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Prologue

This thesis delves into a critical environmental challenge faced by developed nations.
The improper disposal of a hazardous material, such as the bottom ash (BASH) derived from
hospital and/or medical waste incinerators (HMW!I), may pose significant risks to soil and
groundwater quality, ultimately threatening public health. In response to this pressing issue,
researchers around the globe tried to solidify and stabilize such hazardous waste during the
past. To the best to our knowledge, it is the first time in the literature that a sustainable
valorization of HMW!I BASH is being proposed herein. To meet this need, Hospital Medical
Waste Incineration (HMW!I) Bottom Ash (BASH) from the Hospital Medical Waste Incineration
Plant / HMWIP (a.k.a. “APOTEFROTIRAS S.A.”) operated by the joint venture HELECTOR S.A. —
ARSI S.A. (ELLACTOR Group) has been utilized, applying innovating recipes for such hazardous
material, in order to transform it into a non-hazardous building material. The owner of the
entire project is the Association of Communities and Municipalities in the Attica Region
(ACMAR) in Attica, Greece (a.k.a. Special Inter-Collective Association of the Prefecture of
Attica / “EDSNA”). The present study focuses on the potential of utilizing HMW!I BASH toward
to the production of pressed autoclaved bricks, offering a sustainable solution to mitigate
environmental hazards. Through a mineralogical and chemical analysis of the studied HMWI
BASH, and rigorous testing of the resulting bricks’” mechanical and leaching properties, this
diploma thesis is an attempt to provide novel insights that could lead to the development of

sustainable construction materials.

The experimental part of the present work was partially at the school of Mineral
Resources Engineering / SMRE (Technical University of Crete / TUC, Crete Island, Greece), and
at the Department of Materials Engineering / MTM (KU Leuven, Belgium) under the guidance
of Assoc. Prof. Dr. Yiannis Pontikes. It is important to mention that Ms. Konstantina Maria
Bekiari (SMRE/TUC) has been benefited by the Erasmus+ traineeship program of the European
Union in order to visit MTM of KU Leuven (KUL). During her stay at MTM she conducted
experiments and valorized the HMWI BASH samples under the assistance of Mr. Nikolaos
Athanasakis (PhD student, MTM, KU Leuven). Especially, for the Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS) analytical measurements Konstantina

established a collaboration with the Institute for Mineralogy of the Westfilische Wilhelms-
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Universitat Minster (University of Miinster, Miinster, Germany) under the guidance of Prof.
Dr. Stephan Klemme and assistance by Prof. Dr. Jasper Berndt, co-coordinated by Assoc. Prof.
Dr. loannis Baziotis (Agricultural University of Athens / AUA, Athens, Greece). The present
diploma thesis was designed and supervised by Asst. Prof. Dr. Platon N. Gamaletsos

(SMRE/TUC).
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Abstract

In developed countries, the abandonment and uncontrolled disposal of bottom ash
from hazardous medical and other (bio)-waste incinerators are the major cause of soil and
groundwater contamination, which can endanger both the environment and public health.
The present diploma thesis provides a detailed characterization and novel insights into the
valorization of Hospital Medical Waste Incineration Bottom Ash (HMW!I BASH) towards the
production of pressed autoclaved bricks (a.k.a. “dense monoliths”). The HMWI BASH was
provided by Hospital Medical Waste Incineration Plant / HMWIP (a.k.a. “APOTEFROTIRAS
S.A.”) operated by the joint venture HELECTOR S.A. — ARSI S.A. (ELLACTOR Group).
“APOTEFROTIRAS S.A.” is located near Athens, Greece. The raw material received by the
incineration facility was classified into seven (7) granulometric fractions (i.e., +8mm, -8+4mm,
-4+2mm, -2+1mm, -1+0.500mm, -0.500+0.250mm and -0.250mm) and characterized
separately to identify mineralogical and chemical variations among the fractions which may

affect their valorization potential.

Powder X-ray diffraction data (PXRD) of the HMWI BASH raw sample and its individual
fractions revealed a high amorphous content, especially in the raw one and its coarser
fractions, gradually decreasing towards the finer fractions. The raw sample and its fractions
consisted of high temperature crystalline phases, namely gehlenite (CaAl(AlISi)O), perovskite
(CaTiOs3) and cristobalite (SiO2), encapsulated by the amorphous matrix. Bulk chemical analysis
by means of wavelength dispersive X-ray fluorescence (WD-XRF) along with inductively
coupled plasma optical emission spectroscopy (ICP-OES) and Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS) showed that the studied samples contain a
variety of heavy metals and metalloids, some of them being present at relatively higher
concentrations (e.g., Cr, Ni, Cu, etc.), and others accumulated in smaller quantities (e.g., Co,
Sn, V, As, etc.). Lead is present in all the studied samples (~3-9 ppm), while cadmium has been
detected in some of the fraction (~1-3 ppm) by LA-ICP-MS. As it has been revealed by ICP-OES,
it is noteworthy to mention the presence of gold (Au) in the studied raw material (15 ppm). It
seems that gold is preferably accumulated in the coarser fraction (13 ppm) and less in the
finest ones (8-10 ppm). Besides, rare earth elements (including 15 lanthanides, Sc and Y)
content was found to be significantly increased in the finer fractions. The SEM-EDS

observations revealed the presence of various metals-containing (sub)-micro-sized particles -
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also containing heavy metals such as Cr and Cu- embedded in a Si-Na-containing amorphous

matrix, such as Ca-Ti-oxides (perovskites according to PXRD), etc.

For the production of the pressed autoclaved bricks, the HMWI| BASH material was
used in its initial form (i.e., HMWI BASH raw sample), along with a 1:1 mixture of its -
0.500+0.250mm and -0.250mm fractions, due to their lower amorphous and higher gehlenite
content resulting in six different formulations, for comparison. Three mix designs were
employed for the production of the bricks. The mix designs incorporated the aforementioned
two HMW!I BASH samples (IP100 mix design), the metakaolin MK (IP_MK mix design) and an
ordinary Portland cement OPC (BLD mix design). Different dense monoliths were produced
from each formulation. All the dense monoliths were cured for 24 hours under the same
hydrothermal conditions in an autoclave. The produced autoclaved bricks were subjected to
mineralogical investigation, compressive strength test assessment, and finally were
undergone leaching process according to the EN 12457/2 standard. The mechanical
performance and leaching properties of the bricks containing the HMW!I BASH raw sample,
were superior to the mixture of finer fractions, making the sieving process unnecessary for
this application. The addition of metakaolin proved detrimental to the strength of the bricks.
Among the six formulations used in the thesis, the IP-based bricks, being produced using the
HMW!I BASH raw sample, are more preferable. The IP-100-based dense monoliths were found
to contain Sb and As both exceeding the EN 12457/2 limits by 14% and 15%, respectively. In
contrast, the BLD-based bricks showed the best performance in immobilizing potentially toxic
elements as the amount of heavy metals and metalloids is ranged within the EN 12457/2

limits. The latter might be attributed to the solidification facilitated by the OPC.
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NeplAnyn

