosci wodnej ujawnity, ze wszystkie
toksyczne pierwiastki zidentyfikowane w odcieku wystepowaty w iloSciach mieszczacych
sie w zakresach miedzynarodowych limitow. Natomiast odciek surowca byt lekko
kwasny, pH roztworu wynosito 6. Strata prazenia metakaolinu wynosita 0,7%.
W rezultacie prowadzonych badan z =zastosowaniem analizy termicznej,
zaobserwowano niewielki spadek masy prébki. Na uzyskanym widmie FT-IR
metakaolinu najbardziej intensywny efekt zarejestrowany dla dtugosci falowej
1055 cm? przypisano drganiom Si—O-Si pochodzgcym od mineratéw krzemianowych,
obecnych w materiale. Dodatkowo zidentyfikowano wigzania: Si—O, Si-Si,
Si—O-Al, Al-O [P1].

Analiza  mineralogiczna  zrealizowana z  zastosowaniem  dyfraktometrii
rentgenowskiej pozwolita na identyfikacje nastepujgcych faz: kwarcu (6,3%), kaolinitu
(48,0%)), illitu (20,6%), muskowitu (20,6%) oraz mulitu (4,6%). Ze wzgledu na obecnosé
fazy amorficznej, zauwazalnej na dyfraktogramie w postaci tzw. amorficznego efektu
,halo” wystepujgcego pomiedzy 15° a 40° 268, wskazane wartosci udziatu procentowego

nalezy traktowac jednie jako wartosci szacunkowe [P4].

Ponadto przeprowadzone pomiary i analizy z zastosowaniem analizatora sorpciji
fizycznej, ujawnity mezoporowaty charakter badanych materiatébw. Natomiast

powierzchnia wiasciwa surowca wyznaczona metodg BET wynosita 13,370 m? g™* [P4].

5.1.4 Charakterystyka tupka weglowego

Celem wyboru optymalnej temperatury kalcynacji rozdrobniony tupek weglowy,
do sredniej wielkosci czgstek (Dso) réwnej 11,17 pm, zbadano z zastosowaniem
sprzezonej metody analizy TG—FT-IR. Ubytek masy tupka weglowego przebiegat
etapowo i zwigzany byt z nastepujacymi kolejno procesami: usunieciem wody
i desorpcja gazow znajdujgcych sie na powierzchni materiatu (maksymalny efekt
zarejestrowano w temperaturze okoto 72 °C), utlenianiem (zarejestrowano maksimum
efektu wtemperaturze okoto 206 °C), dehydroksylacji kaolinitu i powstaniem
metakaolinitu (z maksymalnym efektem wystepujgcym w temperaturze okoto 458 °C),

oraz dwuetapowym procesem spalania zwigzanym z rozktadem materii organicznej




(w zakresach temperatury od 631 °C do 864 °C i od 863 °C do 1049 °C). Zarejestrowany
wykres widm FT-IR pozwolit na identyfikacje produktéw gazowych: CO,, H.O oraz CO
we wszystkich charakterystycznych temperaturach, jednak intensywnos¢ ich emisji
zmieniata sie w zaleznosci od temperatury. Na podstawie analizy uzyskanych wynikow
badan wykonanych z zastosowaniem metod analizy termicznej jako optymalng

temperature kalcynacji tupka weglowego przyjeto 800 °C [P4].

Dodatkowo tupek weglowy przed i po procesie kalcynacji zbadano z zastosowaniem
analizy sktadu chemicznego XRF, sktadu mineralogicznego XRD, gesto$ci metodag
piknometrii helowej oraz powierzchni wiasciwej, objetosci i rozmiaréw poréw

wystepujacych w materiale [P4].

Poréwnujgc sktad chemiczny tupka weglowego przed i po procesie kalcynaciji
zauwazono, ze zasadnicza réznica polegata na wzroscie zawartosci Fe;O; oraz
zmniejszeniu zawartosci SOs. Niezaleznie od zastosowanej obrobki termicznej,
w sktadzie chemicznym materiatu dominowaty dwa zwigzki chemiczne: SiO; oraz Al;O:s.
Natomiast réznica w skfadzie mineralogicznym pomiedzy tupkiem przed i po procesie
kalcynacji polegata na obnizeniu zawartosci kaolinitu (z 49,5% do 0,1%) i jednoczesnym
zwiekszeniu zawartosci kwarcu (z 27,4% do 57,1%). Ponadto zastosowana obrdbka
termiczna spowodowata spadek powierzchni wiasciwej materiatow (z 8,043 m? g* do
4,150 m? g*) oraz wzrost gestosci (z 2,273 + 0,001 g cm=do 2,821 + 0,001 g cm?) [P4].

5.2 Charakterystyka kompozytéw geopolimerowych

Kolejnym etapem zrealizowanych prac badawczych byta ocena wptywu modyfikaciji
geopolimeréw spienionych dodatkiem odpadowe] sttuczki szklanej. Etap ten zostat
przedstawiony i doktadnie opisany w publikacji oznaczonej jako P2, pt. ,Influence
of waste glass particle size on the physico-mechanical properties and porosity of foamed
geopolymer composites based on coal fly ash”. Pianki geopolimerowe wytworzono na
oshowie popiotu lotnego, z dodatkiem piasku (10% wag.) i sttuczki szklanej (w ilosci 10%,
20% oraz 30% wag.). Udziat wag. wprowadzonego dodatku szkfa odpadowego dobrano
na podstawie analizy wczesniejszych prac, wskazujgcych, iz optymalna ilos¢ dodatku
powinna zawiera¢ sie w zakresie od 10% do 30% wag. [96—98]. Ponadto, dodatkowg
zmienng zastosowang w badaniach, celem doktadniejszego poznania wptywu sttuczki
szklanej na wiasciwosci geopolimerow, byta zroznicowana wielkoS¢ czgstek
wprowadzonego dodatku. Sttuczke szklang zastosowano zarowno bezposrednio
w stanie dostawy (czastki o wielkosci 0,1-1200 ym), jak i po sortowaniu na pie¢ frakcji:
200-1200 pym; 100—-250 pm; 63—120 pm; 40—-63 um; 0,1—40 ym. Srodkiem spieniajgcym




byt proszek aluminium, stosowany w ilosci 0,15% wag. wzgledem suchych sktadnikow

mieszanki (popiotu lotnego, piasku, odpadowej sttuczki szklanej).

Badania przeprowadzone z zastosowaniem analizatora sorpcji fizycznej ujawnity,
iz powierzchnia witasciwa probki referencyjnej wynosita 22,772 m? g'. Ponadto
zaobserwowano wzrost powierzchni wiasciwej oraz zwigkszenie reaktywnosci
pucolanowej wraz ze zmniejszeniem wielko$ci czgstek szkta odpadowego. Modyfikacja
geopolimeréw polegajgca na zastosowaniu niesortowanej odpadowej sttuczki szklanej,
spowodowata wzrost powierzchni witasciwej do 65% (w przypadku geopolimeru
zawierajgcego 20% dodatku) wzgledem probki referencyjnej. Natomiast najwyzszg
powierzchnie wtasciwg zmierzono dla geopolimeru zawierajgcego 30% udziatu wag.
dodatku sttuczki szklanej o najmniejszych wielkosciach czgstek, tj. mieszczgcych sie
w zakresie 0,1-40 ym. Uzyskane izotermy adsorpcji - desorpcji geopolimeréw zgodnie
Z klasyfikacjg IUPAC oznaczono jako izotermy typu IV z petlg histerezy H3, co wskazuje
na mezoporowatg strukture materiatébw, w ktérej wystepujg pory szczelinowe

o srednicach w zakresie 2-50 nm.

Zrealizowane badania skfadu mineralogicznego pozwolity na identyfikacje zaréwno
faz krystalicznych (kwarcu, mulitu, hematytu), jak i fazy amorficznej (C—S—H w postaci
rosenhanitu) we wszystkich badanych probkach. Stwierdzono, iz zmiana ilosci dodatku
odpaddéw szklanych oraz stopnia ich rozdrobnienia miaty znikomy wptyw na skfad
mineralogiczny geopolimeréw. Stopien krystalicznosci geopolimeréw zmniejszat sie

wraz z roshgcym udziatem wag. sttuczki odpadowej w kompozytach.

Oszacowano, iz porowatos¢ kompozytéw ze sttuczkg odpadowg wynosita od 50,3%
do 68,5%, natomiast dla probek odniesienia tj. niezawierajacych dodatku osiggneta
50,5%. Stwierdzono, iz wprowadzenie szkia o wielkosci czgstek w zakresie
0,1-1200 um (niesortowana sttuczka szklana) w ilosci do 20% wag. powoduje wzrost
porowatosci w stosunku do materiatu odniesienia. Natomiast kompozyty z 30% wag.
niesortowanego szkla odpadowego osiggnety o ok. 9,5% nizszg porowatosé

w poréwnaniu do probek zawierajgcych 20% wag. tego dodatku.

Jednym z podstawowych wyzwan dla materiatdbw spienionych, przeznaczonych
do petnienia funkcji konstrukcyjnych jest uzyskanie odpowiednich wilasciwosci
mechanicznych. W publikacji P2 przedstawiono wyniki badan wytrzymatosci na
Sciskanie oraz wytrzymatosci na zginanie, przeprowadzonych w celu okreslenia wptywu
dodatku stluczki szklanej na wytworzone materiaty. Zaobserwowano, ze prébki
zawierajgce 20% oraz 30% niesortowanej odpadowej sttuczki po 28 dniach sezonowania

charakteryzowaly sie najwyzszg wytrzymatoscia na $ciskanie ze wszystkich




wytworzonych materiatéw. Wykazywaty one 80% wzrost w poréwnaniu z materiatem
odniesienia. Stwierdzono, iz przyczyng wyzszej wytrzymatosci na $ciskanie
geopolimeréw z dodatkiem sttuczki szklanej w poréwnaniu do materiatéw odniesienia
moze by¢ wyzsza aktywnos¢ pucolanowa takich materiatdw wskutek wiekszej
dostepnosci rozpuszczalnego tlenku glinu i krzemionki. Dodatkowo zastosowanie
niesortowane] sttuczki szklanej redukuje liczbe proceséw w technologii wytwarzania
geopolimerdw, co jest korzystne pod katem przysziych zastosowan przemystowych.
Wyniki wytrzymatosci na sciskanie byly zgodne z wynikami porowatosci prébek. Inng
przyczyng wzrostu wytrzymatosci na Sciskanie moze by¢ wypetnienie poréw przez
wprowadzong stluczke odpadowa. Natomiast nalezy zaznaczyé, iz zastosowanie
sttuczki w tej samej proporcji, ale charakteryzujgcej sie inng wielkoscig czgstek
skutkowato uzyskaniem odmiennych rezultatéw, niz w przypadku niesortowanego szkfa

odpadowego.

Badania wytrzymatosci na zginanie geopolimeréw ujawnity, iz dodatek szkia
odpadowego, niezaleznie od zastosowanego udziatu wag. oraz wielkosci czgstek, miat
negatywny wptyw na te wiasciwos¢. Zauwazano natomiast, iz wraz ze zmniejszeniem
wielkosci czgstek, negatywny wptyw zastosowanej sttuczki na wytrzymatos¢ na zginanie
zmniejszat sie. Wielu badaczy w swoich pracach wskazato, iz wielko$¢ czastek szkta
odpadowego powinna miesci¢ sie w przedziale 38—75 uym celem uzyskania optymalnej
wartoéci aktywnosci pucolanowej oraz umozliwienia rozpuszczania krzemionki w betonie
[98]. W przeprowadzonych badaniach zaobserwowano, iz w przypadku zastosowania
frakcji szkta odpadowego o wielkoSci czagstek mieszczgcych sie w zakresach:
100-250 pym, 63—120 um, 40-63 um i 0,1—40 um najwyzszg wytrzymato$¢ na zginanie
osiggnieto przy zastosowaniu 20% wag. Przyczyng tego zjawiska jest rosngca wartosé
stosunku Na,O do SiO, wraz ze zwigkszeniem udziatu wag. dodatku szkta odpadowego.
Natomiast po przekroczeniu optymalnej wartosci, dodatkowe jony Na* obecne
w materiale mogg spowodowaé wykwity, a takze spadek wytrzymatosci. W przypadku
zastosowania wiekszych czastek, tj. frakcji szkta odpadowego zawierajgcych czastki
o wielkosciach mieszczacych sie w zakresach od 0,1 ym do 1200 ym oraz od 200 ym
do 1200 ym, zaobserwowano tendencje do wzrostu wytrzymatosci na zginanie wraz ze
zwiekszaniem udziatu sttuczki, osiggajac najlepsze rezultaty przy 30% udziale wag.
dodatku, niemniej uzyskano wartosci ponizej wynikow wytrzymatosci na zginanie dla

materiatdéw odniesienia.

W celu weryfikacji bezpieczenstwa stosowania analizowanych geopolimerow,
przeprowadzono badania wymywalnosci wodnej. Wyniki wskazaty, iz wprowadzenie

do geopolimeréw odpadowej sttuczki szklanej miato niewielki wptyw na zawarto$¢ metali




ciezkich w odciekach, takich jak: Hg, Cd, Ni, Cr, Cu, Zn i As. Jedynie zbadane stezenie
Pb bylo zauwazalnie wyzsze (o okoto 12 razy) dla geopolimerow z dodatkiem
najmniejszej wielkosci czgstek odpadow szklanych, w poréwnaniu do materiatow
referencyjnych. Stwierdzono, iz zawartos¢ wszystkich badanych metali niebezpiecznych
w kompozytach geopolimerowych miescita sie w zakresie dopuszczalnych wartosci
wymywania dla odpadéw obojetnych, zgodnie z Decyzja Rady Europejskiej
2003/33/WE, z wyjatkiem poziomu substancji rozpuszczonych ogétem, ktéry przekraczat
dopuszczalny zakres wartosci dla odpadow obojetnych. Warto podkresli¢, ze poziom
substancji rozpuszczonych ogétem miescit sie w limicie ustalonym dla odpaddw innych
niz niebezpieczne. Ponadto zawarto$¢ rozpuszczonych substancji statych (TDS)
odniesiono do porowatosci i gestosci wytworzonych prébek. Na podstawie uzyskanych
wynikow stwierdzono, ze w geopolimerach z 30% dodatkiem wag. réznej wielkosci szkta
odpadowego, najwyzszg catkowitg zawartos¢ TDS otrzymano dla probek zawierajgcych
najmniejsze wielkosci czagstek szkta (0,1—40 ym) oraz charakteryzujgcych sie najwyzszag

porowatoscig i najmniejszg gestoscia.

W kolejnym etapie prac zbadano strukture probek, co pozwolito na sformutowanie
wnioskéw, iz wraz ze wzrostem zawartosci niesortowanej odpadowej sttuczki szklanej,
uzyskane pory posiadaty mniejsze Srednice, a ich rozmieszczenie byto bardziej zblizone
do homogenicznego. Dodatek sttuczki szklanej korzystnie wptynagt na jednorodnosé
poréw obecnych w strukturze geopolimerow. Materiaty referencyjne, tj. niezawierajgce
dodatku szkfa odpadowego posiadaty makropory, ktére moga determinowaé niskie
wiasciwosci mechaniczne wyrobow. Ponadto wielko$¢ porow zmniejszata sie wraz

ze zmniejszaniem wielkosci zastosowanej odpadowej sttuczki szklane;.

Uzyskane wyniki badan szczegétowo opisane i zaprezentowane w publikacji P2
wykazaty, iz zarowno zawartosc¢, jak i wielkoS¢ czgstek odpadowe;j sttuczki szklanej majg
wplyw na porowatg strukture geopolimeréw spienionych. Zmniejszenie wielkosci poréw
oraz wzrost jednorodnosci ich rozmieszczenia mozna uzyskac poprzez: a) zwiekszenie
zawartosci odpaddéw szklanych niesortowanych (o wielkosci czgstek mieszczgcych
sie w zakresie 0,1 do 1200 ym) do 20% oraz 30%, b) zmniejszenie wielkosci czgstek

wprowadzonej sttuczki szklanej.

Kolejnym etapem pracy, ktory zostat szczegétowo omowiony w publikacji P3,
pt. ,Influence of Waste Glass Addition on the Fire Resistance, Microstructure
and Mechanical Properties of Geopolymer Composites” bylo wytworzenie
niespienionych kompozytéw geopolimerow zawierajgcych 0-30% udziatu wag. brgzowej

odpadowej sttuczki szklanej o réznych wielkosciach czgstek. Przyjeto doktadnie te same




udziaty wag. (0%, 10%, 20%, 30%) oraz frakcje (0,1-1200 pym — niesortowane szkto
odpadowe, 200-1200 um, 100-250 pm, 63—120 um i 40—63 um, 0,1-40 um) odpadowej
sttuczki szklanej jak w publikacji P2, jednak tym razem wytworzono probki niespienione.
Pozwolito to na szczegdlowe omowienie wptywu analizowanego dodatku, zaréwno na

matryce spieniong (publikacja P2), jak i niespieniong (publikacja P3).

W obecnych czasach wcigz toczy sie nieustajgca walka z pozarami, w efekcie ktorej
obrazenia, a nawet Smier¢ ponosi ogromna liczba oséb. W raporcie przedstawionym
przez organizacje NSC (National Safety Council) oszacowano, iz w Stanach
Zjednoczonych straz pozarna podejmuje dziata zwigzane z koniecznoscig gaszenia
pozarow srednio co 23 sekundy, natomiast w ich efekcie ginie cziowiek srednio
co 3 godziny 8 minut [99]. Ponadto przewiduje sie, ze jedng z wielu konsekwencji
globalnego ocieplenia klimatu, oddzialywujgcego na pogode, spowodowanego
m.in. przez emisje CO;, bedzie zwiekszone prawdopodobienstwo zaptonu i wzrost
czestotliwosci wystepowania pozaréw [100]. Dlatego tak istotne jest uwzglednianie
odpornosci ogniowej na etapie projektowania i wyboru materiatdw przeznaczonych do
zastosowania w budownictwie. Naukowcy we wczesniejszych badaniach wykazali
wyzszg odpornosé materiatdw geopolimerowych od stosowanego konwencjonalnie
betonu, a takze udowodnili, iz szkio odpadowe moze mie¢ pozytywny wptyw
na zwiekszenie odpornoéci ogniowej geopolimerdéw [101, 102]. Natomiast szczegbtowy
wplyw zawartosci i wielkoéci czgstek tego dodatku m.in. na reakcje na ogieh - niepalnosé
geopolimerdw nie zostat wczesniej poznany i dlatego autorzy publikaciji P3 sformutowali
go jako gtéwny cel swoich badah. W publikacji P3 okreslono réwniez konsystencje
zapraw geopolimerow i zbadano efekty cieplne zachodzace w trakcie geopolimeryzacji
z zastosowaniem termistora o ujemnym wspotczynniku temperaturowym. Ponadto
okreslono sktad mineralogiczny materiatéw, zbadano ich wilasciwosci mechaniczne,
nasigkliwosé, gestos¢, powierzchnie witasciwg. Przeprowadzono badania odpornosci
wytworzonych kompozytéw na ekspozycje na temperature 750 °C i nastepnie
wyznaczono sSredni ubytek masy oraz resztkowg wytrzymatos¢ na sSciskanie
geopolimeréw. Dodatkowo zbadano wptyw dziatania wysokiej temperatury na skfad
chemiczny materiatbw. Na podstawie otrzymanych wynikow sklasyfikowano

geopolimery pod wzgledem ich niepalnosci.

Efekty cieplne zachodzgce podczas geopolimeryzacji $wiezych zapraw
geopolimerowych oraz po 48 godzinach od momentu przygotowania zaprawy
zarejestrowano za pomocg urzgdzenia termistorowego o ujemnym wspodtczynniku
temperaturowym. Otrzymane wyniki pozwolity na obliczenie charakterystycznych

wartoséci, takich jak: maksymalna temperatura uzyskana podczas procesu




geopolimeryzacji swiezej zaprawy geopolimerowe] i odpowiadajgcy jej czas, energie
reakcji egzotermicznej, czas konca wigzania oraz réznice temperatur pomiedzy
maksymalnymi  wartosciami  zarejestrowanych  efektéw cieplnych  podczas
geopolimeryzacji oraz po 48 godzinach utwardzania. Nastepnie poréwnano wyniki dla
kompozytow geopolimerowych zawierajgcych rézng wielko$¢ czagstek odpadowej
sttuczki szklanej. Zauwazono, iz dodatek 20% udziatu wag. odpadowej sttuczki szklanej
powodowat skrocenie czasu wigzania geopolimerdw, niezaleznie od wielkosci czgstek
sttuczki. Szkio odpadowe charakteryzowato sie wyzszg zawartoScig wapnia niz
zastepowany nim popiét lotny, co mogto pozytywnie wptyng¢ na skrocenie czasu
wigzania. Ponadto maksymalna zarejestrowana temperatura, energia reakcji
egzotermicznej, a takze réznica pomiedzy zarejestrowanymi efektami termicznymi byty
najwyzsze w przypadku probki zawierajgcej frakcje odpadowej stluczki szklanej
0 najmniejszych wielkosciach czgstek. Efekt ten powigzano z wyzszym stopniem
rozpuszczania mniejszych czgstek ze wzgledu na ich wyzszg powierzchnie wiasciwa,

ktéra moze reagowacé z aktywatorem alkalicznym podczas aktywaciji.

W celu okreslenia zdolnosci $wiezych zapraw geopolimerowych do plyniecia
zbadano ich konsystencje z zastosowaniem dwoch metod, tj. stozka Novikowa i stolika
rozptywowego. Na podstawie uzyskanych wynikow stwierdzono, ze dodatek odpadow
szklanych w ilosci 20% wag. niezaleznie od zastosowanych frakcji powodowat uzyskanie
konsystencji plastycznej. Natomiast wprowadzenie 30% wag. sttuczki odpadowej
zawierajgcej frakcje o wielkosci czgstek mieszczgcych sie w zakresie 0,1-1200 ym oraz
200-1200 um spowodowat zmiane konsystencji Swiezych zapraw geopolimerowych na
rzadkg oraz cieklg, w przypadku odpowiednio metody stozka Novikowa i stolika
rozptywowego. Zjawisko to wynika z wiekszej zdolnosci popiotu do pochfaniania
roztworu alkalicznego, niz czgstek szkta odpadowego. Jednak dodatek tej samej ilosci
(30% wag.) frakcji szkla odpadowego o mniejszych wielkosciach czgstek spowodowat
uzyskanie konsystencji plastycznej. Mniejsze czgstki charakteryzujg sie wiekszg
powierzchng wiasciwa, ktorej zdolnos¢ pochtaniania roztworu jest wyzsza, niz wiekszych
czgstek i dlatego zastosowanie 30% wag. szkfa, lecz o wielkosciach czgstek w zakresie
100-250 pm, 63-120 pm, and 40-63 pm, 0,1-40 pym spowodowato uzyskanie

konsystencji plastycznej.

Nasigkliwos¢ oraz gestos¢ zbadano dla prébek zawierajgcych 10%, 20% oraz 30%
wag. odpadowej sttuczki szklanej niesortowanej, tj. zawierajgcej czgstki o wielkosci
w zakresie 0,1-1200 um. Zauwazono silng zaleznos¢ pomiedzy nasigkliwoscia,

a zawartoscig stluczki szklanej. Nasigkliwos¢ probek malata wraz ze wzrostem




zawartosci sttuczki szklanej. Odwrotng zaleznos¢ natomiast zauwazono w przypadku

gestosci geopolimerdw, ktora wrastata wraz ze wzrostem zawartosci szkta odpadowego.