JTIC OVETMTUYUEVEC XWPEG, N eyKaTAAewWpn kot n aveEEAeyktn S1dBeon ¢ TEPpag
TUOUEVA OO TOUG ATOTEPPWTIPES EMKIVOUVWV LOTPLKWY, VOGOKOUELOKWY Kol GAAwV Blo-
amoBARTwy Bewpeital pia ek Twv KUPLWV ALTLWV POAUVONG Tou £6AHOUG KOL TwWV UTIOYELWV
vdatwy, n omoia pnopet va Boel o€ kivéuvo tOoo To mepLBAAAov 6oo Kkat Tn Snudaota vyeia.
H nmapoloa SUTAWUATLKA Epy0oia TTAPEXEL VEEG YVWOELG OXETLKA E TO XOPAKTNPLOUO KAl TLG
Suvatdtnteg aflomoinong ¢ tédpag mMuUBUEvA amoTEPPWOoNG VOOOKOUELOKWY LOTPLKWY
anoPAntwv (Hospital Medical Waste Incinerator bottom ash / HMWI BASH) mpog tnv
KateuBuvon TNG Mapoywyrng MPECAPLOTWY AUTOKAEIOTWY TOUBAWY (YVwoTd Kal w¢ “rmukvol
povoAlBol” / “dense monoliths”). H tédpa mapaxwprBnke amnod 1o EpyocTACLO AMOTEPPWONG
ETUKIVOUVWVY  LoTplkwv  amofAntwy  (yvwoto kot wg “ANOTEQPQTHPAZ A.E.”) mou
Slaxelpiletal n kowonpatia (K/Z) ploBwong anoteppwtnipa “HAEKTQP A.E. — APZH A.E.” Tou
ouidou “EAAAKTQP A.E.”, umo tnv enifAedn tou Eldikov Atafabuidikov Zuvdéopou Nopou
Attikng (EAZNA) ota Avw Aoola (ABrva, EAAaSa). H mpwtn VAN (akatépyaocto deiypa HMWI
BASH) mou mapaAndbnke amd tnv eykataoctaon anotédpwong taflvounbnke os enta (7)
kAaopata (granulometric fractions). AkoAoUBwg, Ta oktw (8) delypata xapaktnpiotnkav
AEMTOMEPWG Yyl TOV  TPOOSLOPOHO  TBOVWY  OPUKTOAOYIKWVY  N/Kal  XNHWKWV
Slopopomol)oewV HETAEY TWV MAPAYOUEVWY KAQCUATWY TIOU €VOEXETAL VAl EMNPEAlOUV TN

Sduvatdtnta aglomoinorg Toug.

Toa debopéva mepiBAaonc aktivwv X kovewd (PXRD) TG00 Tou aKATEPYAOTOU SElyATOC
HMW!I BASH 600 Kkal twv empuépous 7 KAaopdtwy (Atot: +8mm, -8+4mm, -4+2mm, -2+1mm,
-1+0,500mm, -0,500+0,250mm kot -0,250mm) tou Katédelfav uPnAn TEPLEKTIKOTNTO OE
Aauopdo UALKO KUPLWG OTO OKATEPYOOTO KAl OTa adpOKOKKA KAACMATA, N omoia otadlakd
HMELWVETAL TIPOC TA AEMTOKOKKA KAdopata. H opuUKTOAOYLIK) oUOTAGCN TOU OKOTEPYOOTOU
Oelypato¢ kal Twv KAAOUATWY TOU OmoTeAeito amd KPUOTAAAKEG ¢Acelg uPnAng
Bepuokpaciag, OpoleG UE ekelveg Twv opuktwv ykeAevitn (CaAl[AlSi,07]), mepoPokitn
(CaTiOs3) kat xpliotoBaAitn (SiOz), evtoc tng apopdou palo tou UALKOU. JUUPWVA PE TIG
OVOAUTIKEG HETPOELS pe Xxprion WD-XRF kat LA-ICP-MS, 6Aa ta deiypata mepleiyov Bapéa
HETOAAOL KoL METAAAOELSN), OpLOPEVA QMO OUTA TOPOVIO OF OXETIKA UYPNAOTEPEG
ouYKevTpwoelg (rx. Cr, Cu, Ni, Zn, KATL.), KoL AAAQ O€ PLKPOTEPEC MEPLEKTIKOTNTEG (Y. Co, Sn,

V, As, KATL.). O LOAUBSOG CUYKEVTPWVETOL OE TIOAU HIKPH TToooTnTa o€ OAa ta Selypata (~3-9
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ppm), EVW TO KASLO OVLXVEUTNKE OE OPLOUEVA A0 T AEMTOKOKKA Selypata povov Je xprion
LA-ICP-MS. ZUpdwva pe TG LeTpRoelg pe xprion ICP-OES, To apyXlkd akaTéPyaoTo UALKO
TIEPLEXEL XPUOO (Au) TNG TASEWS TwWV 15 ppm. A&ileL va TOVLOTEL OTL TO OTIAVLO QUTO UETOAAO
amavtad Kupiwg oto adpokokko KAdopa (13 ppm) Kat AlyoTepo ota AEMTOKOKKA KAdopaTa (8-
10 ppm) tou UAWKOU. EmumAéov, n TEPLEKTIKOTNTA TwV OEYUATWY OE OMAVIEG Yaleg
(cupmephapPBavopévwy Twv 15 AavBavidwy, tou Sc kat Tou Y) BpéBnke va aufavel anod ta
aSpOKOKKA TIPOC TA AEMTOKOKKA KAAOUATA. H [ILKPOOKOTILKA TTOpaATAPNOoN TwV SELYUATWY UE
xpnnon SEM/EDS amokd@Aupe tnv mapoucio cwpatiSiwv mou mepléxouv PETAAA, HeTaE
AAwV Kat Bapéwv PeTAMwY onwg Cr kat Cu, mx. ofeldilwv tou Ca kal tou Ti (mepoBokitng)

EVTOC Hiag “moAupeTalAknc” apopdng palag.

Mo TV mopaywyn TwV MPECAPLOTWY OUTOKAELOTWY TOUPBAWV XpNnoLUomolnbnke to
akatépyooto deiypa HMWI BASH, kaBwg Kt éva piypa 1:1 Twv AEMTOKOKKWY KAQOUATWV (-
0,500+0,250mm kot -0,250mm), Adyw tN¢ XUUNAOTEPNG TEPLEKTIKOTNTAG TOUG OE AUOPdO Kal
™¢ uPNAOTEPNC TTOCOOTIOLOC CUMUETOXAG TOU YKEAEVITN, €xovtag w¢ amotéAeopa €€l
Sdladopetikég ouvbéoelg (formulations) yia Adyoug cuykplong. Mo tnv mopaywyn Twv
OUTOKAELOTWV TOUPAWV xpnotuomoltnkayv Tpelg StadopeTikeG ocuvtayeg (mix designs), dvo
avopyava TIOAUUEPH XPNoLHomolwvTag ta npoavadepopeva Seiypata HMWI BASH (IP100
mix design) lte avapeLyVUOVTAC Ta e EUMOPLKO peTakaoAivn (IP_MK mix design), kaBwg kat
éva piypa tolpévrou tumou Portland (BLD mix design). OAoL ol mapayopevol Tukvol povoAlBot
okAnpuvOnkav umd (6leg ubpobBepuikég ouvbnkeg oe autokAewoto. Ev  ouvexela,
NPoodLOPLOTNKE N OPUKTOXNULKN TOUC cUOTAON, EVW yla TNV afloAoynaon toug éAafav xwpa
SoKIUEG avtoxng o€ povoaovikr BALPN, Kot SoKIpEG EkmMAuonG cUUdwva e To tpoturo EN
12457/2. Ol piNXOVIKEC QVTOXEC KAl OL LBLOTNTEG EKTTAUONG TWV TTAPAYOUEVWY HLOVOALIBwWY amo
To akatépyaoto Oelypa nAtav ocadpw OAVWIEPEC OUYKPLVOUEVEG WE EKELVEC TOU
SlopopdwOnkav Pe XPrioN TOU UELYUOTOC TWV AEMTWVY KAOOUATWY, KABLOTWVTAC €V TEAEL TN
Sladikaoia kookiviong LAAAOV TIEPLTTN YLOL TN CUYKEKPLUEVN edapuoyr). H tpooBrkn uALkoU
METAKAOALVN amodelxOnke cuyKPLTIKA Un WhEAUN WC TTPOC TNV avtoxn Twv Sdokluiwv ot
povoagovikr OALPN. ATto OAeg TIc epapolOUEVEC CUVTOYEC, TIPOTLUNTEN NTAV EKElvVN TTOU £ixe
WC OTMOTEAECHA TNV TOPAYWYN TIPECAPLOTWY QUTOKAELOTWY SOKIUiWY PE Xprion UElypaTog
okatépyootou Selypatoc. Ta mPeoaplotd auTOKAELoTa ToUBAa ou Ttapnxbnoav HECw TNG

ouvtayng IP100 mix design mepleixav pikpd mood Sb kot As katd 14% kot 15% meploocdtepo
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OE OX€ON ME TIG TIUEG Baoel tou mpotumou EN 12457/2, avtiotoixwg. e avtiBeon, ta
auTOKAgloTa ToUBAa Tou Tapnxdnoav péow TtnNg ocuvtayng BLD mix design €6el€av otL
Sdeopevouy ta SuvnTikd Tofika Bapéa PETaAAA Kal LETAANOELST) OE AMOSEKTEC TIUEG CUUDWVA

pe to mpotuTo EN 12457/2.

Keywords

Bottom Ash (BASH); Hospital Medical Waste Incineration (HMWI); stabilization; solidification;

autoclaved bricks; hydrothermal curing; inorganic polymers (IPs); blended cement (BLD)
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1 INTRODUCTION

1.1 Definitions, subject matter and scientific background

1.1.1 Sustainable Materials and Circular Economy

Sustainable materials are those that are sourced, produced and utilized in a way that
minimizes the negative environmental and social impacts of their use, while maximizing the
benefits throughout their life cycle (e.g., Taylor et al., 2016). These materials help advance
sustainability goals by reducing resource depletion, pollution and greenhouse gas emissions

(e.g., Taylor et al., 2016).

The transformation of wastes into sustainable materials is a key strategy in order to
promote circularity and to reduce the environmental impact of waste disposal (e.g.,
MacArthur et al.,, 2015). This process involves converting waste materials into valuable
resources that can be used as inputs in various industries, thereby minimizing the extraction

of primary resources, and reducing waste generation (e.g., Silva et al., 2017).

Accordingly, the term “sustainable construction materials” refers to building materials
produced by utilizing environmentally friendly practices either from raw materials and/or
wastes streams (e.g., Saravanan & Rao, 2023 and references therein). Current environmental
concerns dictate the adoption of sustainable practices in the construction industry, which
assess different pathways to reduce energy consumption, CO, emissions and to promote
waste valorization. Some representative approaches for sustainable construction materials

manufacturing are summarized below:

» Recycled materials: Sustainable construction materials can be produced by industrial

waste, such as fly ash, metallurgical slags, glass, construction and demolition wastes,
etc. These materials are diverted from landfills and introduced in the production lines
of brick, cement and pre-fabricated concrete elements, reducing the demand for
primary resources and, therefore, to minimize waste generation (e.g., Silva et al., 2019

and references therein).
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» Low-carbon manufacturing: Traditional brick and cement production processes often

involve high energy consumption and significant carbon emissions caused by the
calcination processes (e.g., Tautorat et al., 2023). Sustainable brick production focuses
on less energy-intensive processes leading to lower greenhouse gas emissions through
energy-efficient kilns, alternative fuel sources, and carbon capturing technologies (e.g.,
Silva et al., 2019 and references therein).

» Alternative binders: The construction industry utilizes high amounts of cement and

concrete, the production of which is a significant source of carbon dioxide emissions.
Sustainable bricks can be produced using alternative binders, such as metallurgical
slags or bauxite residue (BR) and various ashes, which have lower carbon footprints
and, therefore, contribute to the reduction of greenhouse gas emissions (e.g., Pontikes
& Angelopoulos, 2013; Paixdo et al., 2023).

» Modular and interlocking designs: Modular and interlocking brick designs allow for

easy assembly and disassembly, facilitating reuse and reducing waste generation
during construction and demolition activities (e.g., Silva et al., 2019 and references
therein).

» Local sourcing: Locally sourced materials reduce transportation emissions associated
to brick production and support local economies, also inspiring the model of industrial
symbiosis (e.g., Napp et al., 2014 and references therein; Lu et al., 2020; Sourmelis et
al., 2024). The utilization of locally available materials also reduces the environmental
impact of extraction and processing (e.g., Taylor et al., 2016).

» Waste to energy: Some types of wastes, such as the organic fraction of municipal solid

wastes, can be converted into energy through incineration, anaerobic digestion, and
gasification. This energy can be used to produce electricity, heat or biofuels, displacing
the need for fossil fuels and reducing greenhouse gas emissions as well (e.g., Hoornweg
et al., 2013).

» Closed-loop systems: Implementing closed-loop systems, where waste materials are

continuously recycled and reused within the economy, can further improve the
sustainability of waste-to-material processes. By closing the loop, industry and
community can minimize waste generation, conserve resources, and promote

circularity in a symbiotic point of view (e.g., MacArthur, 2014; Sourmelis et al., 2024).
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> Certifications and standards: Various certifications and standards, such as LEED

(Leadership in Energy and Environmental Design) and BREEAM (Building Research
Establishment Environmental Assessment Method), provide guidelines and set criteria
for evaluating the sustainability of building materials, including bricks (e.g., Doan et al.,

2017).

Transforming waste into a sustainable material is essential to achieve a circular
economy and to reduce the environmental impact of waste disposal. According to the EU
action plan, it requires cooperation among businesses, governments, and consumers to
develop innovative solutions, invest in infrastructure, and promote sustainable consumption

and production practices (European Commission, 2020).

Circular Economy (CE) is considered as a sustainable economic system in which
economic growth is decoupled from resource use through the reduction and recirculation of
natural resources (Kirchherr et al., 2023). In order to apply policies and business strategies,
and to prioritize sustainable solutions based on evidence, it is crucial to quantify the circularity
of products and services (or their contribution to the CE). New circularity metrics are being
developed for this purpose, but they are often contradictory in form and content, contributing
to confusion and misunderstanding of the concept of CE (Sauvé et al., 2016). Sustainable
materials play a crucial role in advancing the goals of the circular economy. Industry can
reduce resource consumption, minimize waste, and promote circularity throughout the
product lifecycle by incorporating sustainable materials into product design and

manufacturing processes (Silva et al., 2017).

1.1.2 Hospital Medical Waste

Hospital waste (a.k.a. medical waste or hospital medical waste or healthcare waste)
refers to any waste generated during diagnosis, treatment, or immunization of human beings
and/or animals, and in research activities pertaining to healthcare. Such a waste may include
a wide range of hazardous and non-hazardous materials, such as (e.g., Kougemitrou et al.,

2011; Anastasiadou et al., 2012; Bakkali et al., 2013):
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» Infectious Waste: Waste contaminated with blood, bodily fluids, or other potentially
infectious materials. This includes used needles, syringes, bandages, dressings, and
cultures from laboratory work.