W kolejnym etapie przeprowadzono jakosciowg rentgenowskg analize fazowag
geopolimeréw, ktéra pozwolita na identyfikacje nastepujgcych faz we wszystkich
zbadanych materiatach: kwarcu (SiO;), mulitu (AlsSi»O13), CSH w postaci rosenhanitu
(Cas(SisOs(OH),), albitu (NaAlSisOs) i anortytu (CaAl:Si.Os). Poréwnujgc widma
dyfrakcyjne zaobserwowano, iz zarejestrowane efekty dyfrakcyjne pochodzgce
od roznych geopolimerow zlokalizowane byly w tych samych potozeniach katowych,
lecz ich intensywnos$¢ byta zréznicowana. Intensywnos¢ efektow dyfrakcyjnych byta
nizsza w przypadku prébek z odpadowg sttuczkg szklang, w poréwnaniu do materiatu
odniesienia oraz malata wraz ze zmniejszeniem wielkosci czgstek odpadowej sttuczki

szklanej. Zjawisko to powigzano z nizszym stopniem krystalicznosci geopolimerdw.

Wszystkie izotermy otrzymane w rezultacie pomiaréw przeprowadzonych
z zastosowaniem analizatora sorpcji fizycznej sklasyfikowano jako izotermy adsorpcji —
desorpcji typu IV z petlami histerezy typu H3 (wg klasyfikacji IUPAC). Otrzymane
rezultaty wskazujg na obecno$¢ mezoporow we wszystkich zbadanych materiatach.
Ponadto na podstawie zarejestrowanych wynikoéw okredlono powierzchnie witasciwe,
a takze objetosci i rozmiary poréw obecnych w geopolimerach. Zauwazono,
iz najwiekszg powierzchnig wiasciwg wyznaczong metodg BET charakteryzowat sie
materiat odniesienia (45,44 m? g™1), natomiast dodatek niesortowanej odpadowej sttuczki
szklanej (wielkos¢ czagstek 0,1-1200 um) spowodowat zmniejszenie powierzchni
wiasciwe] kompozytow. Ponadto wystepowata zaleznosé, wraz ze wzrostem udziatu
wag. odpadowej sttuczki szklanej niesortowanej w kompozytach geopolimerowych
powierzchnia wlasciwa malata. Poréwnujgc wyniki uzyskane dla probek zawierajgcych
30% wag. odpadowej sttuczki szklanej o réznej wielkosci czgstek zaobserwowano,
iz powierzchnia wlasciwa zmniejszata sie wraz ze zmniejszeniem wielkosci czgstek
odpaddéw szklanych. Dodatkowo wystepowata zauwazalna zaleznos¢ objetosci oraz
Srednicy poréw w geopolimerach, tj. im mniejsza wielkos¢ czgstek oraz wiekszy udziat
wag. wprowadzonego dodatku, tym mniejsza objetoSC oraz Srednica porow
w geopolimerach. Uzyskane wyniki byly zgodne z obliczong gestoscig oraz wynikami
z testow nasigkliwosci geopolimeréw. Dodatek odpadowej sttuczki szklanej spowodowat
jednoczesne zmniejszenie nasigkliwosci wody, zmniejszenie wielkosci i objetosci poréw,
nieznaczny wzrost gestosci oraz zmniejszenie powierzchni wtasciwej. Badania ujawnity,
iz dodatek szkta odpadowego zmniejszyt porowatos¢ geopolimeréw, wytworzonych na
osnowie popiotu lotnego i piasku, powodujgc uzyskanie probek o wyzszej gestosci,

w poréwnaniu do materiatu odniesienia.




Kolejnym etapem zrealizowanych prac badawczych byla ocena wptywu wielkos$ci
czgstek oraz udziatu wag. dodatku szkta odpadowego na wytrzymatosé na Sciskanie
geopolimerdw niespienionych. Zauwazono korzystny wptyw dodatku odpadowej sttuczki
szklanej na wytrzymato$¢ na sciskanie, ktéra byla od 53% do 137% wyzsza,
w zaleznosci od wariantu, niz dla probek referencyjnych. Najkorzystniejszy udziat wag.
dodatku zalezat od zastosowanej frakcji szkta odpadowego i wnosit 20% wag. dla probek
zawierajgcych szkto o wielkosci czgstek: 0,1-1200 pm, 200—-1200 pm, 100-250 ym oraz
63—-120 ym. Natomiast w przypadku frakcji zawierajgcych mniejsze wielko$ci czgstek,
tj. 63—40 pm i 0,1-40 ym najwyzsze wyniki wytrzymatosci na sciskanie uzyskano dla
geopolimeréw wytworzonych z 10% wag. dodatkiem szkia. Zjawisko to zwigzane byto
z reaktywnoscig pucolanowg sttuczki szklanej, ktéra wzrasta wraz ze zmniejszeniem jej
wielkosci czgstek, co jest zgodne z wynikami uzyskanymi w czasie badan zapraw
z zastosowaniem urzadzenia termistorowego 0 ujemnym  wspotczynniku
temperaturowym. Mniejsze czgstki charakteryzujg sie wyzszg powierzchnig wtasciwa,
a wiec wieksza powierzchnia jest dostepna dla aktywatora alkalicznego powodujgc
wyzszg reaktywnosc¢ czastek i efektywniejszy proces geopolimeryzacji. Popidt lotny
charakteryzowat sie $rednig wielkoscig czgstek wynoszacg 17,3 £ 2,5 um i byla ona
mniejsza niz kazdej z zastosowanych frakcji szkta odpadowego. Natomiast sposréd
stosowanych frakcji sttuczki, najmniejszg srednig wielkoscig czastek (22,0 £ 0,3 pm)
charakteryzowata sie frakcja 0,1-40 ym szkta odpadowego. Zastgpienie szkiem
odpadowym popiotu lotnego korzystnie wptywato na wytrzymatoS¢ na Sciskanie

geopolimeru, niezaleznie od zastosowanej frakcji oraz udziatu wag.

W dalszej czesci publikacji P3 poddano analizie mikrofotografie przedstawiajgce
reprezentatywne probki, wykonane za pomocg skaningowego mikroskopu
elektronowego (SEM). Obserwacja morfologii geopolimeréw ujawnita wiekszg liczbe
poréw w prébkach referencyjnych, w poréwnaniu do kompozytow z dodatkiem
odpadowe;j sttuczki szklanej, co jest zgodne z oméwionymi wczesniej wynikami gestosci.
Dodatkowo w osnowie geopolimerowej widoczne byty nieliczne czgstki popiotu lotnego,

wplywajgce negatywnie na wiasciwosci mechaniczne kompozytow.

Kolejnym etapem pracy byto okreslenie niepalnosci wytworzonych prébek
geopolimerowych. Zgodnie z opisang wczeéniej metodykg badan (w podrozdziale
3.3 pt. ,Zastosowane metody badawcze”) probki umieszczono w piecu elektrycznym
i poddano je nagrzaniu do temperatury 750 °C i nastepnie izotermicznemu
wytrzymywaniu w tej temperaturze przez 30 min. Po tym czasie prébki chtodzono
wewnatrz pieca. Procentowy ubytek masy badanych geopolimeréw osiggat wartosci

mieszczace sie w zakresie od 11,7% (dla probek zawierajgcych 30% wag. niesortowanej




sttuczki szklanej) do 17,7% (w przypadku prébek z 20% wag. dodatkiem frakcji
0 najmniejszej wielkosci czgstek szkta odpadowego, tj. 0,1 —40 pym). Zauwazono, iz wraz
ze zmniejszeniem wielkosci czastek wprowadzonego dodatku wzrastat obliczony
procentowy ubytek masy po testach niepalnosci. Zjawisko to powigzano z ilo$cig wody
zaabsorbowanej wewnatrz czastek odpadéw szklanych, ktéra byta tym wieksza
im wyzszy byt stopien rozdrobnienia czgstek. Efekt ten wynikat z wiekszej powierzchni
wiasciwej mniejszych czgstek. Dodatkowo wyjasniono, iz zmiany w badanych
materiatach zalezaty od temperatury i obejmowaty nastepujace zjawiska: 1/ poprawe
wytrzymatosci na Sciskanie ze wzgledu na reakcje nieprzereagowanych czgstek
odpadéw szklanych i kurczenie sie porow (do 400 °C), 2/ przemiany zwigzkéw Zelaza
(od 400 °C do 750 °C), 3/ tworzenie sie nowych poréw (od 400 °C do 600 °C),
4/ usuwanie poréw podczas spiekania (od 600 °C do 750 °C), 5/ pekanie probek (od
600 °C do konca badania) i skurcz (od 200 °C do konca badania) [103, 104]. Wszystkie
wytworzone geopolimery, niezaleznie od wielkosci czgstek szta i ich udziatu wag.
sklasyfikowano jako materiaty klasy A1y wedtug normy PN-EN ISO 1182:2020 [89].

Dodatkowo dla geopolimeréw po badaniu niepalnosci przeanalizowano resztkowg
wytrzymatos¢ na Sciskanie. Na podstawie zarejestrowanych wynikow stwierdzono, ze
zastosowanie szkta odpadowego poprawito resztkowg wytrzymatos¢ na sciskanie o
221,6% i 164,7% w przypadku odpowiednio geopolimerow z najwiekszymi rozmiarami
czgstek tj. 200-1200 pym oraz niesortowanych 0,1-1200 pm, w odniesieniu do
niemodyfikowanych prébek referencyjnych. Kompozyty zawierajgce szkio odpadowe
o wiekszych rozmiarach czgstek charakteryzowaty sie wyzszg resztkowg
wytrzymatoscig na Sciskanie niz ich odpowiedniki zawierajgce mniejsze czastki szkia.
Kolejnym wnioskiem wynikajgcym z omawianych badan byto ustalenie optymalnego
udziatu dodatku szkta zapewniajgcego uzyskanie najwyzszych wynikow wytrzymatosci
na Sciskanie. Dla frakcji zawierajgcych czgstki o rozmiarach: 0,1-1200 ym (sttuczka
niesortowana), 200—1200 um, 100-250 pm i 63—120 um wynosit on 20% wag. Natomiast
w przypadku zastosowania frakcji: 40-63 pym i 0,1-40 ym najwyzsze wyniki uzyskano
przy 10% wag. dodatku szkta odpadowego. Ponadto kompozycje z takimi udziatami wag.
sttuczki wykazywaty najwyzsze wyniki dla obu parametrow, zaréwno wytrzymatosci na

Sciskanie, jak i resztkowej wytrzymatosci na $ciskanie geopolimeréw.

Kolejny etap badan przedstawiony w publikacji P4 pt. ,Eco-Friendly Coal Gangue
and/or Metakaolin-Based Lightweight Geopolymer with the Addition of Waste Glass”
koncentrowat sie na ocenie mozliwosci zastosowania tupka weglowego jako prekursora
geopolimeréw wzmocnionych odpadami szklanymi. Dodatkowo w celu poréwnania

wptywu dodatku sttuczki szklanej na geopolimery wytworzone z réznych materiatow




bazowych, zsyntetyzowano réwniez kompozyty na osnowie metakaolinu oraz hybryd
metakaolinu z tupkiem weglowym zmieszanych w stosunku wag. 1:1. Jako materiaty
odniesienia zastosowano geopolimery na osnowie tupka weglowego i metakaolinu bez

dodatku szkta odpadowego.

Bazujgc na wynikach przedstawionych w publikacjach P2 oraz P3, zastosowano
optymalny udziat sttuczki szklanej wynoszgcy 20% wag. Jako srodek spieniajgcy
zastosowano nadtlenek wodoru (H20:) o stezeniu 35%, w ilosci 3% wag., natomiast jako
stabilizator porowatej struktury zastosowano aldehyd syryngowy (HOCgH>(OCHs), CHO)
w ilosci 0,15% wag. W celu zwiekszenia aktywnosci pucolanowej we wszystkich
mieszankach geopolimerowych zastosowano dodatek 10% wag. cementu 0 wysokiej
zawartosci tlenku wapnia. Przedstawione ilosci zastosowanego srodka spieniajgcego

oraz stabilizatora odnoszg sie do masy suchych sktadnikéw mieszanki.

Zgodnie z wynikami przedstawionymi w rozdziale 5.1 pt. ,Charakterystyka
materiatbw bazowych” tupek weglowy poddano rozdrobnieniu mechanicznemu
(do uzyskania wielkosci czgstek Dso= 11,17 £ 0,36 um) oraz obrdbce temperaturowej

(kalcynacja w temperaturze 800 °C przez 24h w piecu laboratoryjnym).

Wytworzone geopolimery poddano m.in. badaniom: analizy sktadu chemicznego
i mineralogicznego, okreslono wspétczynnik przewodzenia ciepta A, wyznaczono
wytrzymatos¢ na Sciskanie i gestos¢, przeprowadzono obserwacje porowatych struktur
pianek oraz badania porowatosci z zastosowaniem wysokorozdzielczego
mikrotomografu komputerowego, a takze wyznaczono homogenicznos¢ materiatow

i stopien anizotropii.

W celu oceny sktadu mineralogicznego pianek geopolimeréw przeprowadzono
jakosciows i ilosciowa rentgenowska analize fazowa. Uzyskane rezultaty badan ujawnity
obecnosc¢ faz takich jak: kwarc (SiO,), kaolinit (Al.Si>Os(OH)4), mulit (AlsOs(Si04)2), albit
(NaAlSiz0s), muskowit (KAIlx(SisAl)O10(OH,F),) oraz faza CSH w postaci rosenhanitu
(CasSiz09-H20). Nalezy podkresli¢ brak identyfikowalnej fazy kaolinitu w sktadzie prébek
wytworzonych na bazie tupka weglowego, co swiadczy o redukcji wewnetrznej struktury
kaolinitu w trakcie kalcynacji i powstaniu materiatu o charakterze amorficznym. W trakcie
geopolimeryzacji nastgpita reakcja surowcow z aktywatorem alkalicznym, w rezultacie
czego utworzone zostalty we wszystkich prébkach nowe fazy: CSH oraz albit.
Szczegolnie korzystna z punktu widzenia wytrzymatosci na sciskanie geopolimerow jest
obecnosc¢ fazy CSH [64].

W kolejnej czesci badan przeprowadzono analize struktury pianek geopolimerowych

z zastosowaniem mikroskopu cyfrowego. Ocenie poddano rozmieszczenie poréw




w materiatach, ich wielko$¢ i ksztatt, spojnos¢ struktury, a takze rozmieszczenie szkta
odpadowego i stabilizatora w geopolimerach. Niezaleznie od sktadu prébek stwierdzono
jednorodny rozkfad poréw w strukturze pianek. Poréwnujgc probki wytworzone na
osnowie tupka weglowego z ich odpowiednikami wytworzonymi z zastosowaniem
metakaolinu zauwazano, ze geopolimery na osnowie metakaolinu charakteryzowaty sie
porowatoscig o bardziej regularnych ksztattach i mniejszych rozmiarach. Dodatkowo
w przypadku kompozytébw z dodatkiem odpadowej sttuczki szklanej, zgodnie
z oczekiwaniami dodatek ten byt widoczny w strukturze poréw, a wiec ze wzgledu na
wielkos¢ czgstek nie roztworzyt sie catkowicie. Ponadto w strukturze pianek na osnowie

lupka weglowego zaobserwowano niewielkie niespdjnosci i pekniecia.

Przewodnos¢ cieplna materiatdw spienionych stanowi istotng charakterystyke pod
wzgledem potencjalnego zastosowania wyrobéw jako materialu izolacyjnego
w budownictwie. Wyniki przeprowadzonych badan wykazaty, ze wspoétczynnik
przewodnosci cieplnej miescit sie w zakresie 0,079-0,117 W/(m-K). Dodatek materiatow
odpadowych, tj. fupka weglowego, jak i odpadowej sttuczki szklanej powodowat wzrost
wspotczynnika A do 25%, w poréwnaniu do geopolimeréw wytworzonych na osnowie

metakaolinu.

W dalszej czesci pracy [P4] okreslono wytrzymatosé na sciskanie geopolimerdéw po
28 dniach sezonowania. Srednia wytrzymato$¢ na $ciskanie geopolimeréw,
uwzgledniajgc odchylenie standardowe z pomiaru minimum trzech probek, wynosita od
0,70 = 0,03 MPa (geopolimery na osnowie tupka weglowego) do 1,23 + 0,05 MPa
(kompozyty na osnowie metakaolinu z dodatkiem szkta odpadowego). Zastosowanie
odpadowej stluczki szklanej w kompozytach na osnowie metakaolinu oraz tupka
weglowego spowodowato wzrost wytrzymatosci na Sciskanie o odpowiednio 9% oraz
54%, w pordwnaniu do geopolimeréw wytworzonych z zastosowaniem tego samego
prekursora, ale bez dodatku. Ponadto wprowadzony dodatek spowodowat wzrost
gestosci kompozytow. Zastosowanie metakaolinu jako prekursora materiatdw
geopolimerowych powodowato uzyskanie jednoczesnie wyzszej wytrzymatosci na
Sciskanie oraz nizszej gestosci, w porownaniu do probek wytworzonych na osnowie

tupka weglowego.

Reprezentatywne prébki geopolimerowe poddano badaniom z zastosowaniem
rentgenowskiej  mikrotomografii  komputerowej (mikroCT) w celu oceny
m.in.: homogenicznosci rozkladu oraz udziatu procentowego stluczki szklanej
oraz stabilizatora w piankach; porowatosci z rozr6znieniem na pory otwarte i zamkniete;

stopnia anizotropii oraz jednorodnosci geopolimerow (wyznaczonej w trzech kierunkach




XY, XZ, YZ). Wyniki potwierdzily, iz porowato$¢ geopolimerow zalezata od
komponentéw uzytych w trakcie wytwarzania prébek. Zamiana tupka weglowego
odpadowg stluczkg szklang powodowata obnizenie porowatosci kompozytéw, natomiast
odwrotny efekt uzyskano stosujgc metakaolin. W strukturze wszystkich geopolimeréw
badanych z zastosowaniem mikrotomografii komputerowej dominowata porowatosé
otwarta, stanowigca od 68,7% do 56,8% objetosci materiatu, natomiast udziat poréw
zamknietych wynosit od 0,3% do 1,8% objetosci catych prébek. Struktura pianek byta

zblizona do izotropowe;j.

Ostatnim badaniem, ktérego wyniki przedstawiono w publikacji P4 byto wyznaczenie
stopnia porowatosci geopolimeréw na podstawie wynikow gestosci pozornej i gestosci
wiasciwej prébek. Wyniki uzyskanych badan byly spdjne z rezultatami uzyskanymi
z zastosowaniem  mikrotomografii  komputerowej. Obliczona porowatos¢ dla
geopolimeréw przedstawionych w publikacji P4 miescita sie w zakresie 60,6% + 81,2%.
Potwierdzono, iz dodatek odpadowej sttuczki szklanej powoduje obnizenie porowatosci
kompozytu, zaréwno w przypadku probek wytworzonych z zastosowaniem metakaolinu,
jak i tupka weglowego jako prekursorow geopolimerowych. Dodatkowo, zgodnie
z wczesniej przedstawionymi wynikami, wyzszg porowatoscig charakteryzowaty sie

probki wytworzone na osnowie metakaolinu niz na osnowie tupka weglowego.

Na podstawie wynikow zrealizowanych badah  wytworzone materiaty
geopolimerowe, z wyjgtkiem geopolimerow na osnowie tupka weglowego z 20%
udziatem wag. odpadowe] sttuczki szklanej (ze wzgledu na wyzszg gestosc),
zakwalifikowano do betonéw lekkich klasy 11l zgodnie z klasyfikacjg RILEM, ktére mogg
znalez¢ potencjalne zastosowanie np. jako warstwy izolacyjne oraz warstwy

wypetniajgce przestrzenie np. wokot rur.




6. Podsumowanie i wnioski

W ramach realizacji prezentowanej rozprawy doktorskiej opracowano geopolimery

na osnowie materiatdbw odpadowych, poprocesowych i/lub mineralnych takich jak:

popidt lotny, tupek weglowy (po przeprowadzeniu obrobki mechanicznej i termicznej),

metakaolin oraz hybryd metakaolinu z tupkiem weglowym, modyfikowanych

odpadowg sttuczkg szklang. W badaniach stosowano materiaty, ktérych obecne

wykorzystanie jest ograniczone, takie jak tupek weglowy, popiot lotny i stluczka

szklana. Okreslono wplyw zmiennych tj. udzialu wagowego oraz wielkosci czastek

odpadowej sttuczki szklanej, rodzaju prekursora oraz kompozycji mieszanek na

wiasciwosci geopolimerow. Zrealizowane badania oraz analiza wynikow umozliwity

sformutowanie nastepujgcych wnioskéw:

>

Udziat porowatosci w strukturze spienionego geopolimeru zalezy
od zawartosci oraz wielkosci czgstek wprowadzanego szkta odpadowego
i jest bardziej homogeniczny wraz ze wzrostem zawartosci odpadowej
sttuczki szklanej (do 30% wag.) i zmniejszeniem rozmiaru jej czgstek.
Zastosowanie 20% wag. dodatku odpadowej sttuczki szklanej o wielkosci
czagstek 0,1-40 ym spowodowato uwolnienie najwiekszej energii reakciji
egzotermicznej w trakcie procesu geopolimeryzacji w poréwnaniu do
efektow zarejestrowanych dla pozostatych analizowanych frakcji.
Konsystencje swiezych zapraw geopolimerowych zawierajgcych do
20% wag. odpaddéw szklanych, niezaleznie od zastosowanych
w badaniach wielkosci czgstek szkla odpadowego okreslono jako
plastyczng. Zwiekszenie zawartosci sttuczki do 30% wag. o wielkosci
czgstek w zakresie 0,1-1200 uym oraz 200-1200 uym spowodowata zmiane
konsystencji zaprawy na rzadka/ciekta.

Nasigkliwo$¢ geopolimeréw zaréwno spienionych, jak i niespienionych
Zmniejszata sie wraz ze wzrostem zawartosci odpadowej sttuczki szklanej
w geopolimerach.

Dodatek 20% wag. szkta odpadowego o wielkosci czgstek w zakresie
0,1-1200 ym w geopolimerach niespienionych powodowat: zmniejszenie
powierzchni wiasciwej o 4%, zmniejszenie catkowitej objetosci porow
0 19%, wzrost gestosci o 9% oraz zwigkszenie wytrzymatosci na $ciskanie
0 135,2% i 164,7% odpowiednio przed i po badaniu niepalnosci.
Zastosowanie dodatku 20-30% wag. odpadowej sttuczki szklanej (Srednia
wielko$¢ czgstek 550,1 um) w piankach geopolimerowych spowodowato

wzrost: powierzchni witasciwej o 65-60%, gestosci o 6-9% oraz




wytrzymatosci na Sciskanie o ok. 80%, w poréwnaniu do materiatow
referencyjnych.

» Dodatek odpadowej sttuczki szklanej w przypadku wszystkich badanych
geopolimeréw  korzystnie wptywat na resztkowg wytrzymatosé
na sciskanie, wyznaczong po ekspozycji na temperature 750 °C. Ponadto
wszystkie kompozyty geopolimerowe pod wzgledem niepalnosci
zakwalifikowano jako materiaty klasy Als.

» Substytucja metakaolinu zaréwno szktem odpadowym, jak i tupkiem
weglowymi powodowata wzrost wspofczynnika przewodzenia ciepta
pianek geopolimerowych.

» W strukturze pianek geopolimerowych dominowata porowato$¢ otwarta (od
56,8% do 68,7%), a porowatos¢ zamknieta wynosita od 0,3% do 1,8%.