» Pathological Waste: Human or animal tissues, organs, body parts, or fluids removed
during surgery, autopsy, or medical procedures.

» Pharmaceutical Waste: Expired or unused medications, drugs, vaccines, and other
pharmaceutical products.

» Chemical Waste: Hazardous chemicals used in medical procedures, such as
disinfectants, solvents, and laboratory reagents.

» Radioactive Waste: Materials contaminated with radioactive substances used in
medical imaging, radiation therapy, or nuclear medicine procedures.

» Sharps Waste: Needles, syringes, lancets, scalpels, and other sharp objects used in
medical procedures.

» Non-hazardous Waste: General waste generated in healthcare facilities, such as paper,

cardboard, plastic packaging, and food waste.

Proper management of hospital waste is crucial to prevent the spread of infections,
protect healthcare workers, patients and the environment, and comply with regulatory
requirements. (e.g., Alvim-Ferraz & Afonso, 2005; Bdour et al., 2007). Healthcare facilities are
typically required to segregate, store, transport, and dispose of different types of medical
waste safely and appropriately. This often involves using specialized containers, labeling, and
treatment methods, such as autoclaving, incineration, or chemical disinfection, depending on

the nature of the waste and local regulations (Kougemitrou et al., 2011).

In Greece, national regulations and guidelines are in place to govern hospital waste
management. The main objective is to ensure that the handling, treatment, and disposal of
medical waste are achieved safely. These regulations often require waste segregation,

storage, transport, treatment, and final disposal methods to be followed.

Healthcare facilities in Greece are responsible for managing their own medical waste.
They can do so by either using an in-house waste management system or by hiring licensed
waste management companies. Special containers and vehicles are used to collect and

transport the waste to prevent any spillage or contamination.
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1.1.3 The “APOTEFROTIRAS S.A.” Hospital Medical Waste
Incineration Plant (HMWIP)

The Hospital Medical Waste Incineration Plant / HMWIP (a.k.a. “APOTEFROTIRAS S.A.”)
is currently being operated by the joint venture HELECTOR S.A. — ARSI S.A. of the ELLACTOR
Group (Image 1). The owner of the entire project is the Association of Communities and
Municipalities in the Attica Region (ACMAR) in Attica, Greece (a.k.a. Special Inter-Collective
Association of the Prefecture of Attica / “EDSNA”). “APOTEFROTIRAS S.A.” is a Greek company
specializing in medical waste management and maintenance of the ACMAR medical waste
incinerator located to Ano Liossia, near Athens Metropolitan Area (Kougemitrou, 2008;

Kougemitrou et al., 2011).

Image 1: The hospital medical waste incinerator plant (HMWIP) operated by the “APOTEFROTIRAS
S.A.” located to Ano Liossia, near Athens Metropolitan Area, Greece (Kougemitrou, 2008).

The HMWIP has been established since 2002 by the ACMAR and had been operated
by the joint venture “ANSALDO TECNITALIA S.P.A. — ERGOKAT S.A. — TOMI S.A.”. During the
last decades, the management of the plant and the medical waste transport network was
taken over by the joint venture joint venture HELECTOR S.A. — ARSI S.A. (henceforth referred
to as “APOTEFROTIRAS S.A.”) of the ELLACTOR Group (personal communication with the
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HMWIP administration; internal report). Article 37591/2031/2003 of the Greek Constitution,
entitled as "Measures and Terms for the Management of Medical Waste from Sanitary Units",
outlines the procedures to be followed for the proper management of the hazardous medical
waste. The main objective of the law is to ensure that the environment and public health are

protected.
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Image 2: The flow diagram of the HMWIP operated by “APOTEFROTIRAS S.A.”. The bottom (BASH) and fly
(FASH) ashes collected in appropriate bags and their final disposal storage place in the plant (Kougemitrou,
2008; Kougemitrou et al., 2011; HMWIP internal report)

More than 14,000 tonnes of medical waste is generated annually, 53% of which
originating from Athens’ metropolitan area (Attica, Greece), which has a population of
approximately 4 million people. The need for management of this hazardous waste is
therefore a driving force in the field of collection, transport and treatment of this waste. The

main activity of “APOTEFROTIRAS S.A.” is the implementation of a public contract with ACMAR

for the operation and maintenance of the HMWIP, as well as the collection and transport of
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medical waste to the facility. “APOTEFROTIRAS S.A.” follows an internal protocol for the
collection and transport of medical waste, as well as an ISO 14001:2015 Environmental
Management Certification, complying with safety and environmental regulations. The waste
handling process involves weighing of the medical waste on a weighbridge and disposal into
the facility's cold chambers for storage. The waste remains in storage for a maximum of 2-3
days and are then unloaded on a first-in, first-out basis. There are then two independent lines
for high temperature incineration (>1100 °C). The time spent outside the cold store does not
exceed 48 hours and 24 hours during the winter and the summer, respectively. There are two
types of waste from the incineration process (Image 2): (a) effluent, which is evaporated to
produce distilled water; (b) fly ash (FASH), which is collected in large bags and sent abroad for
storage, and (c) bottom ash (BASH), which is collected into drums and temporarily stored at

the plant (Kougemitrou, 2008; Kougemitrou et al., 2011; HMWIP internal report).
1.1.4 Geopolymers (GPs)

Geopolymers (GPs) are a category of binders that is formed through a process called
geopolymerization, which takes place among cementitious aluminosilicate raw materials
ad/or other binders (such as Metakaolin / MK) acting both as Supplementary Cementing
Materials (SCMs) and concentrated activating solutions as “alkali activators”, through a
process so-called “geopolymerization” involving an exothermic reaction between the former
and the latter (e.g., Luhar et al., 2019 and references therein; Cai et al.,, 2023).
Geopolymerization results in a charge-balanced structure by cations or supervalent
phosphate, formed under highly alkaline conditions without requiring high-temperature
processing (e.g., Luhar et al., 2019 and references therein; Kriven et al., 2024 and references
therein). Geopolymers are typically based on mixtures of aluminosilicate powders combined
with alkali-silicate solutions, resulting in the formation of a three-dimensional tecto-
aluminosilicate matrix (Matsimbe et al., 2022 and references therein). GPs are considered as
a sub-set of inorganic polymers (IPs), analogous to aluminosilicate glasses, because of their

similar structure characteristics (e.g., Hertel & Pontikes, 2020 and references therein).

The synthesis of geopolymers involves the alkaline or alkali-silicate activation of solid
alumina- and silica-containing precursor materials at ambient (room) or elevated

temperatures (up to 100 °C) and at atmospheric condition (e.g., Provis et al., 2005; Luhar et
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al., 2019 and references therein). These materials exhibit amorphous microstructures and are
considered to be precursors of zeolites (Krél & Rozek, 2018). Geopolymers are known for their
high temperature stability, making them advantageous over conventional cement binders
(e.g., Luhar et al., 2019 and references therein), especially in applications requiring fire
resistance (Guerrieri & Sanjayan, 2010). Geopolymers have gained attention as sustainable
alternatives to traditional cement-based materials due to their lower carbon footprint and
potential for utilizing industrial waste materials like fly ash, blast furnace slag, rice husk ash
etc. (e.g., Luhar et al., 2019 and references therein; Wan-En et al., 2021). The properties of
geopolymers, such as their compressive strength and durability, can be tailored by adjusting
the processing conditions and the composition of constituent materials (e.g., Aldawsari et al.,
2022 and references therein). Additionally, the workability and mechanical properties of
geopolymers have been found to be superior to those of conventional concrete, highlighting
their potential for use as full or partial replacements for Ordinary Portland Cement / OPC (Ali

et al., 2020).

1.1.5 Blended cement systems

A promising way to reduce the environmental impact of the Ordinary Portland Cement
(OPC) production is through the utilization of blended cement systems. These systems
typically consist of a combination of OPC and supplementary cementitious materials (SCMs),
such as fly ash, metallurgical slags or natural primarily calcined clays (e.g., natural clayey
argillaceous materials so-called “Metakaolin / MK”), both as binders. Blended cements exhibit
lower environmental impact, even when using SCMs with lower grindability, highlighting their

potential for sustainable construction practices (Boesch & Hellweg, 2010).

The incorporation of SCMs in blended cement systems influences the pore structure
and hydration characteristics of the resulting mixture. Blended systems tend to have a higher
total porosity at early ages due to the slower reaction of SCMs compared to OPC (Berodier &
Scrivener, 2015). However, it has been shown that the incorporation of Ca-rich SCMs, such as
ground granulated blast furnace (GGBFS), in blended cements can achieve comparable
mechanical strength to OPC (e.g., Marchon & Flatt, 2016). The hydration reactions of a
blended cement system initiates by the pozzolanic reactions between the OPC and water

leading to the dissolution of SCMs (He et al., 2021). Ultimately, the primary binding phases of
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(blended)-cement-/cementitious systems, such as calcium silicate hydrate (C-S-H) and calcium
aluminum silicate hydrate (C-A-S-H) are crystallized (e.g., Borno et al.,, 2023), which are
responsible for the strength development (e.g., Chen et al., 2004; Arora et al., 2016;
Rakhimbaev et al., 2020).

The use of blended cements can lead to improvements in the durability and
mechanical performance of concrete structures. Blended cements have maintained superior
mechanical performance in chemically harsh environments, while reducing their cost and

carbon dioxide emissions compared to the OPC (Jacobsen et al., 2013).
1.1.6 Hydrothermal curing of building materials

Hydrothermal curing involves the brief exposure of a building material (e.g.,
autoclaved aerated concrete, sand-lime bricks, etc.) to moderate temperatures, high
pressures, and high relative humidity utilizing an autoclave (e.g., Shi & Hu, 2003; Ranjbar et
al.,, 2020; Ramadan et al., 2023; Djobo & Tome, 2024). This process promotes pozzolanic
reactions, enhancing the early hydration of cementitious materials (e.g., Hanehara et al.,
2001). Rapid precipitation of crystalline compounds densifies the microstructure of the
material, minimizing drying shrinkage while enhancing modulus and compressive strength

(e.g., Xiong et al., 2023).

Curing in an autoclave typically involves subjecting materials to specific conditions of
temperature, pressure, and humidity within the sealed chamber of the autoclave. These
conditions are carefully controlled to facilitate the curing process effectively. The typical
conditions found in autoclave curing are summarized below (e.g., Shatat et al., 2016; Ray,

2002):

» Temperature: Hydrothermal curing exposes materials to elevated temperatures,
typically between 120 °C and 250 °C (250 °F to 480 °F), depending on the materials
being cured and the requirements of the curing conditions.

» Pressure: The pressure development is closely related to the temperature of the
process. The higher the temperature settings, the higher the pressure development in
the autoclave chamber. Pressure levels can range between 1 and 12 bars (175 psi to

1750 psi), depending on the curing process. The pressure accelerates the chemical
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reactions taking place in the material eliminating the porosity and promoting better
bonding between particles or fibers.

» Humidity: Humidity is introduced or maintained in the autoclave chamber to facilitate
hydration reactions or to prevent excessive drying of the materials being cured.
Moisture levels may vary depending on the curing requirements.

» Time: The duration of the hydrothermal curing varies depending on several factors,
such as the type of materials, their thickness, the desired material properties and the
curing process. Curing times typically range from several hours to several days, with
temperature, pressure and humidity conditions being monitored consistently
throughout the curing period.

» Cooling rate: At the end of the curing process, the autoclave is gradually depressurized
by lowering the temperature until ambient levels. The cooling rate is controlled to

prevent thermal shock to the cured materials and to ensure their stability.

Hydrothermal conditions facilitate the formation of diverse crystalline compounds
influenced by the chemical composition of the incorporated SCMs. Calcium-enriched SCMs
yield various hydrated calcium silicate crystalline compounds, such as tobermorite
(CasSis(O,0H)1325H,0; Merlino et al., 1999) and xonotlite (CaeSisO17(0OH)2; Hejny &
Armbruster, 2001). The structural features of both the peculiar crystalline phases, also known
as C-S-H phases, classify them in the phyllosilicate and the double chain inosilicate group,
respectively (Merlino et al., 1999 and references therein; Hejny & Armbruster, 2001 and
references therein). The lath-shaped (needle-like) structure of xonotlite improves thermal
insulation, chemical resistance (Hartmann et al., 2015), and the ductility of autoclaved
materials (Javaid et al., 2022). However, its morphology and low density can compromise the
compressive strength (Javaid et al., 2022). Tobermorite, owing to its platelet-like morphology,
benefits the compressive strength of the materials (Cicek & Tanriverdi, 2007; Rézycka &
Kotwica, 2022). The formation of these C-S-H minerals is influenced by several parameters
such as temperature, Ca/Si ratio, and curing time (Merodio-Perea et al., 2022). Tobermorite
formation is promoted at a temperature range of 160-200 °C, a Ca/Si ratio of 0.83, and curing

times up to 15 hours (Merodio-Perea et al., 2022; Cai et al., 2023).

C-S-H phases precipitate directly from the aqueous solution in the pores of the

material (Galvankova et al., 2016). The process is divided into three main stages (Aretxabaleta
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et al., 2023; Shen et al., 2023). During the first stage, the dissolution of the raw materials
initiates to form a C-S-H gel. The second stage involves the crystallization of calcium silicate
hydrate gel forming C-S-H crystallites. The last stage includes the crystalline growth of the C-
S-H crystalline phases, which contribute to the compressive strength of the material. The
structure densification also contributes to the immobilization of heavy metals and metalloids

(Lu & Li 2019; Miao et al., 2022).

The most representative example of autoclaved building materials is the Autoclaved
Aerated Concrete (AAC). AAC usually consists of a mixture of sand (SiO2), cement, lime (Ca0),
gypsum (Ca(SO)s22H,0), and alumina (Al,03). Alumina reacts with the lime and water to
produce hydrogen gas, which creates tiny air bubbles throughout the material (e.g.,
Narayanan & Ramamurthy, 2000 and references therein). The mixture is casted into molds
and then cured in an autoclave, a high-pressure vessel, under steam. The high-pressure steam
curing process results in the formation of a cellular structure to the material’s surface, similar
to that of a sponge. AAC offers many advantages over traditional building materials, such as
low weight, which facilitates their handling and transportation (e.g., Rossi et al., 2022). Their
cellular structure provides excellent thermal and sound insulation, improving energy
efficiency and reducing operational costs (e.g., Walczak, 2023). In addition, AAC construction
elements are fire resistant ensuring safety and comfort within the built environment (Rathore,

2018 and references therein).

Sand-lime brick is another example of autoclaved building material becoming
increasingly popular in various European nations including Poland, Germany, Spain and
Slovakia (e.g., Jasinska et al., 2021). These bricks are usually produced by autoclaving a mixture
of sand, lime and water, which undergoes a hydrothermal treatment to accelerate the
maturation of the material, resulting in an artificial stone as the final product (Kostrzewa &
Stepien, 2017). The composition of sand-lime bricks plays a crucial role in their structural
integrity and performance, with factors such as autoclave conditions, temperature, steam
pressure and quality of constituents affecting the crystalline phases produced in the bricks

(Kostrzewa & Stepien, 2017).