» Struktura pianek geopolimerowych byta zblizona do izotropowej,

a rozmieszczenie porow i dodatkow byto homogeniczne.

Petny opis zastosowanych materiatdw bazowych oraz ich charakterystyki, metod
badawczych, wynikow badan wraz z dyskusjg oraz przeglgdem literatury dotyczgcej

podjetej tematyki badawczej zamieszczono w zatgcznikach [P1, P2, P3, P4].

7. Kierunki przysztych badan

W dalszych etapach badan planowane jest przeprowadzenie analizy oceny cyklu
zycia wyrobow LCA (ang. Life Cycle Assessment). Takie podejscie pozwoli na
catosciowe okreslenie wplywu materiatbw na srodowisko, uwzgledniajgc proces
pozyskania surowcow, wytworzenia materiatdw, ich eksploatacji oraz utylizacji.
Dodatkowo zamierza sie przeprowadzi¢ analize pod wzgledem mozliwosci
zastosowania zaprezentowanych rozwigzan na skale przemystowg z uwzglednieniem

kosztéw wytworzenia, robocizny i wymagan aparaturowych.

Kolejnym kierunkiem przysztych badan, ktory nalezy rozwazy¢ jest ocena mozliwosci
wytwarzania opracowanych mieszanek w technologii druku 3D, w formie prefabrykatow

i/lub powtok ochronnych nanoszonych metodg natryskiwania.
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Abstract: Nowadays, one very dynamic development of 3D printing technology is required in the
construction industry. However, the full implementation of this technology requires the optimization
of the entire process, starting from the design of printing ideas, and ending with the development
and implementation of new materials. The article presents, for the first time, the development
of hybrid materials based on a geopolymer or ordinary Portland cement matrix that can be used
for various 3D concrete-printing methods. Raw materials used in the research were defined by
particle size distribution, specific surface area, morphology by scanning electron microscopy, X-
ray diffraction, thermal analysis, radioactivity tests, X-ray fluorescence, Fourier transform infrared
spectroscopy and leaching. The geopolymers, concrete, and hybrid samples were described according
to compressive strength, flexural strength, and abrasion resistance. The study also evaluates the
influence of the liquid-to-solid ratio on the properties of geopolymers, based on fly ash (FA) and
metakaolin (MK). Printing tests of the analyzed mixtures were also carried out and their suitability for
various applications related to 3D printing technology was assessed. Geopolymers and hybrids based
on a geopolymer matrix with the addition of 5% cement resulted in the final materials behaving
similarly to a non-Newtonian fluid. Without additional treatments, this type of material can be
successfully used to fill the molds. The hybrid materials based on cement with a 5% addition of
geopolymer, based on both FA and MK, enabled precise detail printing.

Keywords: 3D printing; hybrids; fly ash; concrete; metakaolin

1. Introduction

During the last several decades, the impact of Portland cement on the environment has
been the subject of discussion for many researchers [1,2]. Portland cement is a traditional
and indispensable material widely used in construction around the world [3,4]. Due to its
main advantages, including resistance to fire, rust, and rot, as well as flexibility in molding
and shaping, cement is one of the most frequently used materials in the construction
industry [5-7]. However, cement production has led to negative environmental impacts.
The process consumes a large number of raw materials and has high energy requirements,
produces a large amount of carbon dioxide that is released into the atmosphere, and
thus contributes to global warming [4-6,8]. This disadvantage leads to the need for the
development of new alternative materials and methods, including geopolymer binders.

The term ‘geopolymer” was first used by Joseph Davidovits in the 1970s [3,9]. It de-
fines the class of inorganic polymers, usually received by mixing metakaolin, fly ash, or slag
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with an alkaline activator [5,10,11] and containing the Al and Si tetrahedron network [12].
Metakaolin (MK) is a de-hydroxylated form of clay kaolin mineral [6-14], preferred in
geopolymer production due to its bright color, easy control of the Si/Al ratio, and effec-
tiveness of geopolymerization reactions; however, MK is relatively expensive [15]. Fly
ash (FA), a by-product of coal power plants, is also a frequently used source material;
however, its chemical composition is difficult to control, and the quality of FA depends on
the type of coal and power-plant efficiency [16]. Commonly used alkaline activators are
sodium hydroxide (NaOH), potassium hydroxide (KOH), or their combination, together
with sodium silicate or potassium silicate [15,17,18]. The geopolymerization process oc-
curs in three steps: (i) dissolution of the aluminosilicate material in an activator solution;
(ii) transportation or diffusion of Al and Si ions and the formation of small, coagulated
structures; and (iii) their polycondensation to form hydrated products [19,20]. Many natu-
ral minerals [21-23], calcined clays [24-26], and industrial by-products such as blast furnace
slag [27], fly ash [28-32], rice husk ash [33], waste glass [34], and red mud [35] can be used
as additional materials for the synthesis of geopolymers [17,36]. Therefore, geopolymer
technology is an important solution for industrial waste utilization, the amount of which
increases every year [8,17]. The reuse of by-product materials contributes to the reduction
of greenhouse gas emissions and is an energy-saving and ecological alternative to Ordinary
Portland Cement (OPC) [37-40].

The geopolymers and Portland cement have comparable properties [5,41,42]. They are
characterized by high compressive strength [43], fire resistance [44], incombustibility, good
resistance to chemical attack [45], high fracture toughness [46], low shrinkage [47], low ther-
mal conductivity [44], low permeability [16], high stability at elevated temperatures [13],
high strength-to-weight ratio, good durability and strong bonding, excellent heavy metal
immobilization [12], resistance to freeze-thaw cycles [48], and low manufacturing energy
consumption for construction purposes [49]. Their mechanical properties can be controlled
in a wide range. Geopolymers have been successfully applied in a number of structural
construction applications, such as beams, columns, slabs, tunnel linings, paving, etc.

A geopolymer hybrid is a combination of geopolymer and OPC or other binders, in
order to produce material that combines the positive properties of OPC with the properties
of alkali-activated materials or geopolymers. Hybrid OPC-geopolymer concrete has a
lowered carbon footprint and improved ambient temperature curing while maintaining the
positive properties of heavy metals immobilization, generally good mechanical properties,
and high durability [50,51]. In the case of hybrid OPC-geopolymer concrete, generally of
high FA content (70-90%) and low OPC content (10-30%), the clinker reaction products
and reaction products from the glass phases of FA coexist. As the curing time progresses,
when in combination, the (N,C)-A-S-H-type gels, called “hybrid gels”, and aluminum-
modified calcium silicate hydrate C-A-S-H-type gels densify the cementitious matrix and
are responsible for the mechanical performance of this type of material [52].

In the construction industry, 3D printing is considered environmentally friendly, due
to its offering designing freedom, automation, less waste generation, reduced raw material
consumption, and lower labor cost [53]. Significant progress has been made toward the
construction of 3D concrete printers (3DCP); the printing methods are focused mainly
on the pumping and extrusion of cementitious pastes to generate buildable layers. An
extrusion-based three-dimensional concrete printing (E3DCP) process has still not been
widely applied, mainly due to technical hurdles related to materials development and
processing challenges. The current, severely limited, scope of materials that can be used
in the 3D printer includes rapid-hardening Portland cement (RHPC), calcium aluminate
cement (CAC), magnesium oxychloride cement, fiber-reinforced cement polymer, and
ultra-high-performance concrete (UHPQC). It is urgently necessary to develop mixes that
can be sufficiently fluid and at the same time have sufficient viscosity to retain their shape
after the printing process. The printed layers must be self-supporting and free of those
discontinuity flaws caused by unwarranted stiffness and insufficient cohesion. In E3DCP,
shrinkage due to drying or post-processing is another limitation. Altogether, this results
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in limited 3DCP applications. These methods still represent only 3% of the total additive
manufacturing industry [54,55]. Supplementary cementitious materials (e.g., metakaolin
or fly ash) are frequently utilized as a fractional replacement for cement to augment the
desired rheological and packing properties. Geopolymers have also been recognized as
a promising construction material for the 3D printing process due to their fast setting,
the wide range of optimizable parameters, and their advantages in combination with
substances modifying these properties [56].

None of the literature informs about the results of research on products made from
concrete-geopolymer hybrids and their use in the 3D printing process. Therefore, we
address in this article the development of materials based on hybrid geopolymers and OPC
that can be used in the different methods of 3DCP.

2. Materials and Methods
2.1. Raw Materials

The commercial cement CEM 1 42.5R from the cement plant Gérazdze Cement S.A.
(Heidelberg Cement Group, Chorula, Poland) was used for the experiments. According to
manufacturer protocol, in appropriate proportions, after very fine grinding and homoge-
nization, the raw material was heated (cyclone heat exchangers) and then sintered (rotary
furnace; raw material temperature 1450 °C, flame and gas temperatures 2000 °C). The
material remained in the high-temperature zone for approx. 30 min. The temperature of
cement clinker at the exit of the furnace was approx. 900-1300 °C. Then it was subjected to
intensive cooling, down to a temperature of about 100 °C. As a result, the cement clinker
(in the form of hard sintered lumps) was obtained. The product, with the addition of
gypsum, was ground in a ball mill to a very fine powder (CEM I Portland cement). This
cement meets the standard requirements according to PN-EN 197-1 [57], and the properties
described in the Declaration of Performance No. 1487-CPR-027-02. Cement conforms to
the IBDiM Technical Recommendation No. RT/2010-02-0060/1.

The fly ash (FA) from the combined heat and power plant in Skawina (Skawina CHP
Coal Power Plant, Skawina, Poland) and metakaolin (MK) KM 60 (Keramost, Kadai, Czech
Republic) were used as raw materials for geopolymers production. The pulverization
process of FA was used to uniform the chemical composition and particle size, as FA was
collected from different mechanical and electrostatic precipitators and zones. MK was
prepared via the dehydroxylation of kaolin to remove the chemically bonded hydroxyl
ions, according to the procedure described earlier [58—60]. The raw materials were mixed
with commercial quartz sand with a chemical composition: 90.0-90.3% SiO;, max. 0.2%
Fe;03, 0.08-0.1% TiOy, 0.4-0.7% Al,O3, 0.17% CaO, 0.01% MgO.

2.2. Characterization of Raw Materials

The chemical composition of starting materials was analyzed using X-ray fluorescence
(PANalytical Epsilon 3 XLE, Malvern Panalytical, Lelyweg 1, Almelo, The Netherlands)
according to PN-EN 1744-1+A1:2013 [61].

The mineralogical characterization was carried out using X-ray diffraction (XRD)
PANalytical Aeris (Malvern Panalytical, Lelyweg 1, Almelo, The Netherlands), using
CuK« radiation. Samples were scanned in the angular range from 10° to 70° (26) at 0.003°
(28) step size and a time per step of 340 s. The qualitative and quantitative analysis was
performed against the ICDD (International Center for Diffraction Data, PDF-4) catalog and
the HighScore Plus software (PANalytical).

The structural properties were determined using a Fourier transform infrared spec-
troscopy (FTIR) spectrometer (Shimadzu IRAffinity-1S, Kioto, Japan) equipped with the
ATR Quest (Specec) adapter. The wavenumber range was 4000 cm ™! to 400 cm ™ 1. A total
of 32 spectra was averaged to reduce noise levels. The spectra were analyzed using a
database with Shimadzu LabSolution FTIR software.

Water content was determined by the weight method in accordance with the standard,
PN-EN 15934:2013 [62].
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The pH value was determined using the potentiometric method (2.0-12.0 measuring
range with (.2 uncertainty) in accordance with the standard, PN-EN 1SO 10523:2012 [63].

Water-leaching tests were carried out in accordance with PN-EN 12457-2:2006 [64]. In
the aqueous extracts, the pH was also determined.

The concentrations of natural radioactivity (*°K, 226Ra, 228Th) in the raw materials were
tested using the high-resolution gamma spectrometry method. A device was equipped
with a high-purity germanium detector (HPGe). In accordance with the regulation of
the Council of Ministers, in the case of “requirements regarding the content of natural
radioactive isotopes in raw materials and materials used in buildings for human and
livestock habitation, as well as in industrial waste used in construction, and the control of
the content of these isotopes”, building materials are qualified on the basis of two activity
indicators, defined according to the following relationships [65]:

fi: Cg - Sra_ 4t
1 = 3000Bq/kg ' 300Bq/kg ' 200Bq/Kg (1)
fo=Cra

where Ck, Cg,, and Cry, are the isotope concentrations of potassium 4K, radium ?2°Ra and
thorium ??Th, expressed in Bq kg .

The morphology of the raw material particles was observed via a scanning electron
microscope (JEOL JSM5510LV, JEOL, Tokyo, Japan). Particles of fly ash and metakaolin
were stuck onto carbon tape to ensure good conductivity. The samples were coated with a
layer of gold, using a vacuum evaporator (BS300).

The particle size distribution of fly ash and metakaolin was carried out using a laser
particle size analyzer (FRITSCH ANALYSETTE 22 MicroTec plus, Fritsch GmBH, Idar-
Oberstein, Germany). The volume-size distribution was expressed as Dyg, Dsg (median),
and Dg.g.

The true density of the raw materials was determined using a helium pycnometer
(Pycnomatic ATC, Thermo Fisher Scientific, Waltham, MA, United States).

The specific surface area was determined as a function of relative pressure with the
BET (Brunauer-Emmett-Teller) method, using a physical sorption analyzer, Quantachrome
Autosorb iQ—MP (Anton Paar company, Graz, Austria). The pore volume and the average
pore size were determined by nitrogen adsorption/desorption using the BJH (Barrett—
Joyner-Halenda) technique. The sample degassing temperature was 300 °C, the rate
20 °C min~', and the soak time 180 min. Volume measurements of nitrogen adsorption
and desorption were carried out at relative pressures (p/pp) in the range from 0.021 to
0.994 for 44 measuring points. The results were analyzed using the ASiQwin software.

Differential thermal analysis (DTA), coupled with thermogravimetry (TG, DTG) and
evolved gas analysis (QMS), was performed with NETZSCH STA 449F3 and quadrupole
mass spectrometry QMS 403 (Netzsch GmBH, Selb, Germany). The experiments were
carried out in the temperature range from 30 °C to 1000 °C. Samples were heated at
10 °C min~! in an air atmosphere. The data were analyzed using Proteus software (Net-
zsch). The TG curve is the change in mass loss and the DTA curve is the mass loss rate as a
function of temperature [66,67].

2.3. Preparation of Geopolymer Specimens

FA or MK was mixed with sand in a 1:1 proportion and then activated. The activator
solution consisted of 10 M sodium hydroxide and the aqueous solution of sodium silicate (R-
145, a molar ratio of 2.5 and density of 1.45 g cm2). The ratio of sodium hydroxide solution
to sodium water glass was fixed at 1:2.5. Ingredient-mixing for 15 min in a low-speed mixer
was performed 24 h before use, to allow the equilibration of a constant concentration and
temperature. Six geopolymer types were designed, depending on composition and the
liquid-to-solid ratio (Table 1).
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Table 1. Type of geopolymer samples.
Composition, wt. % L .

Sample - quuldl.Solld

FA: Sand MK:Sand  10M NaOH: Water Glass Rako

11 1:1 1:2.5

FA-0.245 80.32 - 19.68 0.25
FA-0.280 78.12 - 21.88 0.28
FA-0.350 74.07 - 25.93 0.35
MK-0.350 - 74.07 25.93 0.35
MK-0.375 - 72.73 27.27 0.38
MK-0.400 - 71.43 28.57 0.40

The ingredients were mixed in a GEOLAB cement mortar mixer (Geolab, Warsaw,
Poland) for 15 min to a homogeneous paste. The fresh geopolymer pastes were formed
in the molds with the size of 50 mm x 50 mm x 50 mm for compressive strength test;
71 mm = 71 mm x 71 mm for the abrasion resistance test; 200 mm x 50 mm % 50 mm for
the flexural strength test. Molds were shaken to remove the trapped air. The specimens
were cured at 24 h at 75 °C, and then de-molded and stored at ambient conditions.

2.4. Characterization of Geopolymers

The compressive strength of the geopolymers after curing for 1 and 28 days was tested
in accordance with the PN-EN 12390-3:2019 standard [68] on a testing machine, a MATEST
3000 kN (Model C-104 with Cyber-plus evolution program, MATEST S.p.A., Arcore, Italy).

A flexural strength test of geopolymer samples after curing for 28 days was acquired
in accordance with the PN-EN 12390-5:2019 standard with a concrete press (MATEST).

The surface abrasion resistance test was conducted in accordance with the PN-EN
13892-3:2015 standard [69] using the Bohme abrasion test abrader. The samples were
weighed, placed on the steel test disc, and 20 g of abrasive powder (artificial corundum)
was spread over the grinding path. During the test, the sample was subjected to 16 abrasion
cycles consisting of 22 revolutions. After every 22 revolutions, the abrasive powder was
replaced with fresh powder. The specimen was turned about the vertical axis by 90° after
each cycle. The samples were weighed after the experiment was completed. The average
weight loss and volume decrease were calculated as follows:

Surface abrasion weight loss, % = % x 100 (2)
1

where w; was the initial weight of the sample; w, was the final weight of the sample [5].
Volumetric abrasion losses (cm® 50 cm™2), AV = Am/p (3)

where Am was the weight loss after 16 cycles; p was the density in g em™3 [70].

The fire resistance test of the geopolymers was acquired in accordance with the PN-EN
ISO 1182:2020 standard [71] in an electric furnace. The samples were dried at 60 °C and
then cooled to ambient temperature. The test was carried out for 30 min at 750 °C. The
weight of the specimens was measured before and after the experiment. The weight loss
was expressed as a percentage of the initial sample weight [72]:

s aft ;
Loss of mass, % = 100 x |1 — 2% after experiment w

mass be fore experiment

(4)

2.5. Hybrid Preparation

Geopolymer-based hybrids, made of both fly ash and metakaolin, were prepared from
the CEM 1 42.5R cement solution and the geopolymer mass. CEM I 42.5R cement solution
was prepared in the amount of 5 wt %. Geopolymer mixtures made on the basis of fly ash
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contained an additive of sand (1:1) and the liquid-to-solid ratio was 0.28. Geopolymers
made with a base of metakaolin contained an additive of sand (1:1), and the liquid-to-solid
ratio was 0.35. Concrete control (without geopolymers) was made with a base of cement
and sand in the proportion of 1:1, and the water-to-solid ratio was 0.125.

The GALAXY printer supplied by the ATMAT company (ATMAT, Krakow, Poland)
was used for the printing process. About 50 kg of each tested material was prepared for
printing. The printing process was carried out at an ambient temperature, with a printing
speed of 150 mm s~ 1. The diameter of the nozzle was 15 mm, and the thickness of the
applied layers was 10 mm.

2.6. Statistical Analysis

All data are the average of three to six repetitions. The standard deviation was
calculated and is presented.

3. Results and Discussion
3.1. Characterization of Raw Materials

CEM T 42.5R was selected for the tests. It has a composition compliant with the
requirements of PN-EN 197-1 [57]. Dry Portland cement is a white /grey, odorless, fine-
ground material. The particle size was 5-30 um. The specific density was 3.11 g em ™2,
and the bulk density 1.42 t m 2. The main component was cement clinker (95%: alit,
3Ca0eSi0,, ref. code: 00-016-0407; belit, 2Ca0eS5i0s, ref. code: 00-033-0303; tricalcium
aluminate 3CaQOeAl; O3, ref. code: 00-038-1429; brownmillerite 4CaQe Al;OeFe; 03, ref.
code: 00-011-0124) mixed with gypsum (max. 5%, CaSO4e2H,O0, ref. code: 00-006-0047),
which was used as a setting-time regulator. The sulfate content (as SO3) reached the value
of 3.24% (with the norm not exceeded, 4.00%), the chloride content (as C1 ), 0.06% (max.
0.100%), the alkali content (as Na;Oeq), 0.75%. The content of soluble chromium (VI) in
the cement, due to its natural composition, was below 0.0002% of the total dry weight. The
content of individual clinker phases has a significant impact on the course of the hydration
process, an exothermic reaction of cement (clinker) with water. The amount of the total
heat effect is determined by the presence of alite and tricalcium aluminate. On the other
hand, alite and belite are the phases responsible for the buildup of strength. Therefore, in
the early period of hydration, the presence of alite is of key importance for strength, while
the content of belite over a longer period of time determines the strength. The pH of the
studied cement was 11.0-13.5 at a temperature of 20 °C in water for a water-material ratio
of 1:2. The melting-point value for cement was >1250 °C.

Fly ash (FA) and metakaolin (MK) were considered as important raw materials for
geopolymer production; however, both FA and MK’s suitability for geopolymerization
reactions depended on their physical properties. The particles of FA had approximately
spherical morphology, which is beneficial in order to achieve a successful geopolymeriza-
tion process (Figure 1A and Figure S1A,C,E in Supplementary Materials). It improves the
rheological properties of the mixture, increasing its workability. In addition, it reduces
the need for liquid substances and has a beneficial effect on the mechanical properties
of geopolymers [73]. In contrast, the particles of MK were in the form of irregular flakes
with random geometry, rough and porous surface texture, and tend to form agglomerates
(Figure 1B and Figure S1B,D,F in Supplementary Materials). The morphology of both mate-
rials seems to be typical, as described earlier [74]. FA and MK also had different particle-size
distributions (Figure 1C, Table S1 in Supplementary Materials). The FA particle size ranged
from 1.3 to 32.5 pum, with 90% particles of less than 30 pum and a distribution width of
Dsp 22.3 um; the MK particle size ranged from 0.5 to 39.2 um, with 90% of the particles’
size exceeding 30 um, and a distribution width of Dsy 18 pm. Along with a decrease in
the particle size, the density and mechanical properties of the geopolymer have increased.
The phenomenon is attributable mainly to the greater surface area available for chemical
reactions. The smaller particles have a larger surface area in comparison to the volume
and, thus, higher reactivity, including the rate of dissolution of the monomers, i.e., silicate
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and aluminate, consequently showing a more effective geopolymerization process [75-78].
Furthermore, the porosity is the lowest at the smallest particle size and the voids can be
better filled within fine particles, leading to denser and stronger geopolymer products [79].
In earlier studies, we showed the beneficial effect of grinding the raw materials, even if
the process is energy-intensive; the reduction of particle size and the increase of specific
surface area were crucial to obtaining the higher reaction rate of the precursor, more reacted
final material and the proper mechanical properties of the geopolymer products [80]. The
size reduction throughout the milling process is recognized as a mechanical activation
of the material, resulting in an increase in compressive strength [75,79]. Another way is
separating in different fractions to enable smaller particles [81]. On the other hand, if gases
can be released from the raw materials through the voids between particles in a larger
fraction, they do not affect the mechanical strength as much as when they destroy the
compaciness of the material, leaving it with lower density and lower compressive and
bending strength.
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Figure 1. SEM micrographs (A,B) and particle size distribution (C) of fly ash and metakaolin. (A)}—fly ash morphology, (B}—
metakaolin morphology, (C)—particle size distribution described by cumulative distribution (lines) and frequency (bars).
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The density of the FA was 2.288 + 0.001 g cm 2, whereas the MK density of
2.566 + 0.001 g cm~® was compliant with the specifications presented by the manufac-
turer (2.50-2.80 g cm ) and other authors [82,83].

To yield information concerning the effects of surface porosity and particle size for the
FA and MK, external area and pore area evaluations were conducted (Table 2 and Table S1
in Supplementary Materials, Figure 52 in Supplementary Materials). Depending on the
method, the value of the surface area for FA was in the range of 10.431-14.616 m? g !, and
for MK the range was 12.999-21.415m? g~ !, while the pore volume was 0.026-0.027 cm? g !
and 0.140-0.142 cm® g~ ! for FA and MK, respectively (Table 2, Figure S2 in Supplementary
Materials). Similarly, the pore size was 2.134 nm for FA and 2.975 nm for MK. Therefore,
the materials were defined as mesoporous, according to IUPAC classification [84-87], with

slit-like interparticle pores [88-90] (Figure S1E,F in Supplementary Materials).

Table 2. Textural characteristics of fly ash and metakaolin, BET—specific surface area analysis
method; BJH—pore size and volume analysis method.

Parameter FA MK
Single-Point BET (m? g~ 1) 10.431 12.999
Multi-Point BET (m? g 1) 12.760 15.315
Surface Area BET (m” g 1) 14.616 21.415

Total pore volume BJH (cm® g 1) 0.026 0.140
Pore volume BJH (em® g 1) 0.027 0.142
Average pore diameter BJH (nm) 2.134 2.975

Fly ash and metakaolin are considered important raw materials for geopolymer
production, as SiO, and Al;Oj are their main chemical constituents (Table 3). The analysis
of the chemical composition of FA and MK showed a high content of silica and alumina,
which exceeded 70% and 90% in FA and MK, respectively. However, considering the Si:Al
ratio, it is important to note that the raw materials before geopolymerization had Si:Al
ratios of 3.26 and 2.17 for FA and MK samples, respectively. The mechanical properties of
the geopolymers became increasingly elastic with the increasing total SiO, content in the
raw materials. On the other hand, homogeneity of the microstructure meant a compressive
strength increase along with the Si:Al ratio [59]. Thus, although the total Si content
can improve the properties of MK-originated geopolymers rather than FA-originated
geopolymers, the final effect may be the complementary result of both factors—not only
the total content of the Si and Al components but also their relationship to each other. The
element differentiating significantly between both raw materials was calcium content; FA
had a higher calcium content (5.120%, classified as class F), while a much lower content was
found in MK (0.490%). The effect of calcium on geopolymer produced from metakaolin and
fly ash is usually positive; a composite system with geopolymer gel and calcium-silicate—
hydrate gel can co-exist when the calcium content increases [91]. The presence of CaQ,
together with MgO, which was much higher in FA than MK (Table 3), can contribute to
increased pH value in the range of 10.0-13.0 [92]. Indeed, the leachate for raw materials
was highly alkaline (pH value > 12.0) for FA, and slightly acidic (pH value = 6.0) for MK
at a temperature of 20 °C; the high pH value was primarily due to the hydrolysis of lime,
which yields free hydroxyl ions. Furthermore, numerous accessory minerals of Ba, Sr,
Zn, Pb, V, Cr, Cu, Ni, Rb, Ga, Zr, Te, As, Sb, Sn, and Y were typical components of FA,
while they were present to a lesser extent in MK (Table 3). Accordingly, the more rich and
complex composition of FA resulted in more abundant total dissolved substances in the FA
leachate when compared to that of MK (Supplementary Materials Table S2). Generally, FA
is a hazardous material collected from coal production as an unburned residual; thus, its
potentially detrimental role in polluting the environment should be carefully recognized.
However, the detailed chemical analysis of leachate from raw materials revealed the
presence of toxic elements at an acceptable level, in the case of both FA and MK (according
to EU Decision 2003 /33 /EC [93], and Chinese National Standard GB 5085.3-2007 [94]),
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even if a much higher content of Sb, Ba, Cr, Cr(VI), Mo, Hg, Se, chlorides, fluorides, and
sulfates were detected in FA (Supplementary Materials Table S2). Similarly, the 'K, 226Ra,
and ?Th radioactivity of FA and MK were below the international limits (EU report [95]);
they slightly exceeded an average radioactivity level for FA, but not for MK, as produced
in Europe (622-793 Bq kg ! for #K; 126-191 Bq kg~ ! for ?°Ra; and 89-91 Bq kg~ for
22Th) [96] (Supplementary Materials Table S3).

Table 3. Fly ash and metakaolin chemical compositions (X-ray fluorescence), loss on ignition (LOI),
and mineral phases as calculated from the XRD data (Figure 53 in the Supplementary Materials) with
the Rietveld method results.

Main Minerals, % Accessory Minerals, ppm Mineral Phases, %
FA MK FA MK FA MK
Si0, 48.220 52.430 BaO 800.0 99.7 Quartz 42.0 9.4
TiO; 1.110 0.310 SrOQ 600.0 103.5 Mullite 52.5 5.8
Al O 26.130 42.750 n 199.7 37.1 Hematite 2.6 -
Fe, O3 7.010 1.200 Ph 146.4 151.7 Magnetite 1.0 -
MnO 0.090 0.012 vV 274.2 34.6 Anhydrite 1.2 -
MgO 1.720 0.175 Cr 171.4 - Rutile 0.7 -
Illite-
CaO 5.120 0.490 Cit 129.8 15.3 M1 - 434
Na,O 1615  0.000 Ni 109.6 - Kai’};’“te' - 414
K>,O 3.480 1.300 Rb 184.0 156.6
P05 0.700 0.440 Ga 31.6 57.6
S0, 1.110 0.030 Zr 209.0 84.0
Cl 0.090 0.060 Te 40.1 225
LOI 3.284 0.722 As - 204
Sh 20.6 -
Sn 452 37.0
Y 491 17.7

A greater value for loss on ignition (LOI), an indicator of the residual carbon con-
tent [97], was observed in the case of FA (3.284%) than in MK (0.722%) (Table 3) and,
similarly, the dissolved organic carbon (DOC) level was higher in FA leachates (Supple-
mentary Materials Table S2). Many countries have recently tended to institute more strict
specifications for the limit on LOI (ranging from 3% to 6%) for quality assurance. Although
obtained LOI values are common (e.g., [98,99]), it is worth noticing that the residual car-
bon present in fly ash can absorb water and chemical admixtures (e.g., superplasticizer,
air-entraining agent), reducing their efficiency or even resulting in a changed air-void
system in the concrete. The LOI results were confirmed by higher FA instability and
organic decomposition, along with a temperature rise during thermal analysis (Figure S3
in Supplementary Materials). Although the FA and MK samples showed low weight
loss (Figure S3A in Supplementary Materials) and related thermal effects (Figure S3B in
Supplementary Materials) in the temperature range from 25 °C to 400 °C, the extreme dif-
ferences between both materials were recorded at 400-700 °C, with the maximum at 583 °C
(Figure S3A-H in Supplementary Materials). Significant mass loss and exothermal effects
were recorded for FA, but they were not observed for MK. These resulted from organic
material decomposition due to C (m/z 12, Figure S3C in the Supplementary Materials), and
CO; (m/z 44, Figure S3H in the Supplementary Materials) products were recorded with
the QMS method. A similar pattern of changes in the temperature range of 400-700 °C
was not found for HyO (m/z 17 and 18, Figure S2D,E in the Supplementary Materials), CO
(m/z 28, Figure S2F in the Supplementary Materials), and O, (m/z 32, Figure S2G in the
Supplementary Materials). For H,O and O, only the evaporation effects were recorded in
the temperature range from 25 °C to 125 °C, with higher values for FA. This can result from
capillary effects, which occur due to the higher adhesive and cohesive forces interacting
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between the H,0O (and O;) and the internal surface of pores in raw-material particles. This
finding is confirmed by the FA microstructure, described above, i.e., smaller particle size,
particles’ total pore volume, and average pore diameter, which altogether influence the
total surface area (much smaller for FA). Such microstructures allow keeping the H>O (and
0O2) molecules more closely bonded to the FA pore surface than to bigger particles and
the pores of MK at room temperature. When the temperature rises, adsorbed water (and
dissolved O;) can be removed to the atmosphere to a greater extent. In contrast, the water
is able to penetrate the MK easily through the larger number of capillary channels, and a
higher water amount can be removed to the atmosphere at room temperature. This effect is
also compatible with higher Ca content in FA. The greater bonding energy of the calcium,
the reduction of the repulsive forces between the particles, the van der Waal’s forces, and
the greater misfit of the calcium ion and its hydration shell would tend greatly to reduce
the number of water layers that could be adsorbed.

The qualitative results of XRD (Figure S4 in the Supplementary Materials) and their
quantitative analysis with the Rietveld method (Table 3), performed for FA, revealed the
presence of phases rich in Si and Al, such as mullite (AlgSi>O13, ref. code: 00-015-0776) and
quartz (5i0;, ref. code: 01-075-8320). Furthermore, hematite (Feo O3, ref. code: 04-002-7501),
magnetite (Fe3Oy, ref. code: 04-022-0447), anhydrite (CaSOy, ref. code: 00-003-0163), and
rutile (TiOy, ref. code: 04-015-7316) were recorded for FA in decreasing order of presence.
In MK, a different phase composition was recorded, with the main phases, rich in Si
and Al, consisting of illite (K, H3O) Al»Siz AlO13(OH)s, ref. code: 00-026-0911), kaolinite
(A15S5i,05(OH)y, ref. code: 00-058-2004), quartz, and mullite. The different forms of Si/ Al
in FA and MK suggest the various potentials for geopolymerization processes [86-88]. The
mullite and quartz phases in FA may not dissolve readily in an alkaline solution and, as a
result, can lower the geopolymerization’s effectiveness. On the other hand, the crystalline
quartz phase, due to the aluminosilicate compounds, can improve the physical and mechan-
ical properties of geopolymers [99]. The kaolinite in MK may demonstrate an incomplete
calcination process, which is dependent on the temperature treatment [80,100,101]. The
asymmetrical hump appearing clearly in the range of 20-30° (20) is commonly identified
in MKs and indicates an amorphous phase related to aluminosilicate glass (Figure $4 in
the Supplementary Materials) [85,102]. In the case of MK, the crystalline structure can
be broken down to form an amorphous phase during calcination, at a temperature lower
than that necessary to generate a liquid phase and produce glass on cooling. However,
the illite in MK has significant KO content and, in the case of geopolymerization of the
reacting minerals (dissolution and polycondensation), it can have a significant effect on
the increase in strength of the geopolymerization products [25,103]. Moreover, it is worth
noticing that the mineral composition can result in lower adhesive and cohesive forces
interacting between the H,O and the internal surface of pores in MK particles (as described
above), because kaolinite and illite favor the more rapid water sorption/desorption.

The results were confirmed by the FTIR spectrum (Figure 2, Table S4 in the
Supplementary Materials). FTIR spectra contain information on the mineralogical compo-
sition as each mineral component has a unique absorption pattern in the mid-IR range and,
thus, they are widely used for the study of aluminosilicates. The most intense band was
recorded for both FA and MK at approximately 1000-1100 cm ™. FA was characterized
by the maximum vibration at wavenumber 1003 cm !, related to the asymmetric Si-O
stretching vibrations occurring in the aluminosilicate structures [73]. In MK, the main band,
centered at 1055 cm ™!, was associated with the Si-O-Si vibrations originating from silicate
minerals present in the material [104]. The band intensity around 1100 cm 1, related to
the asymmetrical stretching vibration peak for the Si-O bond, was higher for MK than
FA. Altogether, this is in agreement with a higher total content of silica in MK (Table 3).
Moreover, common peaks found at 793 em™!, associated with Si-O bending vibrations,
peak at 699 cm ! with Si-Si vibrations, peak at 547 em ! with Si-O-Al vibrations, and
peak at 418 cm ! with Al-O vibrations; all were higher for MK and were thus related to
the higher total content of Si and Al. Similar shifts in raw materials have been observed
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previously [38,85,88]. Considering the mineral phase content, FA was characterized by the
maximum vibration at wavenumber 1003 cm™! and the bending vibration at 793 cm 1
and 781 cm™! that can be attributed to the presence of quartz [38,105]. The presence of
mullite in FA was represented by the band around 557 cm ! related to the substitution of
Al for Si in the mullite structure, and furthermore by the shift of the main band around
1000 em™! (in comparison to MK bands) and thus the marking band at 915 cm ! associated
with the presence of aluminum in the octahedral position, characteristic of mullite. MK
phases can be assigned by the main band centered at 1055 cm ™! for kaolinite and 537-529
em™!,1023-1027 em ™', and 1066-1070 cm ™" for illite.
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Figure 2. FTIR spectra of fly ash and metakaolin (A), as well as geopolymers produced from fly ash (B) and metakaolin (C),
mixed with sand and NaOH: water glass in ratio 0.245, 0.280 and 0.350 for FA, and 0.350, 0.375, and 0.400 for MK. Complete
spectra are presented in Figure 55 in the Supplementary Materials.

3.2. Properties of Concrete and Geopolymers

Different cement powders are used in industrial installations for the production of
binding materials, e.g., ready-mixed concrete of classes C 16/20—C 40/50 and higher,
SCC self-compacting mortars, and concrete for large- and small-sized prefabricates. It
is used both in professional conditions and by individual users for indoor and outdoor
construction. In our experiments, we used cement powder, which required 27.2% water to
achieve standard consistency. The beginning of the setting time of concrete was 227 min
(with the normative requirement > 60 min). The compressive strength after 2 days was
28.4 MPa (with the normative requirement > 20 MPa), while after 28 days, it was 60.8 MPa
(with the normative requirement > 42.5 MPa < 62.5 MPa). The volume stability was 0.6 mm
(with the requirement < 10 mm). The specific surface of the concrete was 4187 cm? g 1.

Due to their excellent properties, geopolymer products have been used, among oth-
ers, as refractory materials [42,100], thermal insulation [106], construction [107], and 3D
printing [108]. Among the diverse range of potential applications, geopolymers can also
be used as technologically advanced composites in planes, ships, the nuclear power in-
dustry [109], biomaterials, or ecological utilization, replacing plastic [58,59,110]. In our
experiments, the raw materials for geopolymers were mixed with commercial sand, the
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composition of which includes 510, 90.0-90.3%, Fe;O3 max. 0.2%, TiO, 0.08-0.1%, Al,O4
0.4-0.7%, CaO 0.17%, and MgO 0.01% (particle size: < 50 um). The liquid-to-solid mass
ratio was maintained at 0.245, 0.280 and 0.350 for FA, while at 0.350, 0.375, and 0.400 for
MK (Table 1). Compared to concrete, the setting time at room temperature was longer
for geopolymers, up to 405 min (initial setting time)—630 min (final setting time) for fly
ash-based geopolymers, and up to 323 min (initial setting time)—522 min (final setting
time) for metakaolin-based geopolymers (Table S5, Supplementary Materials). It is worth
noting that the setting time could be adjusted in a wide range, along with the changes
in temperature during the setting process, the duration of mixing of ingredients before
setting process and, in a narrower range, along with the changes in the liquid to solid ratio
and geopolymer composition resulting from different raw materials (FA and MK). In the
first case, an increase from room temperature to the temperature of 75 °C can reduce the
setting time by even one order of magnitude. Prolonging mixing from 15 min to 30 min can
shorten the setting time twice. Moreover, changing the liquid-to-solid ratio from 0.245 to
0.350 for FA and from 0.350 to 0.400 for MK can extend the setting time by approximately
40% and 25%, respectively. In differently composed geopolymers, the range of changes was
slightly greater for FA pastes mixed for 15 min and kept at 75 °C during the setting time
measurement (27-46 min) than MK geopolymers under the same conditions (28-39 min).
The results were confirmed by the consistency of fresh geopolymer mortars, determined by
the flow table method and the Novikov cone method (Table 56, Supplementary Materials).
The mortars consistency can be defined as dense-plastic for FA-0.245, FA-0.280, and MK-
0.350; plastic for MK-0.375 and MK-0.400; and liquid for FA-0.350, suggesting that the
liquid-to-solid ratio chosen for FA geopolymers influences its properties in more extreme
ranges than the ratio chosen for MK geopolymers.

The FTIR spectra of geopolymers produced from fly ash and metakaolin, with a
different liquid-to-solid ratio and curing for 28 days, generally showed a similar pattern
to raw materials and to each other (independently of the liquid-to-solid ratio), although
a lower intensity and number of bands were detected for geopolymers, particularly for
MK-originated geopolymers (Figure 2, Figure S5 in the Supplementary Materials). The
most intensive bands for geopolymers were those found at around 1000 cm ™!, related
to the vibration of Si-O(Si) (Table 54 in the Supplementary Materials). However, a sig-
nificant difference from the raw materials was the shift of these bands from 1003 cm ™!
t0 989 cm~! for FA-originated geopolymers and from 1055 cm ! to 992 ecm~! for MK-
originated geopolymers. This indicated the formation of new amorphous aluminosilicate
gel phases during the geopolymerization process. The position at around 1000-1100 cm ™!
is indicative of the silica structure and, thus, with increasing values of wavenumbers
around 990, lower Si atoms at the tetrahedral position, relating to enriched Si-O at the
tetrahedral position. At the same time, the raw material bands at 547 em ], representing
the vibration of Si-O-Al, are reduced in the geopolymer material (Table $4 in the Sup-
plementary Materials); similarly, the band absorbance at 418 em~ ! and adjacent bands,
relating to the vibration of Al-O, is lowered (Figure S5 in the Supplementary Materials). To
conclude, the formation of both FA- and MK-originated geopolymer material is favored
in one direction to form a poly(silate-siloxo) (-5i-O-Al-O-5i-O-) structure, in which is the
ratio S5i:Al = 2; a poly(silate-disiloxo) (-5i-O-Al-O-5i-O-Si-O) structure, Si:Al = 3; or even
additional sialate links, when Si:Al > 3; rather than in the direction to form poly(silate)
(-8i-O-Al-O-), in which ratio Si:Al = 1. Positive ions (Na*, K*, Ca?*) must be present in
such framework cavities to balance the negative charge of AI** in IV-fold coordination.
Therefore, an FA-originated geopolymer structure was not surprising, as a much higher
content of positive ions was available already in FA (raw material). In MK-originated
geopolymers, the arrangement consisted of a more equal share of individual structures,
due to the vibration around Si-5i 690 cm ! and bending vibration Si-O around 793 cm !
and 783 cm ! being reduced; thus, the relative effect of the Al-O bonds increased. The
effect correlated with the Si:Al ratio for FA versus MK raw materials, as the Si:Al ratio of
3.26 and 2.17 were calculated for FA and MK, respectively (before the geopolymerization
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process). Additionally, one can conclude that by calculating the Si:Al ratio of raw materials,
the formation of the structure during the geopolymerization process can be predicted.

With the increase in the Si:Al ratio, geopolymers generally show higher mechanical
properties due to the increased 5i-O-5i bonds and residual silica as reinforcement. Therefore,
the positive mechanical effect was expected due to the chemical arrangement of fly ash
components (Table 3, Figures 54 and S5, Table 54 in the Supplementary Materials) and
was confirmed by the structure of FA-originated geopolymers (Figure 1, Figure 56 in the
Supplementary Materials). Indeed, analysis of the compressive strength, flexural strength,
and abrasion resistance showed better mechanical properties of the FA geopolymers in
comparison with the MK geopolymers, provided that the geopolymers were cured for
28 days (Table 4).

Table 4. Mechanical properties of geopolymers produced from fly ash and metakaolin after 1 and
28 days of curing, represented by compressive strength (MPa) after 1 day and 28 days of curing, as
well as flexural strength (MPa) and abrasion resistance (cm? 50 cm 2 and %) after 28 days of curing,
The representative photos of the samples after tests are presented in Figure 56 in the
Supplementary Materials.

Compressive Strength Flexural Strength Abrasion Resistance
Sample

1 Day 28 Days 28 Days 28 Days 28 Days
FA-0.245 4473 +£8.05 3955 +3.29 7.58 4 0.54 2627 £9.67 7201264
FA-0.280 4171 £1127 4747 +1.12 9.38 + 0.36 36.07 £2.21  9.81 +0.67
FA-0350 25454275 4043 +7.20 5.68 £0.33 1422 +£1.72 3824046
MK-0.350 6834 £2.64  53.24 +3.78 6.25 + 0.56 1240 +0.04 334+ 0.04
MK-0.375 6140 £790  34.65+4.69 4.50 +0.02 30.17 +13.24  8.50 £ 3.96
MK-0.400 2462 +£052 3423 +3.26 4.29 + 0.67 1824 £429 470+ 1.14

When compared to the results of the compressive strength test performed 1 day after
the geopolymerization reaction, a different effect was observed, indicating the solidification
process of the geopolymer as a chemical reaction, with the generation of new structures.
Incomplete geopolymer formation after 24 h of curing at 20 °C is a common phenomenon,
and the formation of aluminosilicate networks with the transition from hexa-coordinated
Al(VI) to tetra-coordinated Al(IV) during the following days was identified [111]. Therefore,
considering the changing parameters after the geopolymerization process, it is necessary to
adjust the length of the curing period and specify them in the time-function parameters of
geopolymer products. Although the liquid (activators) to solid (raw materials) mass ratio
did not influence the geopolymer structure significantly (similar FT-IR spectra, Figure 2 and
Figure S5 in the Supplementary Materials), it was a key factor affecting the compressive
strength of geopolymers [9] (Table 4). Values ranged between 25.45-68.34 MPa for FA
and MK geopolymer products cured for 1 day and 28 days. Along with the improved
amount of liquids/a reduced amount of used raw materials (L /S increase from 0.245 to
0.350 for FA and from 0.350 to 0.400 for MK), the compressive strength decreased ~43%
and 64%, respectively, for FA and MK, after the first day of curing (Table 4). Although the
change of L./S ratio from 0.33 to 0.60 can reduce the final compressive strength, even up
to 60% [9] in our studies, this effect was slightly counteracted in the geopolymers FA-0.28
and FA-0.35 with the passage of time since the compressive strength improvement was
observed on the 28th day of curing (14% and 59%, respectively). Thus, one can conclude
that the compressive strength of cured FA geopolymers did not depend on the 1./S ratio.
In contrast, the compressive strength of MK-originated geopolymers increased along with
time only for MK-0.4 (39%), while for MK-0.350 and MK-0.375 it significantly decreased
(32% and 44%, respectively). In this case, the differences remained significant between
MK-0.350 and MK-0.400 (up to 34%), and it can be concluded that the L/S ratio is a factor
of great importance for MK-originated geopolymers (Table 4). This is due to the excess
of activator solution increasing the water quantity in the mix; thus, improper shrinkage
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along with time led to crack formation. This adverse effect of water on geopolymerization
is reported elsewhere [16,39,102,112,113]. In conclusion, the L/S ratio should be optimized
in each case when the composition of raw materials is changed. These statements are
also reinforced by a comparison of FA and MK geopolymers as a product of reactions
performed at the same L /S ratio (0.350). The compressive strength was lower for the FA
geopolymer than the MK geopolymer and the experiments showed an FA geopolymer
morphology with more of a cracking structure (Figure S6 in the Supplementary Materials).

The 1./S ratio affected the flexural strength (bending strength) of the specimens in
the same way due to more cracks, resulting in a more fragile structure of the samples.
FA and MK had a flexural strength higher for FA-0.245 and FA-0.280 when compared to
FA-0.350, MK-0.375, and MK-0.400, while a comparison between FA-0.350 and MK-0.350
showed the better mechanical properties of MK-0.350 (Table 4). Thus, it can be stated
that the highest flexural strength is developed for a geopolymer with a lower L/S ratio,
and FA required a lower L/S ratio than MK for a successful geopolymerization process.
Although the flexural strength was analyzed after 28 days, it was suggested that the effect
of the alkaline solution-to-binder ratio on the flexural strength of the geopolymer mortar
can stabilize within 7 days [114], and an increasing alkaline solution-to-binder ratio has a
negative effect on the flexural strength.