Research has also explored the use of sand-lime bricks in environmental applications,
such as the use of them as low-cost adsorbents for the removal of copper (Il) from water,

demonstrating their potential for water treatment applications (Zhang et al., 2019). In
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addition, the modification of sand-lime bricks with additives, such as bentonite, has been
proved to improve their mechanical properties and workability in fresh condition (Owsiak &
Kostrzewa, 2017). Furthermore, Owsiak & Kostrzewa (2017) compared sand-lime bricks with
common bricks, highlighting the high environmental impact of energy-intensive clay sintering
in common brick production. Besides, Mollaei et al. (2022) demonstrated that sand-lime bricks
use medium-temperature, high-pressure hydrothermal curing, resulting in lower energy
consumption. Therefore, sand-lime bricks offer a sustainable and durable alternative in
construction, with ongoing research focusing on improving their properties, exploring
environmental applications and promoting environmentally friendly practices in brick

production.
1.2 Purpose & targets of the thesis

Applying the hydrothermal curing mentioned above, this diploma thesis examines the
possibility of valorization of the bottom ash (BASH) as a Supplementary Cementitious Material
(SCM) for autoclaved, pressed bricks (dense monoliths). It deals with the scientific knowledge
to the sustainable brick manufacturing sector, in terms of waste valorization and shaping and
curing processes. To this trajectory, it focuses on the production of hydrothermally cured,
inorganic polymer and OPC-based, pressed bricks, incorporating Hospital Medical Waste
Incineration Bottom Ash (HMWI BASH). The crystalline phases formed post-curing are
influenced by the original mineral-chemistry of the HMW!I BASH and the additional Ordinary
Portland Cement (OPC), SCMs (metakaolin / MK), and activating solutions (Na-silicate
solution) incorporated in the mixture. Additionally, the effectiveness of the brick production

process in encapsulating heavy elements is evaluated.

The mineral-chemistry and the properties of the initial HMWI BASH sample
(henceforth referred to as “raw sample”) and its seven (7) granulometric fractions (i.e., +8mm,
-8+4mm, -4+2mm, -2+1mm, -1+0.500mm, -0.500+0.250mm and -0.250mm) were assessed as
potential raw materials for the production of inorganic polymer and blended cement,
autoclaved, pressed bricks. The suitability of HMWI BASH as a building material was evaluated
based on its mineralogical and chemical composition, both in its raw form and across the

corresponding seven granulometric fractions. Additionally, the end products (autoclaved
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bricks) were subjected to mineralogical analysis, micro-textural observation, mechanical and
leaching assessments. The mix designs used in this BSc thesis serve as a "proof of concept,"
demonstrating that large quantities of HMWI BASH can be incorporated into autoclaved
bricks, achieving high strength, while complying with environmental policies (EN 12457/2)

regarding the leaching of hazardous elements.
A future work for the improvement of the HMWI BASH valorization may include:

v Optimization of the mix designs to maximize the compressive strength of the
pressed bricks while minimizing the leaching of heavy metals.
v Durability assessment (e.g., freeze-thaw cycles, water solubility, durability in

chemically harsh environments).
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2 MATERIALS AND METHODS — MIXED DESIGNS

The experimental part of the present work was partially at the school of Mineral
Resources Engineering / SMRE (Technical University of Crete / TUC) and at the Department of
Materials Engineering / MTM (KU Leuven). The characterization and evaluation of the studied
material was performed at the SMRE/TUC and the MTM/KUL, while the production and the

assessment of the dense monoliths were performed at the facilities of MTM/KUL.
2.1 Sample preparation

The HMW!I BASH raw sample was collected from the “APOTEFROTIRAS S.A.” hospital
medical waste incinerator plant. The studied inhomogeneous material had a brownish-black
color and exhibiting a glassy-like appearance. All the visible and relatively large pieces of
metal, needles and glasses, that were incorporated into HMW!I BASH, were carefully separated
by hand. For the preparation of the studied material, the raw sample was dried at 105 °C.
Then, a Jones riffle sample splitter was used to separate the material into representative sub-
samples. Afterwards, almost 11.7 kg of the homogeneous raw sample was classified into
certain particle size fractions using a series of ASTM Test sieves, following methodology
described by Gidarakos et al. (2009). In our case, the corresponding fractions were: +8mm, -
8+4mm, -4+2mm, -2+1mm, -1+0.500mm, -0.500+0.250mm, and -0.250mm (Image 3). For the
production of the pressed autoclaved bricks (dense monoliths) the HMWI BASH raw sample
and a 1:1 mixture of its 0.500+0.250mm and -0.250mm fractions were used, due to their lower
amorphous and higher gehlenite content, for comparison (see: Chapter 3). A detailed
chemical and mineralogical analysis of the raw sample and its fractions will clarify the
distribution of crystalline compounds, heavy metal partitioning, and reactivity, determining

whether sieving is necessary for improved building material performance.
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Image 3: The investigated HMW!I BASH raw sample (A) and its separated fractions by a series of ASTM Test
sieves, i.e. the +8mm fraction (B), the -8+4mm fraction (C), the -4+2mm fraction (D), the -2+1mm material (E), -
1+0.500mm fraction (F), the -0.500+0.250mm fraction (G) and the -0.250mm fraction (H).

2.2 Specific Surface Area (SSA) — Particle Size Distribution
(PSD) & Blain test (EN 196-6)

The HMWI BASH raw sample and the specific fractions (-0.500+0.250mm and -
0.250mm) were initially homogenized via disc milling using a FRITSCH Pulverisette-13 device,
and then milled for 40 minutes in a WIENER 1S ball-mill attritor with zirconia balls, using a
material-to-balls ratio of 1:6. Power consumption was monitored to assess the energy

efficiency of the milling process.

The specific surface area (SSA) was measured using the Blaine test (EN 196-6), while
particle size distribution (PSD) and bulk density analyses provided data on the physical
properties and homogeneity of the milled materials (Image 4). PSD was analyzed through laser
diffraction on diluted suspensions, using approximately 250 mg of milled HMW!I BASH in a
sonicated, distilled water bath within a Beckman Coulter LS13 320 laser diffraction device with

an ALM module. Bulk density was measured using a Micromeritics AccuPyc 1330 pycnometer.
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Image 4: Mechanical equipment for the mineral processing: (A) the Fritsch disk milling machine, (B) the Wiener
1S attritor using 10 mm steel or zirconia milling balls, and (C) the SSA measurement device for Blaine test
(ASTM C204).

The applied methodology (Figure 1) allowed for a detailed comprehension of the

physical properties of the studied raw material and its particular fractions (-0.500+0.250mm,

-0.250mm), aiding in informed decision-making for various applications.

1. Milling of the HMWI
Separate the
HMWI BASH BASH raw and
Reach to P Disc milling of the fractionated mixture
conclusions sievi pand v HMW!I BASH raw using a ball mill attritor Measure the PSD
about the —>] 5 rogriate —> andits 1:1 —>| 2. Reach high SSA (~8000 (—| of the milled
granulometric priianal fractionated cm?/g) for increased materials
fractions bereticlation mixture reactivity
3. Keep track of the
processes : :
electricity consumption

Figure 1: The mineral processing flowchart in the frame of the present BSc thesis.