Generally, the mechanical properties tested during a surface abrasion resistance test
also followed compressive and flexural strength changes (Table 4), and this is in agreement
with the fact that the abrasion resistance increased along with the decrease in the ratio of
L/§ [115]. The only exception was MK-0.350, with the lowest parameter values.

3.3. Concrete and Geopolymer Hybrid Materials and Their 3D Printing

The above-described research was aimed at selecting the protocol and choosing the
parameters allowing their implementation to produce optimal geopolymer products that
could potentially be used for printing composite materials using the 3D printing system.
The effect of the cement-to-geopolymer ratio on preparing the optimal consistency of
mortar and thus defined setting time should be the main factor. However, the influence
of both the duration of mixing time and the temperature of the mixture on the setting
time could also be critical, considering the 3D printing conditions, because the material is
mixed and heated as a result of friction immediately before feeding it to the printing nozzle.
Therefore, the final print result depends not only on the fixed printer parameters but also
on the mass sensitivity to mechanical and physical factors. A pilot test was designed to
include both different cement-to-geopolymer ratios and parameters indirectly influencing
the setting time. With the introduction of cement to geopolymer mortar, the setting time
of the hybrid material was shortened (Figure S7, Supplementary Materials) as expected
due to the differences in the setting time of both components (227 min for concrete and
630 min for geopolymer (Table S5, Supplementary Materials)). Surprisingly, this effect
was sharp and linear only in the range of 5-30% cement in the hybrid material. Higher
cement content (95% and 100%) prolonged the setting time in comparison to the results
obtained for the range 5-30%. Further experiments were performed preferentially for
materials based on FA-0.280 + 5% cement and MK-0.350 + 5% cement due to the best
mechanical properties described earlier for geopolymers (Table 4). The general effect for
both materials was similar, independently of the type of raw material used (Table S7,
Supplementary Materials). However, the setting time for the hybrid materials based on
MK-0.350 + 5% cement was shorter than the setting time for hybrid materials based on
FA-0.280 + 5% cement, even if the liquid-to-solid ratio could suggest an opposite tendency.
The differences in the setting time of hybrids were higher when the temperature of fresh
mortars increased (Table 57, Supplementary Materials) and was related to differences in
the setting time of geopolymers (MK vs. FA, mixed 15 min and measured at RT (Table S5,
Supplementary Materials)). In both cases, the final result was determined by a few factors:
(1) the higher porosity and specific surface area of MK than FA requires more water for
the same workability of MK and FA materials (Figure 1, Table 2, Table S1 and Figure 52,
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Supplementary Materials); (2) the microstructure causes water to be more strongly absorbed
in FA (van der Waals forces) while evaporating more easily at room temperature from MK
(Figure 53, Supplementary Materials); (3) the values of the consistency of fresh geopolymers
indicated that the FA geopolymer was more plastic than the MK geopolymer (Table S6,
Supplementary Materials). Moreover, the results were consistent with the particle size
distribution of the raw materials. The fluidity of paste with bigger and more round particles
is lower [116], as observed for FA-originated material, in contrast to metakaolin’s smaller
particles with a larger surface area and rough shape that may lead to interlocking between
particles in the fresh paste. The interparticle forces are influential in regulating the rheology
of the suspension at the high solid concentration. The net interparticle forces are governed
by the sum of the attractive van der Waals and the electrostatic repulsive forces. With a
change in particle size, both are altered and the interparticle forces with a finer particle
are stronger, resulting in increased viscosity [117]. The above results clearly demonstrate
that an appropriate selection of the production parameters allows for wide control of
the initial and final setting times of the produced material compositions. On the other
hand, the properties of geopolymer hybrids, such as density, compressive strength, and
flexural strength, are significantly dependent on the content of the added amount of cement
(Figure S8 in Supplementary Materials). The mechanical properties confirmed the correct
choice of the materials, based on FA-0.280 + 5% cement and MK-0.350 + 5% cement, as the
best mechanical properties of geopolymers (Table 4) were followed by the best mechanical
properties of hybrid materials.

A GALAXY printer (ATMAT company) was used for the printing of (1) geopolymers
based on FA-0.280 and MK-0.350, (2) hybrid materials based on FA-0.280 and MK-0.350
with the addition of 5% cement, (3) hybrid materials based on cement with the addition
of 5% FA-0.280 and MK-0.350, and (4) cement. Tests based on materials with various
compositions indicated that the consistency of all mixtures was suitable for transport
through the printer elements, ensured continuous feeding through a nozzle in the 3D
printing process, and allowed the mixture to form individual layers of printed detail.
However, not all materials were suitable for printing standard details. Geopolymers or
hybrids based on a geopolymer matrix with the addition of 5% cement did not allow for
obtaining the set dimensional parameters of the details, due to the plasticity of mortar
and/or because setting time was inappropriate, and the walls of the detail were unstable.
This effect was independent of the type of raw material used (FA and MK) (Figure 3A-D).
Traces of residues after applying individual layers of the printed detail were seen even
if the walls spilled. The materials behaved similarly to a non-Newtonian fluid. It was
also found that the mixtures based on metakaolin (Figure 3B,D) had a lower spread than
the tested counterpart compositions based on fly ash (Figure 3A,C). The results were
confirmed by the lower values of buildability (shape stability) of the samples. This means
that the ability of wet mortar to resist deformation during the layer-by-layer fabrication
process was low [118]. Based on the obtained results of the setting time (Supplementary
Materials Tables S5 and S7), it can be concluded that the use of this type of mixture will
be effective in 3D printing technology after introducing additional modifications to the
device, allowing it to heat the applied layer by volume or locally. Without additional
treatments, this type of material can also be successfully used in applications aimed at
the free and accurate filling of an empty or scaffold-reinforced mold. On the other hand,
the use of hybrids based on cement with a 5% addition of geopolymer, based on both FA
and MK, allowed for precise detail printing (Figure 3E,F). The obtained results from the
visual evaluation in terms of maintaining the geometry of the shape and the quality of the
printout were significantly better, compared to the results obtained for the sample printed
from cement (Figure 3G). Similarly, the buildability parameters of the samples were much
better. These results required that the first layer of concrete should have enough yield
strength to sustain the weight of itself and the subsequent higher layers. The printed layers
must be self-supporting and free of discontinuity flaws caused by insufficient cohesion
or lack of continuity of material feeding. The printed layers of materials must be stacked
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stably to build a solid object (buildability). Furthermore, the extrudability is related to the
workability of the mortar mixes. Therefore, the fresh mortar mixes dedicated to the printing
process must display especially high flowability and workability during the pumping stage,
whereas the requirements are just the opposite after deposition [119].

A106.9+21.5
B84.4+79
C454+438
D323+122
E68+1.2
F6.1+0.7
G72+1.0

Figure 3. Details produced with the 3D printing method from materials with different compositions:
(A) geopolymer based on fly ash FA-0.280; (B) geopolymer based on metakaolin MK-0.350, (C) 95%
geopolymer based on fly ash FA-0.280 and 5% cement, (D) 95% geopolymer based on metakaolin
MIK-0.350 and 5% cement, (E) 5% geopolymer based on fly ash FA-0.280 and 95% cement, (F)
5% geopolymer based on metakaolin MK-0.350 and 95% cement, (G) cement. The values denote
sample buildability (%).
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4. Conclusions

We present herein the development of concrete-geopolymer hybrids that are suitable
for 3DCP methods and dedicated to using environmentally friendly building materials.
The aim was to classify raw materials and geopolymers, as well as the design of protocols
for the production of a wide range of hybrid materials with different physicochemical
properties during printing but ultimately retaining the best mechanical properties as the
target, including compressive strength. The compressive strength of geopolymer binders
and hybrid materials were dependent on many variables in our studies, including (but
not limited to): (1) the mineralogical and chemical composition of the aluminosilicate
resources of the raw materials, including the Si:Al ratio, Ca, accessory minerals, dissolved
organic carbon, water content, and pH; (2) the structural properties of the raw materials,
with an emphasis on morphology, particle size distribution, true density, and specific
surface area; (3) the physical properties of the raw materials, e.g., thermal behavior and
radioactivity level. CEM I 42.5R (particle size 5-30 um, the specific density 3.1 g cm ), fly
ash (spherical particles, 90% of them being < 30 um, density 2.3 g cm~?), and metakaolin
(irregular flake-shaped particles, 90% of them being > 30 um, 2.6 g cm~?) were used as the
raw materials.

The variables that should be selected to promote the geopolymerization process,
i.e., greater surface area, the volume of pores, and content of silica and alumina, were found
in MK, while a higher pH value, the Si:Al ratio, calcium content, and water absorption
were observed in FA. In contrast, the properties reducing the geopolymerization efficiency,
i.e., higher loss on ignition and the presence of dissolved organic carbon, confirmed by the
thermal instability, were higher in FA. Diverse properties were not a limiting factor in the
geopolymerization process. The chemical arrangement of FA-originated geopolymers (the
increased S5i-O-5i bonds with residual silica as reinforcement) provided better mechanical
properties (compressive strength, flexural strength, and abrasion resistance) after 28 days
of curing.

Similarly, many factors during the preparation process affected the properties of
geopolymers and hybrid materials, which in turn determined the 3D printing process in
our studies: (1) the proportion of raw materials, the liquid-to-solid ratio, the water to binder
ratio; (2) the duration of mixing time and the temperature of the mixture; (3) rheology
modifiers, accelerators or retarders of the setting time; (4) curing time. Therefore, changes
in the liquid-to-solid ratio from 0.245 to 0.350 for FA and from 0.350 to 0.400 for MK
extended the setting time by 40% and 25%, respectively. This resulted, at least, from
the capillary effects (the adhesive and cohesive forces interacting between the H,O and
the internal surface of pores) being higher in FA particles (higher Ca content, smaller
particle size, the particles’ total pore volume, average pore diameter, allowing them to
keep the H,O molecules more closely bonded; it is only when the temperature rises that
adsorbed water can be removed into the atmosphere to a greater extent) than MK particles
(the water is able to penetrate easily through the bigger particles and pores of the MK;
a higher water quantity can be removed to the atmosphere at room temperature). Paste
temperature, when increased from room temperature to a temperature of 75 °C, reduced
the setting time by even one order of magnitude, while the prolongation of its mixing
from 15 min to 30 min shortened the setting time twice as much. Along with an increased
amount of L./§, the compressive strength decreased by ~43% and 64% after the first day
of curing, for FA and MK, respectively. In the following days of curing, the effect was
counteracted in the wide range of the L/S ratio for FA-originated geopolymers, but not
MK-originated geopolymers. With the introduction of cement to geopolymer mortar in the
range of 5-30%, the setting time of the hybrid material was shortened, while the content of
cement in the range of 95% and 100% prolonged the setting time. Many other variables, as
optimized earlier, can also modify the physico-mechanical properties of the final product,
e.g.: (1) the type and formulation of the alkaline activator and the content of alkaline ions
in the activator; the fraction of silicate to hydroxide compounds in the activator [26,120];
(2) the formulation of aggregates [75-78,80]; and (3) specific modifications, including
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reinforcing additives [59,121], agents controlling the geopolymer macrostructure [58,59],
and curing conditions.

The results of the 3D printing of cement-geopolymer hybrids were presented for the
first time. Geopolymers or hybrids based on a geopolymer matrix with the addition of
5% cement resulted in a high setting time, and the final materials behaved similarly to
a non-Newtonian fluid. The use of this type of mixture is recommended in 3D printing
technology after heating the printed elements. Without additional treatments, this type of
material can be successfully used to fill the molds. In contrast, hybrid materials based on
cement with a 5% addition of geopolymer, based on both FA and MK, enabled precise detail
printing. Future work should consist of the optimization of printing. Particularly when the
geopolymer binder is 3D-printed, the number of effective factors on the product strength is
expanded by: (1) the printing method, size and geometry of printing nozzle, the number of
nozzles; (2) the printing parameters, which include the resolution of layers, mainly Z-layer
thickness, degree, and shape of the extrusion (circular, ovular or rectangular), linear rates
of extrusion, the orientation of manufacture (vertical or horizontal), retraction; (3) mass
sensitivity to mechanical and physical factors.

Altogether, our findings demonstrate a great ability to achieve the classification of
geopolymers for different 3D-printing methods and imply the significance of different
factors in the compressive strength of the final product. However, mixture design and the
appropriate selection of ingredients in laboratory conditions are costly and time-consuming;
therefore, to achieve the desired mechanical properties and to support the usage of FA in
the building industry, data can be applied in future research using data-driven methods
involving artificial intelligence and machine learning methods, as well as reliable, precise,
and accurate mathematical equations [56,122,123].

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
-3390/mal4226874/s1, Figure S1. SEM micrographs of fly ash and metakaolin at different magnifica-
tions (100, 200, 1000x). A,C,E—fly ash morphology, B,D,F—metakaolin morphology. Figure S2.
The nitrogen adsorption—desorption isotherms of fly ash and metakaolin. Adsorption isotherms
exhibit shapes that depend on the intensity of the adsorbate-adsorbent interaction and on the pore
size. According to the TUPAC classification, N2 sorption isotherms can be classified as type TV, which
indicates the presence of mesopores. The hysteresis loops are of type H3 for slit-like interparticle
pores. Figure S3. Thermal decomposition of the fly ash and metakaolin during heating from ambient
temperature to 1000 °C: A—thermogravimetry (TG, solid lines) and DTG (derivative thermogravime-
try, dashed lines) curves; B—differential thermal analysis (DTA) curves; C-H—curves of evolved
gas analysis (Quadrupole Mass Spectrometry) for C—m/z 12, HoO—m/z 17 and 18, CO—m/z 28,
Op—m/fz 32, CO;—m/z 44, respectively. Figure S4. XRD patterns of fly ash and metakaolin. Figure S5.
Complete FTIR spectra of raw materials, i.e., fly ash and metakaolin (A), as well as geopolymers
produced from fly ash (B) and metakaolin (C), mixed with sand and NaOH:water glass in ratio
0.245, 0.280 and 0.350 for FA, and 0.350, 0.375, and 0.400 for MK. The spectra correspond to Figure 2.
Figure 56. Photographs of representative geopolymer samples after an analysis of compressive
strength after 1 day and 28 days of curing, as well as flexural strength and abrasion resistance
after 28 days of curing. Photographs of fly ash- and metakaolin-based geopolymers with the same
liquid-to-solid ratio of 0.35 were compared. Figure 57. Initial and final setting time (min) of hy-
brid samples based on fly ash FA-0.280 and the different contents of cement. The duration of the
ingredient-mixing before the test was set to 15 min and the experiment was carried out at room
temperature, according to the EN 196-2: 2005 + A1: 2008 standard with 600 cm 2 of mortar. Standard
error did not exceed 10%. Figure S8. Density (A), compressive strength (B), and flexural strength
(C) of printed hybrid samples based on fly ash (FA-0.280), depending on the content of the added
cement and carried out at room temperature. The duration of ingredients mixing before the test
was set to 15 min. The tests were carried out according to the EN 196-2: 2005 + Al: 2008 standard
with 600 em~? of mortar. Standard error did not exceed 10%. Table S1. The particle size distribution
width (um) of the fly ash and metakaolin. The distribution width corresponded to the data presented
on Figure 1C in the main text. The Ds, the median, has been defined as the diameter where half
of the population lies below this value. Similarly, 90 percent of the distribution lies below the Dy,
and 10 percent of the population lies below the Dyg. Table $2. Composite of the water leachates
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tested for fly ash and metakaolin presented in mg [.~1. Table S3. Natural radioactivity testing of
raw materials presented in Bq kg_}, Table S4. Main FTIR bands of raw materials i.e., fly ash and
metakaolin (A) as well as geopolymers produced from fly ash (B) and metakaolin (C) mixed with
sand and NaOH: water glass in ratio 0.245, 0.280 and 0.350 for FA, and 0.350, 0.375, and 0.400 for
MEK. The bands are related to Figure 2 and Supplementary Materials Figure S5. Table S5. Initial
and final setting time (min) of geopolymer samples based on fly ash and metakaolin tested at 75 °C.
The duration of ingredient-mixing before the test was 15 and 30 min. The tests were carried out
according to the EN 196-2: 2005 + A1: 2008 standard with 600 cm 2 of mortar. Standard error did
not exceed 10%. Table S6. Consistency of fresh geopolymer mortars determined by the flow table
method (mm) and the Novikov cone method (mm). The duration of ingredient-mixing was 15 min,
room temperature. The flow table method was carried out according to the EN 1015-3. 1500 em =3
of mortar was taken into the mold, the measurement was taken as the average mortar spreading
(mean diameter) measured in two directions perpendicular to each other (diameter 1 and diameter 2).
According to the EN 1015-3-6 standard, the mortar consistency is defined as: dense-plastic with the
value < 140, plastic for the values in the range of 140-200, and liquid with the value > 200. Novikov's
cone method was performed according to the PN-85/B-04500 standard, by determining the resistance
of the mortar to a free-immersion cone with a mass of 300 g in about 1 dm? of mass. The measurement
value corresponds to the depth of the cone immersion into the geopolymer mortar and is read in
centimeters along the cone. Standard error did not exceed 10%. Table 57 Initial and final setting time
(min) of hybrid samples based on fly ash FA-0.280 and metakaolin MK-0.350 with 5% addition of
cement, carried out at room temperature and 75 "C. The duration of ingredient-mixing before the
test was set to 15 min and the experiment was carried out at room temperature, according to the EN
196-2: 2005 + A1: 2008 standard, with 600 cm 2 of mortar. Standard error did not exceed 10%.
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Figure 51. SEM micrographs of fly ash and metakaolin at different magnifications (100x, 200x, 1000x). A, C, E - fly
ash morphology, B, D, F - metakaolin morphology.
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Table S1. The particle size distribution width (um) of the fly ash and metakaolin. The distribution width
corresponded to data presented on Figure 1C in the main text. The Ds, the median, has been defined as the
diameter where half of the population lies below this value. Similarly, 90 percent of the distribution lies below the
Dso, and 10 percent of the population lies below the Dia.

Distribution width FA MK
D5 1.3 0.5
D10 2.8 0.8
D25 189 1.5
D50 (median) 223 18
D75 25.4 25.4
D90 282 30.8
D95 29,6 33.9
D99 32.5 39.2
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Figure S2. The nitrogen adsorption-desorption isotherms of fly ash and metakaolin. Adsorption isotherms
exhibit shapes that depend on the intensity of the adsorbate-adsorbent interaction and on the pore size.
According to the IUPAC classification, N2 sorption isotherms can be classified as type IV, which indicates the
presence of mesopores. The hysteresis loops are of type H3 for slit-like interparticle pores.



Table S2. Composite of the water leachates tested for fly ash and metakaolin presented in mg 1.

Component FA MK
Sb <0.01 <0.005
As <0.01 0.018
Ba 0.66 0.051
Qi 0.12 <0.005
Cr(VI) 0.12 <0.01
7n <0.03 <0.03
Cd <0.001 <0.001
Cu <0.005 <0.005
Mo 0.29 0.0068
Ni < 0.005 <0.005
Pb <0.005 < 0.005
Hg <0.001 <0.001
Se 0.030 <0.005
chlorides 20 <5
fluorides 24 0.78
sulphates 414 44
DOC (dissolved organic carbon) 3.6 2.8
total dissolved substances 1390 100
Table S3. Natural radioactivity testing of raw materials presented in Bq kg
Determinable parameter FA MK
Potassium activity concentration (*K) 814.06 + 73.27 353.77 +31.84
Radium activity concentration (2¢6Ra) 194.33 +23.32 75.83 +£9.10
Thorium activity concentration (2$Th) 100.95 + 28.27 128.61 +36.02
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Figure S3. Thermal decomposition of the fly ash and metakaolin during heating from ambient temperature to
1000 °C: A — thermogravimetry (TG, solid lines) and DTG (derivative thermogravimetry, dashed lines) curves; B —
differential thermal analysis (DTA) curves; C-H — curves of evolved gas analysis (Quadrupole Mass
Spectrometry) for C - m/z 12, HaO - m/z 17 and 18, CO - m/z 28, Oz- m/z 32, COz - m/z 44, respectively. '
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Figure S4. XRD patterns of fly ash and metakaolin.
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Figure S5. Complete FTIR spectra of raw materials i.e. fly ash and metakaolin (A) as well as geopolymers
produced from fly ash (B) and metakaolin (C) mixed with sand and NaOH : water glass in ratio 0.245, 0.280 and
0.350 for FA, and 0.350, 0.375, and 0.400 for MK. The spectra correspond to Figure 2.



Table S4. Main FTIR bands of raw materials i.e. fly ash and metakaolin (A) as well as geopolymers produced
from fly ash (B) and metakaolin (C) mixed with sand and NaOH : water glass in ratio 0.245, 0.280 and 0.350 for
FA, and 0.350, 0.375, and 0.400 for MK. The bands are related to Figure 2 and Supplementary Materials Figure 5.

Sample Wavenumber Vibration band

Raw materials

1003 cm-1 Vibration of Si-O
793 em-1 and 781 cm-1 Bending vibration of Si-O
FA 699 cm-1 Vibration of 5i-Si
547 cm-1 Vibration of 5i-O-Al
418 cm-1 and adjacent bands Vibration of Al-O
1055 em-1 Vibration of Si-O-Si
793 cm-1 Bending vibration of Si-O
MK 699 cm-1 Vibration of Si-Si
547 cm-1 Vibration of 5i-O-Al
418 cm-1 and adjacent bands Vibration of Al-O
Geopolymers
989 cm-1 Vibration of Si-O
FA 793 cm-1 and 783 cm-1 Bending vibration of 5i-O
690 cm-1 Vibration of Si-5i
420 cm-1 Vibration of Al-O
MK 992 cm-1 Vibration of 5i-O
420 cm-1 Vibration of Al-O




Sample Before test After test
1 day of curing 28 days of curing

Compressive strength

FA

MK

Flexural strength

FA

Abrasion resistance

FA

. .
[ —

MK

Figure S6. Photographs of representative geopolymer samples after the analysis of: compressive strength after 1
day and 28 days of curing, as well as flexural strength and abrasion resistance after 28 days of curing.
Photographs of fly ash- and metakaolin-based geopolymers with the same liquid-to-solid ratio of 0.35 were
compared.



Table S5. Initial and final setting time (min) of geopolymer samples based on fly ash and metakaolin tested at 75
°C. The duration of ingredients mixing before test was 15 and 30 minutes. The tests were carried out according to
the EN 196-2: 2005 + A1: 2008 standard with 600 cm? of mortar. Standard error did not exceed 10%.

Sample Initial time  Final time  Initial time  Final ime Initial ime  Final time
o 15 min + RT 15 min +75 °C ) 30 min +75 °C
FA-0.245 27 34
FA-0.280 405 630 32 40 14 18
FA-0.350 40 46
MK-0.350 28 33
MK-0.375 323 522 35 38 29 34
MK-0.400 37 39

Table S6. Consistency of fresh geopolymer mortars determined by flow table method (mm) and the Novikow
cone method (mm). The duration of ingredients mixing was 15 minutes, room temperature. The flow table
method was carried out according to the EN 1015-3. 1500 cm? of mortar was taken into the mould, the
measurement was taken as the average mortar spreading (mean diameter) measured in two directions
perpendicular to each other (diameter 1 and diameter 2). According to the EN 1015-3-6 standard, the mortar
consistency is defined as: dense-plasticic with the value < 140, plasticic for the values in the range of 140-200, and
liquid with the value > 200. The Novikov's cone method was performer according to the PN-85/B-04500 standard,
by determining the resistance of the mortar to a freely immersion cone with a mass of 300 g in about 1 dm? of
mass. The measurement value corresponds to the depth of the cone immersion into the geopolymer mortar and is
read in centimeters along the cone. Standard error did not exceed 10%.

Sample Flow Fable method Novikov's cone method
Diameter 1 Diameter 2 Mean
FA-0.245 100 105 103 100
FA-0.280 135 140 138 800
FA-0.350 255 260 258 1100
MK-0.350 105 110 108 350
MK-0.375 150 145 148 250
MK-0.400 180 180 180 100

Initial setting time Final setting time
1000 1000
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Figure S7. Initial and final setting time (min) of hybrid samples based on fly ash FA-0.280 and different content of
cement. The duration of ingredients mixing before test was set to 15 minutes and experiment was carried out at
room temperature according to the EN 196-2: 2005 + A1: 2008 standard with 600 em? of mortar. Standard error
did not exceed 10%.



Table S7 Initial and final setting time (min) of hybrid samples based on fly ash FA-0.280 and metakaolin MK-
0.350 with 5% addition of cement. carried out at room temperature and 75 °C. The duration of ingredients mixing
before test was set to 15 minutes and experiment was carried out at room temperature according to the EN 196-2:
2005 + A1: 2008 standard with 600 cm® of mortar, Standard error did not exceed 10%.

Sample Initial time Final time Initial time Final time
RT 75°C

FA-0.280 + 5% cement 459 486 49 55
MK-0.350 + 5% cement 366 403 31 44
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Figure S8. Density (A), compressive strength (B), and flexural strength (C) of printed hybrid samples based on fly
ash (FA-0.280) depending on the content of the added cement and carried out at room temperature. The duration
of ingredients mixing before test was set to 15 minutes. The tests were carried out according to the EN 196-2: 2005
+ A1: 2008 standard with 600 cm of mortar. Standard error did not exceed 10%.
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Abstract: In order to protect the environment and counteract climate change, it is necessary to take
any actions that enable a reduction in CO, emissions. One of the key areas is research focused on
developing alternative sustainable materials for construction to reduce the global demand for cement.
This work presents the properties of foamed geopolymers with the addition of waste glass as well as
determined the optimal size and amount of waste glass for improving the mechanical and physical
features of the produced composites. Several geopolymer mixtures were fabricated by replacing coal
fly ash with 0%, 10%, 20%, and 30% of waste glass by weight. Moreover, the effect of using different
particle size ranges of the addition (0.1-1200 pm; 200-1200 pwm; 100-250 wm; 63-120 pum; 40-63 um;
0.1-40 um) in the geopolymer matrix was examined. Based on the results, it was found that the
application of 20-30% of waste glass with a particle size range of 0.1-1200 pm and a mean diameter
of 550 um resulted in approximately 80% higher compressive strength in comparison to unmodified
material. Moreover, the samples produced using the smallest fraction (0.1-40 um) of waste glass in
the amount of 30% reached the highest specific surface area (43.711 m?/ g), maximum porosity (69%),
and density of 0.6 g/cm?.

Keywords: geopolymer; waste glass; particle size; compressive strength; leachability

1. Introduction

Global economic development and perpetual growth in the world population are
both connected with a continuing increase in the demand for food, water, and materials,
especially for the construction industry. The worldwide annual production of cement
reached 4.4 billion tons and 1.39 billion tons in 2021 and 1995, respectively [1,2]. Thus, the
production of this material has increased more than threefold in a matter of 26 years and it
has been estimated that 3 tons of concrete are manufactured each year per every person
around the world [3]. Moreover, global warming and climate change are considered the
most significant environmental issues of this millennium. Cement production, due to the
decomposition of calcium carbonate (CaCQ3) into lime (Ca0), is one of the main sources of
carbon dioxide (CO;) emissions, and therefore has a significant impact on climate change [4].

It is estimated that it generates approximately 7% of entire worldwide CO, anthropogenic
emissions [5]. Therefore, there is an immediate need to develop new sustainable materials
that will cause an effective reduction in the amount of the most common greenhouse gas,
CO; emitted into the atmosphere [6]. Furthermore, this assumption is consistent with
requirements imposed by the European Commission, which decided to reduce greenhouse
Attribution (CC BY) license (https:// 535 €missions by at least 40% by 2030 compared to the level of 1990 [7].
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Their landfill may result in ecological problems due to the impact of pollutants on soils,
surface water, and groundwater. In addition, it requires financial outlays, as well as poses a
risk of self-ignition. Fly ash ranks among the most substantial waste from the furnaces in
coal combustion plants. Polish industry generates about 5 million tons of fly ash annually,
with only a small part of it recycled [8,9].

Therefore, the prospect of using such waste products after processing as a base material
for the production of geopolymers should be emphasized [10]. Geopolymer is an inorganic
polymeric material obtained from silica-aluminate materials, such as metakaolin [11], fly
ash [12], silica fume [13], clay [14], and red mud [15] by the geopolymerization process [16].
The geopolymer primary structure consists of [SiO4]*~ and [AlO4]°~ anions linked by
an oxygen atom [17]. Geopolymers are currently becoming increasingly popular in the
scientific community as well as the construction industry due to their properties, such
as high fire resistance (they show stability up to 1000-1200 °C) [18], great mechanical
properties, including good compressive (even more than 100 MPa) and flexural strength
(up to 25 MPa) [19], frost resistance (even at the level of F300) [20], excellent dimensional
stability [21], and acid resistance [22]. However, apart from the technical issues offered by
geopolymers, their positive impact on the environment should also be considered. Geopoly-
merization is a low-cost technology, which enables the use of waste materials, reduces
energy consumption, as well as decreasing the total carbon dioxide footprint because high
temperatures are not required in the geopolymer manufacturing process and therefore CO;
emissions are reduced by around 70% compared to in the process to manufacture Ordinary
Portland Cement (OPC) [23-25]. Due to their properties, geopolymers are becoming more
and more widely used in various industries, in applications such as materials capable of
immobilization toxic substances [26], construction materials [27], structural materials [28],
and protective coatings [29].

Glass is a widely used material all over the world [30] because of its properties, such
as transparency [31] and chemical durability [32]. According to the literature data, the
total global production of glass reached approximately 89.4 Mt in 2007 [33]. However,
many end-of-life glass products or glass waste are landfilled [34,35]. The global recycling
rate of waste glass reached only 21% in 2018 [36], whereas in China it was about 50%
in 2021 [37] and Australia achieved 59% in 2020-2021 [38]. The rest of the material has
been continuously accumulating in landfills for years because it is a non-flammable and
non-biodegradable material. Waste glass may be reused in the glass industry, however, an
insufficient quantity of reused glass results from, among other things, requirements for the
quality of the raw material, which is necessary to obtain high-quality products. Moreover,
multicolored waste glass might not meet requirements in regards to its properties after
the deinking process, making it difficult to recycle it into new glass products. However,
the use of recycled glass would contribute to reducing landfill volumes, managing waste,
reducing CO, emissions, protecting the energy required to melt glass, and saving natural
resources [39-41]. It was found that the addition of 10 % of glass cullet in the furnace during
glass manufacturing decreases energy consumption by 3%, as well as CO, emissions by
around 5%.

As waste glass contains large amounts of silica and alumina, it may be an alternative
source of building materials. Studies indicate the possibility of using waste glass for
geopolymer production [33,39]. The addition of waste glass powder can positively affect the
mechanical properties of geopolymers [28,33,42,43], or their fire resistance [8]. Additionally,
glass cullet can be used to produce geopolymer foams [41,42,44], as well as nonporous
materials [45,46].

Waste glass is commonly used as an additive in concrete. The most beneficial effect
is achieved through the application of waste glass with a particle size of 75 um [47]. In
general, there is a tendency to use waste glass characterized by small particle sizes, as a
pozzolan and fine aggregate in concrete manufacturing [48]. Shi et al. [49] stated that the
pozzolanic activity of waste glass is higher the finer particle size is. However, there is still a
research gap relating to the application of waste glass in geopolymer foam.
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In general, one of the most popular methods for producing geopolymer foam with
glass is the application of the sintering process. Badanoiu et al. [50] investigated geopolymer
foam based on red mud and cullet obtained using thermal treatment at 600-800 °C for
1 h. Similarly, other authors [41] used temperatures ranging from 600 °C to 750 °C for
1 h during the manufacture of geopolymers with waste glass particle sizes of 23 and
72 um, whereas Tramontin Souza et al. [51] used temperature treatment at 900 °C for
30 min. Moreover, Siddika et al. [52] applied a sintering process for geopolymer with a
particle size of D50 = 25 um waste glass for 10-60 min at 800 °C. However, high-temperature
treatment is associated with high energy consumption and carbon dioxide emissions.
Therefore, there is a possibility to obtain geopolymer foam with waste glass without using
the sintering process. Zhang et al. [53] explored geopolymer foams with three particle sizes
of waste glass, D50 = 49.2 pm, 159.1 um, and 302.1 pum, cured at 20-100 °C, and found that
finer particles influenced the higher level of geopolymerization and improved compressive
strength. Ruan et al. [54] proved that aluminium powder is a suitable foaming agent for
geopolymers obtained at low temperatures (80 °C). However, to date, no study has focused
on the impact of the percentage content and particle size of five different fractions of waste
glass in the range between 0-1200 um on the properties of produced foamed geopolymer
composites, obtained without the application of a high-temperature treatment, and the
presented work purposes complement the existing lack of information. Furthermore,
researchers in previous studies [33,44,55] had used only glass waste after cleaning, without
contamination. However, these proceedings required water and energy consumption, as
well as having a negative impact on the environment due to the wastewater generated.
Wang et al. [44,56] studied the influence of contaminated waste glass fines on the concrete
behavior at 10 wt% substitutions of sand. It was found that the application of such a
quantity of unwashed waste glass does not cause a higher environmental risk than the use
of traditional concrete. Therefore, in the present work, unwashed waste glass with different
particle diameters was used in the range of: 0.1-1200 um; 200-1200 pm; 100-250 um;
63-120 pm; 40-63 um; 0.1-40 pum, with a weight fraction of from 0 to 30%, was used as
an additive to geopolymers to evaluate the effect of the applied amount on the properties
of produced samples. Density, porosity, specific surface area, mineralogical composition,
morphology, leachability, water absorption, and mechanical properties, such as flexural
strength and compressive strength were investigated. Moreover, the effect of partially
replacing river sand and coal fly ash with waste glass was described.

2. Materials and Methods
2.1. Materials

Coal fly ash (with the chemical composition presented in Table 1) was supplied by
the Skawina Coal Power Plant (Skawina, Poland) and it was labeled as Class F fly ash in
accordance with the ASTMC618 standard [57]. The loss of ignition (LOI) of coal fly ash was
3.284 and this parameter is usually used to evaluate the residual carbon content [58]. The
quartz sand was supplied by an indigenous company (Swietochtowice, Poland). Sodium
silicate (NapSiO3) R-145 was purchased from Chemi Kam sp. Z o.0. (Bedzin, Poland). The
waste glass (WG) that was applied in this study (with the chemical composition shown in
Table 1) was sourced from a local supplier Grabowski Import-Export (Sedziszowa, Poland).
The waste glass was derived from unserviceable brown bottles. The company crushed and
ground the glass waste to obtain particles size smaller than 12 mm. Using a set of sieves
and a laboratory shaker, the delivered glass waste was divided into fractions: 0.1-1200 um;
200-1200 pum; 100-250 pm; 63-120 um; 40-63 pm; 0.1-40 um.
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Table 1. Chemical composition of coal fly ash and waste glass.

Compound - ~ Material
(%) Coal Fly Ash Waste Glass
Si0, 4822 73.40
Al O4 26.13 1.43
Fe, O3 7.01 .
FeO : 045
CaO 5.12 11.30
K20 348 0.20
Na,O 1.62 11.96
MgO 172 125
SO; 1.11 -
TiOs 111
Py0s5 0.70 .
MnO 0.090 -
Cl 0.09 -

2.2. Samples Preparation

To provide a homogeneous mixture, all dry components (coal fly ash, waste glass,
sand) were mixed for 2 min in a GEOLAB cement mortar mixer (GEOLAB, Warsaw,
Poland). Alkali activator solution was then added to the starting materials. A mix of
sodium hydroxide solution of 8 M and an aqueous solution of sodium silicate was used
as an alkaline activator in a proportion of 2.5:1. The solution was prepared 24 h before
use to provide complete mixing of the ingredients and reach a constant temperature. The
liquid-to-solid ratio (L/S) was set at the level of 0.4 to get proper workability. The final
step before the casting of samples was adding aluminum powder (5-7350 type, Benda-Lutz,
Skawina, Poland) as a foaming agent (0.15% by weight). Mixtures were then put into
wooden molds of the appropriate shapes and sizes. Geopolymer samples were heated in
the drying apparatus (Chemland) for 24 h at 75 °C. After demolding, samples were cured
at ambient conditions for 28 days.

Varied weight ratios and different particle sizes of waste glass were added to the
geopolymer mixture to evaluate the effect of the used addition on the properties of the
samples. The compositions of geopolymer mixtures were fixed based on the previous studies,
which indicates that waste glass should be applied in quantities of 10% to 30% [47,59,60].
Therefore, three different weight ratios of waste glass were used in geopolymers: 10%, 20%,
and 30%, which correspond to the calculated theoretical Si0; / Al;O3 mole ratios of 5.19,
6.07, and 7.22, respectively. As a reference, a sample without added glass with a theoretical
5i0; / Al,O5 molar ratio of 4.48 was used. Moreover, the Na;O/SiQ; molar ratios were 0.14,
0.15, 0.16, and 0.17 for samples with 0%, 10%, 20%, and 30% of waste glass, respectively.
The composition of the designed geopolymer samples is given in Table 2.

2.3. Analytical Methods for Raw Materials and Geopolymers Characterization

The mineralogical composition of the raw materials and geopolymers was determined
by a PANalytical Aeris diffractometer (Malvern Panalytical, Almelo, The Netherlands)
using Cu Ka radiation, scanning range from 10° to 100° 28, step size 0.003° (20), and
measurement time per step of 340 s. High Score Plus software version 4.8 (PANalytical)
equipped with the ICDD (International Center for Diffraction Data, PDF4+) database was
used to identify the diffraction patterns.

The particle size distribution of the raw materials was measured using a Particle Size
Analyser PSA 1190 LD (Anton Paar, Graz, Austria).

The morphology of the raw materials and geopolymers samples were examined using
a Keyence VHX-E100 digital microscope (Keyence, Osaka, Japan) as well as a scanning
electron microscope JEOL JSM-6390LV (JEOL, Tokyo, Japan).
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Table 2. The composition of the evaluated geopolymer samples.
Composition
Designation Waste Glass Waste Glass
of Samples Quantities Particle Size Chal By S?,'nd
o (%) (%)
(%) (um)

REF - - 90 10
Al0 10 0.1-1200 80 10
B10 10 200-1200 80 10
C10 10 100-250 80 10
D10 10 63-120 80 10
E10 10 40-63 80 10
F10 10 0.1-40 80 10
A20 20 0.1-1200 70 10
B20 20 200-1200 70 10
C20 20 100-250 70 10
D20 20 63-120 70 10
E20 20 40-63 70 10
F20 20 0.1-40 70 10
A30 30 0.1-1200 60 10
B30 30 200-1200 60 10
C30 30 100-250 60 10
D30 30 63-120 60 10
E30 30 40-63 60 10
F30 30 0.1-40 60 10

The specific surface area of the raw materials and geopolymers was determined by
the Brunauer-Emmett-Teller (BET) gas adsorption method. Before registering adsorption-
desorption isotherms, the specimens were degassed at 300 °C for 24 h to remove expend-
able vapors and gases adsorbed on the sample surface. Nitrogen adsorption-desorption
isotherms of the investigated materials were recorded using Autosorb-iQ/MP Quan-
tachrome Instruments gas sorption analyzers (Anton Paar company, Graz, Austria).

The density of the produced geopolymers was calculated by the geometric method
as the ratio of the mass to the volume of the samples. The masses of the specimens were
measured using a Radwag XA 60/220/Y balance (RADWAG, Radom, Poland).

The samples intended for use in testing the mechanical properties had dimensions of
50 mm x 50 mm x 50 mm, and 200 mm x 50 mm x 50 mm for the compressive and flexural
strength tests, respectively. Compressive strength tests were carried out according to the
PN-EN 12390-3:2019 standard using a MATEST 3000 kN machine (MATEST S.p.A., Arcore,
Italy). Flexural strength tests were performed in accordance with the PN-EN 12390-5:2019
standard on a concrete press (MATEST S.p.A., Arcore, Italy).

The leaching assessment was conducted according to the PN-EN 12457-4:2006 stan-
dard. The pH of the water extract was analyzed by the potentiometry method, at a
temperature of 21.9-23.2 °C. The concentrations of zinc, cadmium, copper, lead, nickel,
barium, chromium, arsenic, selenium, molybdenum, and antimony were determined by
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). The dissolved
organic carbon (DOC) content of samples was characterized by Fourier Transform Infrared
Spectroscopy (FTIR). Determination of the total dissolved solids (TDS) was made by the
gravimetric method. The mercury concentration was defined by Cold Vapor Atomic Ab-
sorption (CVAA) spectroscopy. The SO4%~ and Cl~ ion content was measured using the
ion chromatography method.

The water absorption tests were conducted in accordance with PN-88/B-06250 “Ordi-
nary concrete” on 5 cm geopolymer cubes. The following relationship was used:

Gy — Gy

oy = =2 =110 [%] (1)



Materials 2023, 16, 2044

60f 23

Intensity [a.u.]

where 11, is water absorption; G is the average mass of dry samples; and G is the average
mass of the samples saturated with water.

Image] software version 1.53t was used to calculate the porosity, average cell size, and
cell density of materials, using 2D photographs of geopolymer structures.

The average cell density of samples was determined based on the following equation:

- [l

3
z

= [cells/cm®] 2

where N is the cell density; n is the number of cells in the SEM image; A is the area of the
analyzed image; and M is the magnification [61].

Regardless of the research method used and the type of materials analyzed, the
measurements were performed with at least three repetitions.

3. Results and Discussion
3.1. Properties of Raw Materials

X-ray diffraction (XRD) patterns of the coal fly ash and glass waste used in the exper-
iment as raw materials are shown in Figure 1. The qualitative X-ray diffraction analysis
of coal fly ash enabled the identification of the following crystalline phases: quartz (SiO,
card no.: 01-089-8936), mullite (AlgSi;O13, card no.: 00-015-0776), hematite (Fe;O3, card
no.: 01-079-0007), anhydrite (CaSOy, card no.: 01-085-6123), and magnetite (Fe30;, card
no.: 01-080-6407). However, the coal fly ash also contained a broad hump in the range from
15° to 30° 26, suggesting the existence of amorphous components, which are primarily in
charge of the reactiveness of the raw materials [62]. Quantitative X-ray analysis of the coal
fly ash enabled a determination of the content of individual phases, whose shares were
respectively: 50.3% Si0,, 45.0% AlgSiz O3, 2.1% Fey O3, 2.4% CaSOy, and 0.2% FezQy4. The
results of the quantitative analysis can only be considered as approximate values due to
the existence of the amorphous phase, the high intensity of background noise, and over-
lapping reflections. The XRD pattern of the waste glass indicates that this is a completely
amorphous material, different from the coal fly ash.

A A-Quartz

m - Mullite

e - Hematite
o - Anhydite
# - Magnetite

10

A
by Fly ash
___/\\ Waste Gloce
30 40 50 60 70 80 80 100

Position [°20]

Figure 1. XRD patterns of waste glass and coal fly ash.
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Figure 2 presents the particle size distribution of the coal fly ash and waste glass before
and after separation into different fractions. Coal fly ash has the smallest average particle
size among all used starting materials. Moreover, Table S1 in Supplementary Materials
demonstrates the averaged results of the size distribution of coal fly ash and waste glass
used in this study.

—Fly ash h
bl —0.1-1200 WG (all fractions)
—200-1200 WG
12 4 —100-250 WG
—63-120 WG
10 - —40-63 WG
—0.1-40 WG
8 =
6 -
4 -
2 -
0
0.01 0.1 1 10 100 1000 10,000

Particle diameter [um]

Figure 2. The particle size distribution of coal fly ash and glass waste before and after the division
into different fractions.

The coal fly ash was characterized by comparable median and mean values (12.3 + 1.3 pm
and 17.3 £ 2.5 um, respectively) and a small span range, which indicates an approximately
normal particle size distribution [57]. Conversely, the as-delivered waste glass is distin-
guished by higher variations in this regard, with a mean particle size of 550.1 + 18.9 um.
As can be seen in Figure 2, the particle size distribution curve of the unsorted waste glass
consists of two peaks, representing particles about 170 pm and 600 pm in size. More-
over, in the case of the waste glass after division into fractions, the mean particle size was
584.9 &+ 4.4 um, 155.2 + 0.5 pm, 55.4 + 1.2 um, 33.3 =+ 0.1 um, and 19.8 + 0.3 um, which
was adequate for 0.1-1200 WG, 100-250 WG, 63-120 WG, 40-63 WG, and 0.1-40 WG. The
obtained results were in line with expectations.

Figure 3a—g illustrates the morphology of the raw materials. The as-delivered waste
glass consisted of particles of varying shapes and sizes (Figure 3a). Furthermore, the ob-
tained images also confirmed the effectiveness of sieving concerning the obtained particle
size and distribution of waste glass. The coal fly ash consisted of many porous particles of
various sizes and shapes, such as spherical, irregular, and angular, but consisted predomi-
nantly of spherical particles. Such a morphology of coal fly ash has a beneficial effect on
the geopolymerization process, as it enhances its reactivity [63].



Materials 2023, 16, 2044 8 of 23

X50 500pm 500um

Figure 3. SEM images of waste glass with different particle sizes: (a) 0.1-1200 WG (all fractions),
(b) 200-1200 WG, (c) 100-250 WG, (d) 63-120 WG, (e) 40-63 WG, (f) 0.1-40 WG and (g,h) coal fly ash.

The nitrogen adsorption-desorption isotherms of coal fly ash and the as-delivered
waste glass (all fractions WG) are presented in Figure 4, whereas the isotherms of waste
glass after separation into different fractions are shown in Figure S1 in Supplementary
Materials. The specific surface area was determined by using the multi-BET method and
was found to be 7.804 m* /g and 0.152 m? /g for coal fly ash and unsorted brown waste
glass, respectively. Moreover, the specific surface area of waste glass after separation
into five different fractions reached the following values: 0.048 m? /g for 200-1200 WG,
0.114 m?/g for 100-250 WG, 0.375 m? /g for 63-120 WG, 0.594 m? /g for 40-63 WG, and
0.693 m? /g for 0.1-40 WG. Based on the IUPAC (International Union of Pure and Applied
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Chemistry) classification, the N isotherms of coal fly ash and waste glass correspond to
type Il isotherms with an H3-type hysteresis loop. Type II nitrogen adsorption-desorption
isotherm indicates that the investigated material was non-porous or microporous, as well
as having a comparatively low surface area [64,65].
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Figure 4. Nitrogen adsorption-desorption isotherms of (a) coal fly ash; (b) unsorted waste glass.