2.3 Powder X-ray Diffraction (PXRD)

Bulk mineralogical composition of all the studied HMWI BASH raw and size fractions
samples was determined by powder X-ray diffraction (PXRD) using a Bruker D2 Phaser
Diffractometer (CuKk radiation, scan range: 5-70° with a step of 0.02°) at the Laboratory of

Applied Mineralogy of the Department of Materials Engineering, KU Leuven. The studied
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samples were homogeneously powdered using agate mortar and carefully loaded onto the
XRD holders avoiding particles’ orientation. An anti-scatter slit of 1 mm was utilized. Phase
identification was initially obtained using the database from ICDD (International Centre for

Diffraction Data) and was conducted using EVA® software (Bruker).

For the quantitative XRD analysis (QXRD) of the studied samples a pure rutile (TiO3)
external standard was utilized. The TOPAS® software package (Faddegon et al., 2020) was

employed for quantifying the identified mineralogical phases.

Besides, qualitative PXRD measurements on the grounded dense monoliths were
applied in order to check their bulk mineralogical composition, the formation of additional
mineralogical phases during the mix design processes and to detect any differences in the
mineralogy between the produced autoclaved bricks and the raw and fractionated HMWI

BASH materials.

2.4 Thermo gravimetric analysis/Differential Scanning

Calorimetry (TGA/DSC)

For the thermal characterization of the HMWI BASH studied material (raw sample and its
fractions), a Thermo-Gravimetric — Differential Scanning Calorimetry (TGA-DSC) simultaneous
analysis was performed by a Netzsch STA 449 F1 using a temperature range of 25-900 °C, with
a heating rate of 10 °C/min. The measurements were performed in a N2 atmosphere. The
device carries a precision micro scale, with a 25 ng detection limit, able to detect minor mass
changes during the heating of the investigating sample. After powdering in agate mortar in
order to reach a mean grain size of 20 um, samples of 80 mg each were placed in alumina
crucibles. Prior to the TGA-DSC analysis, a background measurement (without the sample) was
carried out using an empty alumina crucible under the same conditions, in order to eliminate
the mass changes caused by buoyancy in the gas atmosphere, and to establish a baseline for

the thermobalance. The loss on ignition (L.O.l.) of the samples was calculated as follows:

sample weight)25—(sample weight)950
L.0.l, = &ample weight)25-(sample welght)950 , 4

(sample weight)25
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2.5 Wavelength Dispersive X-ray Fluorescence (WD-XRF)

Spectrometry

The bulk chemical composition for major elements of the HMWI BASH was determined
by a Bruker S8 Tiger wavelength dispersive X-ray fluorescence (WD-XRF) spectrometer utilizing
fused glass beads. Before the fusion, the HMWI BASH samples were dried at 105 °C. The glass
beads were prepared by precisely weighing and homogenizing 1.4 g of HMWI BASH sample
with a 50:50 Li-tetraborate:Li-metaborate X-ray flux. For enhanced binding, 1 mL of LiBr
solution was added in the mixture. The samples underwent fusion at 1050 °C for 16 minutes.
To calibrate the spectrometer, ten (10) calibration standards were prepared based on the
average bulk chemical composition of various HMWI BASH samples reported in the literature

(Image 5).

FLUXER"

Image 5: The ten (10) calibration standards (left image) and the
Bruker S8 Tiger WD-XRF spectrometer (right image).

Technical University of Crete Konstantina Maria Bekiari School of Mineral Resources Engineering



19
Exploring the potential of HMWI bottom ash (BASH) as a promising raw material for the production of autoclaved bricks

2.6 Inductively Coupled Plasma Optical Emission

Spectrometry (ICP-OES)

Inductively coupled plasma optical emission spectrometry (ICP-OES) serves as a multi-
element source, capable of exciting numerous elements simultaneously within an inert argon
atmosphere. Spectroscopic analysis in emission mode necessitates the identification and
selection of appropriate analysis lines. However, this task is intricate in ICP-OES due to the
availability of numerous emission lines from both neutral atoms (10%) and ions (90%), each

varying in relative intensity leading to potential spectral interferences.

A real sample analysis typically yields average relative standard deviations ranging
from 1 to 10%. To enhance accuracy, a blank solution of nitric acid (HNOs) and hydrochloric
acid (HCl) in a 3:5 ratio was prepared, along with standard solutions to create the calibration
curve of the instrument. ICP-OES detection limits typically range from 1 to 100 parts per billion
(ppb), akin to those of flame atomic absorption spectroscopy (AAS). Notably, ICP-OES boasts

the lowest detection limits for numerous refractory elements such as boron and titanium.

With respect the bulk chemistry of the raw sample, its fractionated HMWI BASH
samples and the leachates of the produced dense monoliths, major and trace elements
analyses were performed using a Varian 720 ES. The analytical instrument is an axial
simultaneous ICP-OES, equipped with a cooled cone interface and oxygen-free optics,
enabling measurements in the low UV range, particularly useful for elements such as sulfur,

phosphorus, and aluminum.

For the digestion procedure of the raw and fractionated HMWI BASH, the materials
were prepared by carefully weighing between 0.500 g and 0.800 g of sample into designated
digestion tubes. The following acids were sequentially added: 5 mL of hydrochloric acid (HClI),
3 mL of nitric acid (HNOs), and 5 mL of hydrofluoric acid (HF). The tubes were securely sealed
to minimize fume exposure and placed in a microwave digestion system. The samples were
digested at 200 °C for 15 minutes with controlled rotation, followed by a cooling phase. When
the temperature dropped below 80 °C, the program was terminated, and the tubes were left
to cool for an additional 15 minutes before opening. This initial digestion process, specifically

designed for slag samples, took approximately 45 minutes.
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Each time, in order to prepare the final replicates appropriate for ICP-OES analysis, 6 g
of boric acid was dissolved in 25 mL of water. Each digestion tube was cautiously loosened to
release pressure and prevent agitation, and the boric acid solution was then gradually added
to neutralize any residual HF. The tubes were resealed and subjected to a second microwave
digestion program at a maximum temperature of 170 °C for 45 minutes, optimized for boric

acid neutralization.

After this second digestion, the tubes were opened slowly, and the contents were
rinsed with ultrapure water. The solution was then transferred to a sampler tube, with
additional ultrapure water used to rinse any remaining residue and to dilute the final solution
to a total volume of 100 mL. Once cooled, the sampler tube was sealed with laboratory tape,

thoroughly mixed, and stored in sample bottles, ready for ICP-OES analysis.

2.7 Laser Ablation Inductively Coupled Plasma Mass

Spectrometry (LA-ICP-MS)

Focusing on the trace element distribution in the studied HMWI BASH samples, a bulk
chemical analysis was conducted by means of Laser Ablation Inductively Coupled Plasma Mass
Spectrometry (LA-ICP-MS) at the WWU Miinster (Germany). Sample ablation for trace
elements analysis has been done using a 193 nm ArF excimer laser (Analyte G2, Photon
Machines) with a repetition rate of 10 Hz and energy of up to 15 J/cm? and a laser beam with

a maximum diameter of ~250 um throughout the measurements.