3.2. Properties of Produced Geopolymers

Figure 5 shows the density results of the produced geopolymer samples includ-
ing waste glass determined using the geometrical method after 28 days of seasoning.
The reference sample, not containing added waste glass, demonstrated a density of
0.69 4 0.04 g/ cm?. On the basis of the obtained results, a visible effect of increasing
density with higher content of waste glass was observed. A similar tendency was noticed
by other authors [66-69]. Siddika et al. [47] observed that a higher content of waste glass
increased the density and reduced the porosity of cement concrete. In contrast, regarding
the effect of the particle size of the waste glass on the density of the materials produced,
it was generally found that the use of a smaller additive size resulted in a decrease in
geopolymer density. This effect was independent of the proportion of the introduced
addition of glass waste to the matrix.

u10% WG = 20% WG " 30% WG

200-1200 100-250 63-120 40-63
The particle size of the used waste glass [um]

0.1-40

Figure 5. The density of geopolymers depending on the percentage and size of the fraction of the
waste glass addition.
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As can be seen, the density of geopolymers with added waste glass with a particle size
up to 120 um (0.1-40 WG, 40-63 WG, 63-120 WG) was the highest for samples containing
20% of waste. Similar findings were obtained by Ahmad et al. [70] who investigated the
properties of concrete with the addition of waste glass with a particle size of up to 75 um. It
was concluded that waste glass undergoes a pozzolanic reaction, creating additional C-S-H
gel resulting in an increase in the viscosity and density of the blends. At the same time, the
higher content of waste glass hinders the compaction process, causing the formation of a
larger number of pores and thereby decreasing material density.

The specific surface area (calculated using the BET equation) of the produced geopoly-
mers was significantly higher than that of the raw materials and in the case of the reference
sample, without the addition of waste glass, it reached a value of 22.772 m? /g. The addition
of unsorted waste glass caused an increase in the surface area by up to 65% in the case of
the A20 sample. Moreover, it was found that the decrease in the size of the waste glass
particles introduced into the matrix resulted in an increase in the specific surface area of the
produced composite. Janowska-Renkas et al. [66] confirmed that waste glass with lower
particle sizes is characterized by higher surface area. The decrease in particle sizes of waste
glass, and therefore the increase in their specific surface area cause increased pozzolanic
reactivity [47]. Coal fly ash has a higher surface area than waste glass; therefore, increasing
the amount of used waste cullet and consequently reducing the applied coal fly ash in
specimens with unsorted waste glass should increase their surface area, which would be
entailed by the summation of their properties. However the specific surface area of the A20
and A30 samples amounts to 37.556 m? /g and 36.435 m? /g, respectively, and, therefore,
this trend is not clearly visible here due to the wide and somewhat random range of particle
sizes of waste glass or the structure of the samples. All the designated values of BET are
shown in Table 52 in Supplementary Materials.

All the obtained adsorption-desorption isotherms (Figure 6) of produced geopolymers
based on coal fly ash with the addition of waste glass can be qualified as IV type with an
H3 hysteresis loop in compliance with IUPAC categorization [71]. The obtained IV type
of adsorption-desorption isotherms is a typical result of the investigation of mesoporous
samples with 2-50 nm diameter [72]. The presence of hysteresis is a result of condensation
within the capillaries of slit-shaped mesoporous structures [73,74].

Percentage amount of waste glass [%] b Mean particle size of waste glass [um]
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Figure 6. The nitrogen adsorption-desorption isotherms of geopolymers with the addition of waste
glass with (a) various amounts by weight (0-30%); (b) different diameters of particle sizes.

The result of various amounts of waste glass addition on the mineralogical composition
of the geopolymers is presented in Figure 7. After the geopolymerization process, the
obtained samples contained crystallized phases, such as quartz (SiO,, card no.: 01-075-8320)
as the primary phase occurring in geopolymers because of the substantial silica amount [75],
as well as mullite (AlgSi; O3, card no.: 01-082-1237), and hematite (Fe;O3, card no.: 01-079-
0007), which indicate the presence of unreacted elements from the raw materials [76,77].
However, the diffuse broad hump between 20-40° 20 in all specimens proves the presence
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of an amorphous component in the form of C-5-H gel (as a Rosenhahnite, card no.: 00-029-
0378). This is also confirmation that the geopolymerization process took place [78,79]. C-S-H
gel developed due to the adequate content of calcium oxide in the starting materials [80].
On the basis of the obtained results, it can be concluded that the change in the amount
of glass waste addition as well as the size of their fractions had a negligible effect on the
type of mineralogical composition present in the produced geopolymers. The degree of
crystallinity of the geopolymers based on their XRD pattern was also determined, and it
reached the following levels: 0.324 for REF, 0.322 for A10, 0.308 for A20, 0.248 for A30, 0.230
for B30, 0.248 for D30, and 0.270 for F30.
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= F30

= A A . A D30
=

£ A B30
=
@
=

B . : i -~ A30

A _,JL__ i A i A20

A y A A10

. " A o+t o A o® 44 4 be A o & ‘e A REF

10 20 30 40 50 60 70

Position [*26]

Figure 7. The XRD patterns of geopolymers with varying waste glass content.

It is well known that porosity depends on various factors, such as the type and fineness
of the foaming agent [81], stabilizer [82], alkali content [83], curing temperature [84], and
the type of raw materials [85]. The influence of waste glass on the obtained porosity
of geopolymers is shown in Figure 8. An example of the determination of porosity is
presented in Figure S2 in Supplementary Materials. In the presented study, the porosity
of the geopolymers with waste glass ranged from 50.3% to 68.5%, whereas for reference
specimens it was 50.5%. The application of unsorted waste glass in the amount of 30%
resulted in a reduction in porosity of 9.5% in comparison to the reference material; while
reducing the amount of additive introduced to 20% or 10% caused the opposite effect.

The effect of waste glass on the compressive strength of the geopolymers is shown in
Figure 9. On the basis of the results, it was noticed that the highest results were obtained
for foams containing unsorted waste glass. The addition of 20% as well as 30% of unsorted
glass waste to the geopolymer increased the compressive strength of samples by 80%
compared to the reference specimens, tested after 28 days of curing. In general, the higher
compressive strength of geopolymers with the addition of waste glass may result from
a more efficient pozzolanic reaction due to higher access to dissolved aluminum and
silica [30]. Moreover, the application of this type of waste glass is also an environmentally
and economically friendly solution due to the elimination of the necessity to use additional
processing such as grinding or crumbling. At the same time, it should be noted that the
use of the addition of waste glass in the same proportion but with a different particle size
may result in obtaining different effects than for unsorted glass. For example, the use of
waste glass with a particle size of up to 63 wm, initially up to 20% of the additive, increases
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the compressive strength, however, the samples containing 30% of the additive showed a
decrease in properties even below the values obtained for the reference materials.

70 -

u10% WG =20% WG =30% WG 8.5

Porosity [%]

45 - -
0.1-1200 200-1200 100-250 63-120 40-63 0.1-40

Particle size of the used waste glass [um]

Figure 8. The porosity of geopolymers depending on the percentage and size of the fraction of the
waste glass addition.
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Figure 9. The compressive strength of geopolymers depending on the percentage and size of the
fraction of the waste glass addition, after 28 days of curing.

The obtained results for compressive strength are consistent with the results of porosity
presented earlier. Generally, it can be stated that increasing the porosity of the geopolymers
decreased the compressive strength. A similar observation was made by Deng et al. [86],
who noticed that the increase in strength was related to the filling of the existing porosity
in the material by glass additive.

The influence of waste glass content and particle size on the flexural strengths of
geopolymers is presented in Figure 10. The incorporation of waste glass reduced the
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flexural strength of all samples, regardless of the particle size and amount of waste glass
used for geopolymer synthesis. A similar effect was noticed by Ali et al. [87] and Toniolo
et al. [88] in their studies. However, the effect of waste glass particle size is clearly visible
here. The flexural strengths of samples tended to increase along with the application of
smaller particle sizes of the introduced additive.
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Figure 10. The flexural strength of geopolymers depending on the percentage and size of the fraction
of the waste glass addition, after 28 days of curing.

Siddika et al. [47] indicated that the particle size of waste glass should be in the range
of 38-75 um to obtain the optimal value of pozzolanicity as well as silica dissolution in
concrete. When considering the influence of waste glass with particle sizes ranging from
100-250 um, 63-120 pm, 40-63 um, and 0.1-40 um on the flexural strength, the highest val-
ues were reached for 20% content of the cullet. A possible explanation for this phenomenon
is the developing value of the NayO/SiO, ratio in the geopolymers. After exceeding the
optimal value, the additional Na* ions may have resulted in excessive efflorescence, as
well as a strength decrease [89]. The specimens containing bigger particle sizes of waste
glass (0.1-1200 WG and 200-1200 WG) present an increasing trend in flexural strength with
increasing incorporation of waste from 10% to 30%, but the obtained results are significantly
lower than the reference material. Tahwia et al. [60] noticed that the incorporation of waste
glass may result in the appearance of empty voids within the material due to their particle
angularity and this may result in reduced mechanical properties. Even though the flexural
strengths of the specimens are decreased due to the incorporation of waste glass, it should
be noticed that samples included 20% of cullet with a particle size of up to 0.1 mm (D20,
E20, F20) have results close to the values of the reference sample.

Based on the results obtained it can be concluded that the use of waste glass can
significantly influence the mechanical properties of geopolymers by reducing their flexural
strength and simultaneously increasing their compressive strength. Moreover, it was
noticed that there is no correlation between compressive strength and flexural strength [90].
A similar effect, which is the opposite of the relations occurring in concrete technology
in which compressive strength is associated with flexural strength, was also observed by
other researchers [91-93]. The different fracture processes in both types of loads could
be the reason for this phenomenon. Moreover, in the presented study, foamed samples
were investigated. The pore size and their distribution affect the mechanical properties of
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geopolymer, as well as the material’s fracture resistance. Furthermore, the distribution of
the additive has a crucial impact on the fracture properties of geopolymers.

Leaching test results from the geopolymer samples are presented in Table S3 in Sup-
plementary Materials. Introducing a supplement in the form of waste glass particles into
geopolymers proved to have an insignificant influence on the content of heavy metals such
as Hg, Cd, Ni, Cr, Cu, Zn, and As in the leachates. Only the content of Pb is higher for
geopolymers with the addition of the lowest particle size of waste glass than in the case
of the reference material. The higher Pb content in the F30 leachates resulted from the
dissolution of metals from the glass particle surface, which increases with the reduction
in the particle size (Table S2 in Supplementary Materials) [94]. Shi et al. [95] noticed a
similar tendency that, with increasing particle size, the content of Pb decreases, and it was
concluded that it is related to the type of additives in the geopolymer structure. Bobirica
et al. [96] investigated the leaching behavior of geopolymers with the addition of waste
glass obtained from worn linear fluorescent lamps. It was found that Pb was leached in a
larger amount in the case of geopolymers characterized by finer particle sizes.

The content of all examined hazardous metals in geopolymers was within the range
of leaching limit values for inert waste in compliance with European Council Decision
2003/33/EC [57,97] except for the level of total dissolved substances, which is beyond the
range of values for inert waste. However, it is below the limit of non-hazardous waste.
It can be associated with the porosity and density of the produced geopolymers. Within
samples with 30% of various sizes of waste glass, the highest concentration of TDS was
reached for F30, which has the highest porosity and smallest density.

The influence of the content of unsorted waste glass (with particle size from 0.1 um
to 1200 um) on the geopolymer structure depending on the percentage is presented in
Figure 11, while the effect of the particle size for the samples containing 30% of the waste
glass addition is presented in Figure 12. It was found that, with an increase in the content of
the unsorted waste glass, the pores had smaller diameters and were more evenly distributed
in the geopolymer structure. Moreover, the addition of waste cullet has a beneficial
influence on the homogeneity of the porous structure of the samples. It is well known that
porosity has a fundamental influence on a material’s compressive strength [98]. Samples
without the addition of waste cullet have large porous macrostructures, which can cause
deterioration of mechanical properties. The pictures presented in Figure 12 show that a
significant amount of large-sized pores was generated as a result of the application of waste
glass with larger diameters. In general, the size of the pore reduces with the reduction in
waste glass particle size.

The correlation between cell density and cell size is presented in Figure 13. In general,
with the increase in the introduced waste glass, the cell size of geopolymers decreased.
However, an opposite relationship existed between cell density and waste glass content,
and with increasing waste glass addition, cell density also increased. A similar tendency
was also noticed by Fei et al., who proved that introducing the additive into a polymer
resulted in a larger average cell size and smaller cell density of the investigated material [99].
On the basis of the presented results for geopolymers with different percentage amounts of
waste glass (D50 = 483.4 um), it can be concluded that samples with 30% of WG have the
highest density (0.079 cells/ cm?) and the smallest cell size (2233 Hm).

Representative SEM images of foamed geopolymers with 0% and 30% content of
unsorted waste glass (0.1-1200 WG) are shown in Figure 14. It was noticed that the reference
geopolymer sample had a homogeneous porous compact microstructure. However, in the
geopolymer microstructure with the addition of glass waste, one can observe spherical
particles of unreacted coal fly ash and particles of undissolved waste cullet (with irregular
shapes, smooth surfaces, and sharp edges) in the geopolymer matrix. The presence of such
undissolved glass particles influenced the leachability results described eatlier.
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Figure 11. The structure of the geopolymer with waste glass with a particle size of 0.1-1200 um,
depending on the waste glass content.
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Figure 12. The structure of the geopolymer with the 30% addition of waste glass, depending on the
particle size fraction.
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Figure 13. Cell size and cell density of geopolymers with the addition of waste glass with various
amounts by weight (0-30%).
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Figure 14. SEM microstructure of geopolymer samples: (a) REF; (b) A30%.

Figure 15 shows the water absorption results of the geopolymer samples containing
varying amounts of waste glass. In general, water absorption depends on the voids content
present in the examined materials [100]. On the basis of the obtained results, it was found
that the water absorption of the geopolymers tends to decrease with increasing waste glass
content. Thus, the addition of waste glass to the geopolymer matrix fills the pores formed,
changes the porosity morphology, and influences capillary processes; it also increases the
packing of particles in the geopolymerization process [101]. For the geopolymers with 10%,
20%, and 30% of unsorted waste glass, the decrease in water absorption relative to the
reference sample was 15.8%, 22.5%, and 26.7%, respectively.
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Figure 15. Water absorption of geopolymer samples containing varying amounts of unsorted
waste glass.

4. Conclusions

For the first time, the impact of content and particle size of the addition of waste
glass ranged between 0-1200 pm and divided into five fractions on foamed geopolymer
composites was characterized. The density, specific surface area, mineralogical composition,
compressive strength, flexural strength, leachability, water absorption, and porosity of
foamed geopolymers were determined.

Based on the presented results, it was found that the content and particle size of waste
glass both have a crucial impact on the porosity of the geopolymers. The formation of
smaller, evenly distributed pores in the geopolymer structure can be achieved by increasing
the content of waste glass with a particle size of 0.1 to 1200 pm or reducing the size of the
added waste glass particles. The highest porosity (68.5%) was achieved by samples with
30% of waste glass with the smallest particle sizes (0.1-40 pm). Moreover, an increase in
the weight share of waste glass, as well as a decrease in their particle size range, causes a
higher BET surface area of the geopolymer. The compressive strength of coal fly ash-based
geopolymers can be controlled by waste glass addition.

The application of 20-30% of unwashed and unsorted waste glass (550.1 um mean
particle size) pm to the geopolymer matrix resulted in 65-60% higher specific surface area,
6-9% higher density, and 80% higher compressive strength compared to the unmodified
samples. Furthermore, it is an economical and environmentally friendly solution to use
this type of waste glass, due to the reduced energy consumption and costs associated with
grinding or sorting raw materials.

Moreover, the results of leaching tests confirm that these types of materials can be
classified as non-hazardous waste in accordance with the European Council Decision
2003/33/EC. Potential applications of the geopolymer composites described in this paper
include materials for the manufacture of porous prefabricated elements, as well as materials
for hardening outdoor pavings. Future research will focus on determining environmental
and fire resistance for these types of materials.
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Table S1. Particle size distributions of fly ash and waste glass powders.

Span
Raw materials Dio Dso Dao Biedn (Dgp-D10)/Dso
[um] [rm] [wm] [m] [m]
Fly ash 23+0.1 123+ 1.3 37.0+6.0 173425 2.8+02

01-1200 WG 1) 8486 483.4+197 896745011 550.1£189  1.6+0.2
(all fractions)

200-1200 WG 303.1+1.6 5849+44 [123.3+5.5 7024+ 1.6 1.4+0.02
100-250 WG 30415 155.240.5 248.6 £0.2 160.6 £ 0.6 1.4+0.01
63-120 WG 6.3+0.1 554+1.2 118.5+1.2 60.8+0.9 2.0+£0.02

40-63 WG 49+0.1 33.3+0.1 63.1+0.2 35.1£0.1 1.7+ 0.01
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Figure S1. Nitrogen adsorption-desorption isotherms of waste glass after separation into five

different fractions.

Table. S2. The specific surface area of geopolymers, depending on the used amount and particle

diameters of waste glass.

Designation of samples

BET Surface area [m*/g]

REF 22.772
Al10 30.881
A20 37.556
A30 36.435
B30 16.089
D30 37.207
F30 43.711




Figure S2. The determination of porosity of geopolymers using Imagel software. The best
channel for analysed photography was chosen by means of the "Split Channels" option. After
that, the maximum possible part of the image was selected using the rectangular section tool.
The threshold tool was used to determine the porosity areas. Then the photograph was converted
into a binary image. Finally, an analysis of particles option was chosen, and the obtained area

fraction value was saved. All of the steps were repeated for each sample. The porosity results

were the average of the image analysis of a minimum of three samples.




Table S3. The results of the leaching test conducted for geopolymer samples.

Designation of

Unit REF A30 B30 D30 F30
samples
PECOF e walter ; 10.97 + 0.08 10:84.% 10.84+0.08 10.83+0.08 11.00+0.08
extract 0.08
total dissolved . =
5884 +231 58054228 53524210 65214256 8518+ 334
substances
chlorides 264+22 112409  11.6+1.0 119+ 1.0 136+ 1.1
fluorides 34+03 27+03 2.8+03 23+02 22+02
sulphates 479 + 39 335427 357 +29 349 + 28 345 + 28
0.0010 + 0.0050 = 0.0020 =
8 0.0002 =@l <0001 0.0008 0.0003
Cd <0.001 <0.001 <0.001 <0.001 <0.001
Cu <0.001 <0.001 <0.001 <0.001 <0.001
s 0.023 + 0.040 + 0.069 + 0.066 + 0.276 +
0.003 0.006 0.010 0.010 0.040
- 0.0020 + 0.0030 + 0.0020 + 0.0030 + 0.0040 +
mg/dm’ 0.0002 0.0004 0.0002 0.0004 0.0005
. 0.016 + 0.006 + 0.0020 + 0.0010 + 0.012+
0.004 0.001 0.0004 0.0002 0.0003
ou 0.019 + 0.010+ 0.012+ 0012+ 0.007 +
0.004 0.002 0.003 0.003 0.002
Cr(VI) <0.020 <0.020 <0.020 <0.020 <0.020
He <0.01 <0.01 <0.01 0.06 £ 0.01 <0.01
As 106011 0.72+007 066+007 080=008  0.87=0.09
Se 0124002 009+001 009=001 010001  0.12+0.02
Mo 0434005 0284003 026+003 0294003  030+0.03
Sb <0.02 <0.02 <0.02 <0.02 <0.02
d““’:’a‘ig;’;ga"‘“ 828+075 7.75+070 524+048  753+068  6.55+0.60
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Abstract: Nowadays, humanity has to face the problem of constantly increasing amounts of waste,
which cause not only environmental pollution but also poses a critical danger to human health. More-
over, the growth of landfill sites involves high costs of establishment, development, and maintenance.
Glass is one of the materials whose recycling ratio is still insufficient. Therefore, in the presented
work, the influence of the particle size and share of waste glass on the consistency, morphology,
specific surface area, water absorption, setting time, and mechanical properties of geopolymers
was determined. Furthermore, for the first time, the fire resistance and final setting time of such
geopolymer composites were presented in a wide range. Based on the obtained results, it was found
that the geopolymer containing 20% unsorted waste glass obtained a final setting time that was 44%
less than the sample not containing waste glass, 51.5 MPa of compressive strength (135.2% higher
than the reference sample), and 13.5 MPa of residual compressive strength after the fire resistance
test (164.7% more than the reference sample). Furthermore, it was found that the final setting time
and the total pore volume closely depended on the additive’s share and particle size. In addition, the
use of waste glass characterized by larger particle sizes led to higher strength and lower mass loss
after exposure to high temperatures compared to the composite containing smaller ones. The results
presented in this work allow not only for reducing the costs and negative impact on the environment
associated with landfilling but also for developing a simple, low-cost method of producing a modern
geopolymer composite with beneficial properties for the construction industry.

Keywords: fly ash; fire resistance; compressive strength; particle size; specific surface area

1. Introduction

During the past few decades, building has been one of the fastest-growing industries
worldwide, and this trend is expected to continue, with global construction output reaching
42% growth in 2030 compared to 2020 [1]. Concrete is the most common building material
around the world [2], and it consists primarily of Ordinary Portland Cement, a widespread
type of cement that has been used in the construction sector for many years [3]. It is
worth mentioning that global cement production has been still increasing; for instance, in
2000 it amounted to 1600 million tons, whereas in 2019 it reached 4100 million tons [4].
Although cement has many advantages such as great mechanical properties and durability,
its production process has a meaningfully negative impact on the environment due to its
high energy consumption and substantial emission of CO, [5-8].

Glass is produced in around 100 million tons per annum, and it is a widespread
material that is used worldwide in households, industries, laboratories, medicine, etc.
Generally, it is believed to be an environmentally friendly material because it can be reused.
However, the current global reuse rate for glass waste is only 26%, which results from the
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high cost of recycling [9]. Therefore, most of this waste is disposed of in landfills, causing
environmental and economic problems. Glass is a non-biodegradable material, and it
is estimated that millions of years are needed to decompose it naturally [10]. Scientists
have been alarmed that global waste production is constantly growing and will double
by 2050 and even triple by 2100 if the current trend continues, in comparison to the
amounts observed in 2016 [11]. Due to that, the possibility of the application of waste in
the construction industry has a growing interest [12]. It has been proven that waste glass
can show pozzolanic reactivity, but only when its particle size is equal to or smaller than
100 pm [13]. Waste glass can play a different role in a matrix of cement concrete depending
on its particle sizes, such as coarse aggregates (particle size smaller than 14 mm), fine
aggregates (particle size below 4.75 mm), and binders (particle size below 0.6 mm) [14].
Furthermore, authors in their previous works used waste glass as a partial replacement for
cement [15], or as a fine type of aggregate in mortar [16], fly ash [17], and metakaolin [18].
In addition, the properties of waste glass depend on several factors, such as its chemical
composition, type and share of contaminants, the color of the cullet, and its origin [19].
The addition of glass can positively impact on mechanical strength [20], the capacity of
radiation shielding [21], workability [22], density [23], and water absorption [24].

Fly ash is a by-product received most of all from power plants as a result of coal
combustion [25]. Millions of tons of coal fly ash are produced annually all over the world,
including, among others, 120150 million tons from India [26], more than 550 million
tons from China [27], and 145 million tons from Europe [28]. Although fly ash can be
used primarily as an additive in concrete, its utilization rate is still very low; for instance,
in Europe, in 2016, it amounted to only 20.1% [28]. The remainder of the materials are
deposited in ever-expanding landfill areas.

Geopolymer is an excellent alternative to cemental materials due to the possibility of
using industrial by-products and waste in their production (e.g., fly ash [29,30], gangue [31],
slag [32], clay [33]), which is in line with the effective reduction of production costs. More-
over, the cement industry is responsible for approximately 6-8% of the total anthropogenic
CO; emission [34], whereas the geopolymer production process generates up to 5-6 times
less quantity of greenhouse gas [35]. In general, geopolymers are inorganic polymers
obtained by the reaction between aluminosilicate precursors and alkaline activators, which
was invented by Joseph Davidovits in 1970 [36].

Despite the availability of many products reporting about the state of emergency, such
as smoke detectors or temperature sensors, fires are still the key danger to people’s health
and lives nowadays. The NSC (National Safety Council) organization estimated that fire
brigades in the United States react, on average, every 23 s to a fire occurrence, and every 3 h
and 8 min, approximately, one person dies because of it. Therefore, fire resistance is one of
the most important features of building materials, due to the necessity to ensure the stability
of the construction during the fire [37]. Concrete manufactured using Ordinary Portland
Cement shows significant deterioration of properties at temperatures above 400 °C because
of the decomposition of portlandite. Moreover, in the range of 300-450 °C, spalling of such
type of concrete is noted [38]. In contrast, geopolymers have good thermal stability and
do not emit noxious vapor pending the fire, which is particularly important with regard
to user safety [38]. Therefore, they can be applied as thermal insulation, as well as fire
protection [3,39]. It was proven that even a small amount of geopolymer incorporated into
a concrete matrix has a positive impact on fire resistance [40].

It was found that waste glass could have a beneficial impact on fire resistance due to
the transition from the solid to liquid state, which is directly related to the melting point
of waste glass. At a proportionately high temperature, waste glass can have the ability
to fill pores, and can also fill microcracks that occur as a result of high temperatures [41].
Until now, many authors explored the fire resistance of concrete materials and cement
mortars [42,43]. For instance, Chen et al. [44] examined the influence of the size of glass
cullet on cementitious composites after higher temperature exposure using four various
fractions of particles of the following sizes: less than 0.6 mm, 0.6-1.18 mm, 1.18-2.36 mm,



Materials 2023, 16, 6011

3of24

and 2.36-4.75 mm. The authors concluded that only samples containing two of the small-
est fractions of particles improved the residual compressive strength after exposure to
a temperature of 600 °C or higher, compared to the reference sample produced without
adding the cullet. Moreover, they highlighted that the most positive effect was obtained
by applying particles with sizes below 0.6 mm. However, in the case of geopolymers
with the addition of waste glass, investigations about their fire resistance are very lim-
ited. Tahwia et al. [45] investigated the effect of high temperature on the properties of
geopolymer concrete made with the addition of waste glass and ceramic after 56 days
of curing. They incorporated waste glass particles into a matrix in the amount of 7.5 to
22.5% by volume and later subjected the samples to high temperatures of 200-800 °C for
1.5 h. The researchers noticed that the compressive strength of all the samples produced,
even the control samples, was higher after exposure to 200 °C due to the further course of
the geopolymerization process. However, after exposing the samples to a temperature of
800 °C, the authors noted the beneficial effect of glass waste, which resulted in an increase
in residual compressive strength compared to the control mixture containing ceramic waste.
Furthermore, Jiang et al. [46] explored fly ash-based geopolymers with the addition of
waste glass (D5 = 18.21 um) before and after exposure to 800 °C, 1000 °C, and 1200 °C.
They concluded that the optimal level of incorporation of waste glass was 20% and after
achieving the melting temperature of the glass, it can fill pores existing in the geopolymer
matrix. Yu et al. [47] investigated the influence on the fire resistance of two types of waste
glass with sizes of 49-10 mm and 4.9-16 mm, which were used as a coarse aggregate in the
concrete columns. At the beginning of the test, samples were subjected to compressive load-
ing, and then they were placed in the furnace and heated by up to 800 °C. The most positive
effect was noted for samples containing 13% waste glass, and those samples exhibited
longer endurance during the fire than concrete ones. Turkey et al. [47] tested lightweight
geopolymer concrete with the addition of glass powder, which was ground to achieve
particles of 10-30 um. They found that after heating at 200 °C the mechanical strength was
higher, and it decreased at 400 °C afterward. However, the most significant decrease was
observed at 800 °C, which was caused by the loss of water from the structure of materials.
Moreover, Chindaprasirt et al. [48] confirmed the profitable effect of the incorporation of
fine auto glass on the fire-resistance performance of fly ash-based geopolymers.

Until now, the effect of incorporating waste glass with various particle sizes and
shares on geopolymer fire resistance remains unknown. Therefore, the main objective
of this work is to fill the existing research gap. The consistency of fresh geopolymer
mortars was examined. The thermal effects occurring during the geopolymerization process
were investigated using negative temperature coefficient thermistors. Mineralogical and
mechanical analysis, microscopic observation, water absorption tests, density, and specific
surface area of composites after curing depending on particle size and share of waste
glass addition were carried out. Finally, a fire resistance test was performed, and then
the loss mass, residual compressive strength, and chemical compositions of geopolymers
were determined.

2. Materials and Methods
2.1. Materials

Fly ash from Skawina Power Plant was used as a primary material for the geopolymers
synthesis. A commonly available quartz river sand (Swietochtowice, Poland) was applied
as an aggregate in the geopolymer matrix. Waste cullet glass of brown bottles after initial
cleaning and crushing, used as a partial replacement of fly ash in geopolymer composites,
was delivered by Grabowski Import Export Company (Sedziszowa, Poland). The glass
cullet was sieved through a set of sieves with mesh sizes of 200 um, 100 um, 63 um,
and 40 pm to determine the influence of various ranges of waste glass particle size on
the properties of the composites. As a result, there were six various ranges of particle
sizes, such as 0.1-1200 um (unsorted waste glass), 200-1200 pwm, 100-250 um, 63-120 pm,
and 40-63 pm, 0.1-40 um. The cullet was not subjected to additional cleaning before the
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application due to economic and environmental reasons, including reducing the cost of
geopolymers production, as well as water and electricity savings. The schematic of the
waste glass preparation process is shown in Figure 1.

Initial cleaning Crumbling Glass cullet Sieving
Figure 1. Preparation of waste glass for the experiments.

Furthermore, Table 1 presents the particle size distribution of raw materials, such as
fly ash, sand, and various factions of waste glass.

Table 1. Particle size distribution for starting materials [49].

Span
Raw Materials D1o Dso Dso Ao (Dgq-D1p)/Dsp
[um] [um] [um] [um] [um]
Fly ash 23+01 123413 37.0+£ 6.0 173+£25 28+02
Sand 2033+ 136 4162+ 149 5836+ 172  450.1 +17.2 0.9+ 0.02
0.1-1200 waste glass 112.8 £ 8.6 4834 +19.7 896.7 + 51.1 550.1 =189 1.6+02
200-1200 waste glass 3031416 5849 + 44 11233+ 55 7024 =16 1.4 =0.02
100250 waste glass 304+ 1.5 155.2 4+ 0.5 2486+ 0.2 160.6 = 0.6 1.4+ 0.01
63-120 waste glass 6.3+ 0.1 554 +1.2 1185+ 1.2 60.8 =09 2.0=x0.02
40-63 waste glass 49101 33.3+0.1 63102 351401 170001
0.1-40 waste glass 39+08 19.8 £ 0.3 39.2+0.2 220+03 18+02

The alkaline activator consisted of an 8 M sodium hydroxide (NaOH) solution and
an aqueous solution of sodium silicate mixed in the proportion 1:2.5. Sodium hydroxide
(NaOH) in flake form, acquired from KRAKCHEMIA S.A. (Krakow, Poland), and tap water
were used to obtain the NaOH solution, whereas an aqueous solution of sodium silicate
(R-145) was bought from Chemi Kam Sp. z 0.0. (Bedzin, Poland).

2.2. Geopolymer Manufacturing

Fly ash, waste glass, and sand were stirred in a planetary mixer (GEOLAB, Warsaw,
Poland) for 2 min, and then an alkali activator was slowly added to the mixture. The
quantity of sand was equal in all produced samples, and it amounted to 10% by weight.
This was decided on the basis of the literature review in order to increase the durability
property of geopolymers, as well as reduce the shrinkage and porosity of manufactured
samples [50]. The waste glass as a replacement for fly ash was added at a weight percent of
10%, 20%, and 30% for each fraction of particle size. Based on the literature information, it
can be concluded that the optimal share of the addition of waste glass to building materials
is usually between 10-30% [51]. The liquid-to-solid ratio was established based on the
tested workability, and it was 0.4. Well-mixed homogeneous blends were cast into wood
molds of appropriate dimensions, vibrated to dispose of inner air bubbles, and covered
by stretch wrap. After drying, they were removed from the molds and then cured under
laboratory conditions (at a temperature of 22 °C + 3 °C and a humidity of 30% to 50%).
Samples were designated in accordance with the applied share and the particle size of
various fractions of waste glass in geopolymer blends (Table 2).
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Table 2. The composition of geopolymer mixtures depending on the share and the fraction of waste
glass particle size.

Composition Characterization of Used Waste Glass
Sample Fly Ash Sand Waste Glass Thie Pkl Rik Dsp of Waste Glass Specific
Designation 1%] %] [%] of Waste Glass fism] Surface Area
[um] [m? g-1]
REF 90 10 s - - -
10_0.1-1200 80 10 10 0.1-1200 4834 +19.7 0.152
10_200-1200 80 10 10 200-1200 5849 +44 0.048
10_100-250 80 10 10 100-250 155.2 =05 0.114
10_63-120 80 10 10 63-120 554412 0.375
10_40-63 80 10 10 40-63 333 01 0.594
10_0.1-40 80 10 10 0.1-40 198 £0.3 0.693
20_0.1-1200 70 10 20 0.1-1200 4834 4+19.7 0.152
20_200-1200 70 10 20 200-1200 5849 +44 0.048
20_100-250 70 10 20 100-250 1552 4+ 0.5 0.114
20_63-120 70 10 20 63-120 554 1.2 0.375
20_40-63 70 10 20 40-63 333101 0.594
20_0.1-40 70 10 20 0.1-40 198 £0.3 0.693
30_0.1-1200 60 10 30 0.1-1200 4834 + 19.7 0.152
30_200-1200 60 10 30 200-1200 5849 + 44 0.048
30_100-250 60 10 30 100-250 1552+ 0.5 0.114
30_63-120 60 10 30 63-120 554+ 1.2 0.375
30_40-63 60 10 30 40-63 333101 0.594
30_0.1-40 60 10 30 0.1-40 19.8 £ 0.3 0.693

2.3. Characterization of Geopolymer Samples

The consistencies of fresh geopolymer mortars were examined using two methods,
the Novikov cone subsidence and the flow table test. The procedure for determining
consistency is shown in Figure 2. Determination of consistency by the flow table was
performed according to standard PN-EN 1015-3:1999/ A2:2006 [52], whereas the Novikov
cone test was acquired in accordance with PN-85/B-04500 standard [53].

The chemical composition of raw materials and geopolymers was determined using
an EDX-7200 Energy Dispersive X-ray Fluorescence Spectrometer (Shimadzu Corporation,
Kioto, Japan).

The nitrogen adsorption-desorption isotherms were determined using Autosorb—iQ/
MP Quantachrome gas sorption analyzer (Anton Paar company, Graz, Austria). The test
samples had been outgassed at 300 °C for 24 h prior to measurement to remove impurities
from solid surfaces. The Brunauer-Emmett-Teller (BET) method was applied to calculate
the specific surface area of geopolymers.

The density of geopolymer composites was calculated by dividing the samples’ mass
by volume (geometric method). The mass was measured by using a Radwag PS 200/2000R2
(RADWAG Wagi Elektroniczne, Radom, Poland) precision balance. The final result was the
average of the measurements of the 3 samples.

The mineralogical composition of geopolymers was determined by X-ray diffraction
using PANalytical Aeris Diffractometer (Malvern Panalytical, Almelo, The Netherlands, Cu
Ka radiation) with the step size of 0.003° (20), a time per step of 340 s, and the 20 angular
range of 10-100°.

The mechanical properties of the samples were investigated using the concrete press
MATEST 3000 kN (Matest, Treviolo, Italy). The compressive strengths were tested in
accordance with the PN-EN 12390-3:2019 standard using at least three 50 mm cubical
samples of each geopolymer composition after 56 days of curing [54].
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Figure 2. Consistency of geopolymers mortars determined by (a,b) the Novikov cone method and
(c,d) the flow table test.

The microstructure of geopolymer composites was analyzed using a JEOL JSN5510L.V
model Scanning Electron Microscope. Before the investigation, the surface of the geopoly-
mers was coated with a thin gold layer by using a JOEL JEE-4X vacuum evaporator (JEOL,
Tokyo, Japan).

The fire resistance of geopolymers was determined in accordance with the PN-EN 1SO
1182:2020 standard [55]. The samples were placed inside an electric furnace at a temperature
of 750 °C. After the isothermal holding of the samples for 30 min, they were cooled together
with the furnace to room temperature. Then, the mass loss of specimens was determined
according to the following equation:

mass after experiment
mass before experiment

Loss of mass, % = 100 x |1 —
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Moreover, the residual compressive strength of samples after the fire resistance test
was examined and the result was the arithmetic average of a minimum 3 specimens for
each type of geopolymer.

The water absorption test of geopolymers was performed in compliance with PN-88/
B-06250 ‘ordinary concrete” standard. For performing this, three cubic samples for each type
of geopolymer were immersed in water to half of their height. After 24 h, water was added
in the proper amount to obtain a 10 mm higher water level than the height of samples, and
this level was held until the end of saturation. Samples were removed from the water, and
after wiping the surface, they were weighed every 24 h. The investigation was ended when
two consecutive weighings showed a lack of increase in weight. Completely saturated
samples were placed in a dryer until a constant mass was obtained.

The following dependence was applied to determine the water absorption:

Gy — G]_
Gy

Ry = 100 [%]
where G; and G, were the average mass of dry specimens and the average mass of the
samples replete with water, respectively.

To explore the geopolymerization process depending on the waste glass addition,
the fresh geopolymer mortars, and the geopolymers after 48 h of curing, were placed in
a laboratory dryer at 75 °C, and distinctive effects were determined using a dedicated
negative temperature coefficient system, as described in our previous work [56]. Samples
were selected to test based on the most significant differences in the size of the waste cullet
(20_0.1-40 and 20_200-1200) and its content in the geopolymer matrix (20_0.1-1200 and
30_0.1-1200). The reference sample contained no added glass. In addition, in order to
determine the effect of sand addition on the geopolymerization process, a fly ash-only
sample was analyzed.

3. Results and Discussion

The chemical compositions of fly ash, sand, and waste glass are presented in Table 3.
Based on the obtained results, coal fly ash used in the experiment mainly consisted of silica,
aluminium oxide, and iron oxide. The residual carbon content of fly ash expressed as LOI
(the loss of ignition) reached the value of 3.284 [57]. Therefore, it can be classified as class F
according to the ASTM C618-95 standard [58]. An extensive study of raw materials was
provided in our previous work [49].

Table 3. Chemical compositions of fly ash, sand, and waste glass determined using an X-ray Fluores-
cence Spectrometer (XRF).

Compound [%] Fly Ash Sand Waste Glass
5i0; 52.861 89.099 68.814
Al; O3 26.561 6.589 1.598
Fe,O4 7.588 0.708 0.423
CaO 4.698 0.503 11.671
KO 1.567 2.260 0.500
MgO 1.567 0.416 1:325
TiO; 1.370 0.141 0.083
S0; 1.095 0.127 0.051
MnO 0.108 0.024 0.050
P,05 0.220 - -
V205 0.089 - -
Cry04 0.038 - 0.047
5rO 0.081 0.018 0.024
Zr0; 0.035 - 0.019

PbO 0.013 - 0.010
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Table 3. Cont.
Compound [%] Fly Ash Sand Waste Glass
Zn0O 0.032 0.003 0.005
NiO 0.012 z -
SnO, 0.011 - -
GayO; 0.006 0.005 -
Y205 0.012 0.002 0.002
Cs,0 - 0.086 -
Na,O ; : 15.285
BaO - - 0.084

Figure 3 presents the morphology of (ab), waste glass in the delivery condition,
(b,c) fly ash, and (c,d) sand. The waste glass consisted of particles characterized by irregular
shapes, diverse sizes, and sharp edges. The river sand had irregular angular structures with
hollows, flutes, and protruding sections. The fly ash that was used as a base material in the
experiment contained irregular and spherical particles, however, with a predominance of

spherical ones, facilitating the geopolymerization process [59].

Figure 3. Cont.
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Figure 3. SEM micrographs of (a,b) waste glass, (c,d) fly ash, and (e f) sand.

Figure 4 demonstrates the obtained results, and three curves were presented on the
graph for each sample, representing thermal effects that took place pending the geopoly-
merization process of fresh geopolymer mortar (red curve), those that took place after 48 h
of curing (blue curve), and the difference between these two curves (black curve).

Furthermore, Table 4 summarizes determined characteristic values, such as the max-
Imum gained temperature during the geopolymerization process of fresh geopolymer
mortar and the corresponding time, the final setting time, the energy of exothermic reaction,
and the temperature difference between the maximum values of thermal effects recorded
during the geopolymerization process of fresh geopolymer mortars and after 48 h of curing.

Table 4. Characteristic values for investigated geopolymer compositions calculated based on thermal
effects recorded during the geopolymerization process of fresh geopolymer mortars, and after 48 h

of curing.
Maximum
Temperature Time Difference between Enerpv of
S le Desi . during the Corresponding to the Maximum Final Setting Time 2 BY y
ample Designation h R ; Exothermic Reaction
Geopolymerization the Highest Values of Thermal [s] 0 (m x K)-1]
Process Temperature [s] Effects [°C]
[°cl
REF 77.62 7797 3.19 26,580 0.66
REF without sand 77.25 7687 3.09 28,440 0.69
20_0.1-1200 76.65 7375 292 14,880 0.56
20_200-1200 77.00 7797 279 25,380 0.69
20 0.1-40 79.40 6943 6.36 24,240 2.60
30_0.1-1200 77.10 8446 223 56,880 0.62

In the comparison of materials containing various particle sizes of waste glass addition,
it has been seen that applications of the smallest particles resulted in the following: (1) the
highest reaction energy and the highest recorded temperature, (2) the largest difference
between the maximum recorded values of thermal effects, and (3) the maximum thermal
effect that was recorded earlier than for the other samples. These effects can be explained
by the fact that smaller particles are characterized by larger specific surface areas, and,
therefore, the larger area is accessible to the alkaline activator during the geopolymerization
process [60]. The presence of exothermic effects results from the dissolution of the solid raw
material in the alkaline activator and thus the formation of new material phases. Moreover,
it is clearly visible that the energy of the exothermic reaction and achieved maximum
temperature depended on the size of the waste glass and were the highest in the case
of the sample containing the smallest particles (20_0.1-40), which testified to the highest
soluble of these raw materials during the geopolymerization process [61]. During the
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geopolymerization process, the amount of released heat is relatively small, indicating that
occurring reactions are rather thermally stable [56].
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Figure 4. Thermal effects of (a) REF, (b) REF without sand, (¢) 20_0.1-1200, (d) 20_200-1200,
(e) 20_0.1-40, and (f) 20_0.1-1200 registered using a negative temperature coefficient thermistor
device for fresh geopolymer mortars during the geopolymerization process (red curve), after 48 h of
curing (blue curve), and the difference between these two curves (black curve).

In general, it was found that the addition of 20% waste glass decreased the final setting
time regardless of the used fractions. Basically, the incorporation of starting materials
including a higher content of calcium may impact the reduction of the setting time and,
simultaneously, the increase of mechanical strength, and this was proven by the presented
results [62]. Noteworthily, the 20_0.1-1200 sample, containing unsorted waste cullet, had
the shortest final setting time, and, more specifically, it constituted the following part of
the final setting time of other samples: 52% of REF without sand, 56% of REF, 59% of
20_200-1200, 61% of 20_0.1-40, and 8% of 30_0.1-1200. However, the elevation of the
addition of unsorted waste glass to 30% (30_0.1-1200) caused a different effect, namely, the
final setting time was the most extended and was more than twice as long as for the REF
sample. The shorter final setting time of geopolymer could be beneficial in terms of future
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Flow diameter [mm]

industrial applications. Moreover, considering the effect of sand on the geopolymerization
process, it was found that the use of 10% sand resulted in a decrease in the energy released
during the exothermic reaction and a shortening of the final setting time.

As it is commonly known, consistency is defined as the ability of a fresh mixture to
flow. Its properties depend on the type of raw materials used, particle size, number of
components, and liquid-to-solid ratio [63]. Figure 5 shows the results of the consistency
assessment of fresh geopolymer mortars measured by the flow table test and Novikov
cone methods. The reference mortar, without the addition of waste glass, achieved values
of 182 mm and 8.2 cm by using the Novikov cone and flow table methods, respectively.
Moreover, on the basis of the recorded results, it can be seen that all of the fresh geopolymer
mortars containing up to 20% of waste glass had plastic consistency. This effect was
regardless of the particle size. However, the addition of 30% of waste cullet with particle
sizes ranging between 0.1 and 1200 pm or 200 and 1200 pm resulted in a change in the
consistency of the mortar to liquid /thin. The explanation of this phenomenon is related to
the fact that waste glass particles with larger dimensions do not have the ability to absorb
as much alkaline solution as fly ash. In contrast, the use of cullet in the same amount (30%
by weight) but with a smaller particle diameter determined the formation of a mixture
with a plastic consistency. It should be noted that decreasing the particle size of waste
glass addition reduces the flow diameter and Novikov’s cone immersion depth of fresh
geopolymer mortars. This effect can be explained by the increase of the specific surface area
of smaller particle waste glass, which absorbed a larger quantity of alkaline solution. Other
authors noticed a similar phenomenon. The results clearly indicate that the flowability of
composite with the addition of glass depends on a few factors, including the type, size, and
roughness of the incorporated addition [64,65].

“ 0% WG = 10% WG =20% WG = 30% WG (b) “0% WG m10% WG =20% WG =30% WG

200-1200

100-250 63-120 40-83

o
I

_ 200-1200  100-250 63-120
Particle size of the used waste glass [um] Particle size of the used waste glass [um]

Figure 5. The consistency of fresh geopolymer mortars depending on the share and the fraction of
waste glass particle size determined by (a) the flow table test and (b) the Novikov cone method.

Water absorption is an important feature of construction materials, which shows
the resistance of concrete materials to sulphate, chloride ions, carbonation, and freeze-
thaw cycles [66]. Water absorption is strongly connected to pore size and volume in the
investigated materials [67]. Figure 6 presents the results of the water absorption and
density test of reference geopolymers and composites containing unsorted waste glass,
corresponding to the particle size of 0.1-1200 um. There was a strong dependence between
the share of waste glass in geopolymers and their water absorption. As predicted, the water
absorption decreases with the increase of waste glass share in geopolymers. The reason for
this is the water absorption of waste glass, which is close to zero [68,69]. Furthermore, the
addition of waste glass to the geopolymer matrix resulted in higher density as compared to
the reference material.
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Figure 6. Water absorption and density of geopolymers depending on the composition of the samples.

In order to assess the influence of waste glass on the mineralogical composition
of geopolymers containing different shares and sizes of the fraction of the waste glass
addition, their XRD patterns were compared (Figure 7). The qualitative analysis revealed
the following phases: quartz (SiO5, ref. code: 01-075-8320), mullite (Al¢Si>O13, 01-082-1237),
C-5-H as Rosenhanite (Caj (Si3Og(OH),, ref. code: 00-029-0378), albite (NaAlSi3Og, ref.
code: 01-071-1150), and anorthite (CaAl;SiyOg, ref. code: 04-013-2357). In general, the
peak locations of all investigated samples had almost no difference, pointing out that they
consisted of the same phases. However, the XRD peaks of samples manufactured using
waste glass addition had lower intensity as compared to the reference material. Similarly,
the smaller the particle size, the low