According to the literature (Kurosawa et al., 2017), a small amount of each powdered
material from the HMWI BASH raw sample and its seven (7) fractions was taken in order to
prepare the fused whole-rock glasses using exactly the same process followed during the WD-
XRF fused beads preparation (see: Chapter 2.5). Afterwards, the eight (8) fused whole-rock
glasses were carefully cracked. One fragment from each glass was then embedded into an
epoxy resin. The resin was left to harden overnight. The surface of the resin was grounded and
polished (Image 6) in the grinding and polishing laboratory of the MTM/KUL, similar to the

process that is mentioned in the following chapter (see: Chapter 2.8).
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Image 6: The eight (8) fused whole-rock glasses that were carefully cracked embedded into epoxy resin.
Numbers 1, 2, 3, 4, 5, 6,7 and 8 stand for the raw and its size fraction samples (i.e., +8mm, -8+4mm, -4+2mm, -
2+1mm, -1+0.500mm, -0.500+0.250mm and -0.250mm), respectively.

Three (3) point analysis were conducted; one (1) at the core and two (2) on the rim on
each fused bead fragment. Including the major elements that were previously measured using
WD-XRF, a total of fifty-three (53) elements were analyzed. The following masses were
monitored: 4>Sc, 4°Ti as internal standard, >V, *°Co, ®°Ni, 6>Cu, ®0Zn, ®°Ga, 73Ge, °As, 7’Se, 8°Rb,
835y 89y 907p 93Np, %Mo, 111Cd, 115In, 118Sn, 121Sh, 131Cs, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm,
151y, 157Gd, 159Th, 163Dy, 65H05, 166Er, 169Tm, 172Yb, 175Lu, V78Hf, 81Ta, 182\, 195pt, 203ph208,
232Th and 238U. Representative reference materials were used as external standards (Jochum
et al., 2007). In particular, for the trace elements in glass the SRM-612 standard from the
National Institute of Standards & Technology (NIST) of the Department of Commerce (USA)
was used. All the LA-ICP-MS data throughout the run products were calculated and monitoring
using the GLITTER software (van Achterbergh et al., 2001, Griffin et al., 2008). The LA-ICP-MS
measurements of the studied samples were achieved using QA/QC procedure that is

summarized in the following Table 1.
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Table 1: QA/QC data concerning bulk chemical analysis of the studied HMW!I BASH samples by LA-ICP-MS. The
STD1 (corresponding to the NIST SRM-612; Jochum et al., 2007) is the external standard, while *°Ti has been
measured as an internal standard.

Sc45 Ti49 V51 Co59 Ni60 Cu65 Zn66 Ga69 Ge73 As75 Se77 Rb85 Sr88 Y8 Zr90 Nb93 Mo95 Cd11l In115 Sn118 Sh121 Cs133

Analyte Unit
ppm___ppm___ ppm PPM___ppm__ ppm __ ppm___ ppm___ ppm___ ppm___ ppm___ppm___ppm___ ppm __ ppm __ ppm __ ppm _ ppm __ ppm _ ppm __ ppm
STD1 39.41 4225 39.28 3480 3799 36.69 4049 3829 36.26 36.14 1507 3131 7869 3763 36.61 39.26 3678 28.02 3878 3815 3542 4231
1 sigma error 1.47 4.27 1.87 1.46 4.62 2.00 3.35 6.87 2.59 2.25 2.19 1.24 3.06 1.46 1.87 1.61 1.67 1.56 122 2.04 2.10 1.66
MDL (99% confidence) 011 070 005 020 023 025 043 004 019 044 <000 004 003 001 020 <000 <000 034 001 005 008 001
sTD1 3944 4435 37.25 3602 3742 37.08 4010 3715 3534 3644 1769 3156 79.53 3815 3830 3883 3711 2836 3865 37.86 3425 4262
1 sigma error 148 451 178 151 455 204 337 664 257 229 259 125 309 148 196 159 170 162 122 203 204 167
MDL (99% confidence) 014 076 033 021 027 024 045 006 024 016 <0.00 005 003 001 020 001 <000 025 002 004 010 002
sTD1 4024 4692 3972 3625 3854 3926 3947 3758 3718 3481 1756 3130 77.62 3877 37.83 3874 3857 2710 3929 3881 3423 4234
1 sigma error 151 475 189 152 470 215 332 670 268 218 258 124 302 150 194 159 176 154 124  2.08 2.04 166
MDL (99% confidence) 0.13 0.82 0.07 0.20 0.26 0.21 0.73 0.04 0.34 0.13 1.20 0.04 0.04 <0.00 0.19  <0.00 0.05 0.29 0.01 0.07 0.09 0.02
STD1 40.13 4519 3742 3471 3730 3946 3817 3431 3501 3556 1748 3071 7693 3773 4010 3829 36.66 2878 3885 3874 3387 4247
1 sigma error 1.65 5.55 2.07 1.65 5.69 257 397 7.37 3.06 2.62 3.08 1.36 3.33 1.63 2.42 1.79 1.90 1.81 1.25 2.44 243 1.86
MDL (99% confidence) 0.11 0.82 0.05 0.21 0.29 0.39 0.92 0.03 0.23 031 1.01 0.04 0.03 0.02 0.19  <0.00 0.06 0.24 0.01 0.05 0.05 0.02
STD1 4113 4267 3993 3635 3845 3862 3809 3679 3833 3761 16.04 3261 8047 39.11 3860 4033 3761 29.22 3917 4110 37.18 4435
1 sigma error 1.70 5.34 2.24 175 5.99 2.55 4.02 8.05 3.39 2.80 2.95 1.46 3.52 1.71 237 1.91 1.97 1.85 127 2.63 2.72 1.97
MDL (99% confidence) 015 066 006 023 037 031 073 006 035 023 18 005 013 <000 020 <0.00 <0.00 <0.00 002 009 008 002
STD1 39.86 4236 38.89 3482 4679 3680 3584 3482 3432 3368 1446 31.09 7685 39.06 37.61 37.85 37.69 2805 3869 3816 3346 43.13
1 sigma error 166 539 221 169 743 247 385 776 309 256 263 141 340 172 235 181 199 179 125 248 249 194
MDL (99% confidence) 014 091 006 021 027 029 <000 006 <0.00 042 <0.00 004 003 004 017 <0.00 <0.00 042 002 005 010 0.02
STD1 3950 4895 3873 3582 37.90 37.03 4193 4685 37.85 3591 1602 3145 7941 37.66 37.07 39.07 3844 2809 39.01 39.13 3541 4254
1 sigma error 198 836 284 219 834 330 619 1389 460 357 393 176 432 205 304 237 256 223 134 334 355 237
MDL (99% confidence) 0.11 0.61 0.05 0.20 0.25 0.29 0.78 0.04 <0.00 031 1.05 0.04 0.04  <0.00 0.20 0.01 <0.00 0.48 0.01 0.09 0.05 0.02
STD1 39.64 4105 3890 3550 3695 3799 3957 3275 3511 3589 1730 31.30 7810 3835 3762 3897 3652 2742 3880 3729 3411 42,02
1 sigma error 2.01 7.15 2.89 2.20 829 3.44 5.96 9.87 4.35 3.62 4.26 178 4.30 211 3.14 2.40 2.47 219 133 3.23 3.48 237
MDL (99% confidence) 0.11 0.62 0.07 0.19 0.27 0.24 0.79 0.02 0.24 0.16  <0.00 0.03 0.03 0.01 020  <0.00 0.06 0.24 0.02 0.07 0.04 0.02
STD1 39.25 4034 3740 36.22 3738 3794 3766 3162 3454 3460 1355 3217 7552 3805 46.07 3844 3661 3043 3792 3895 3520 43.11
1 sigma error 2.02 7.16 2.83 2.28 854 3.50 5.80 9.68 437 3.56 3.49 1.85 4.22 212 391 241 251 2.46 131 3.43 3.66 247
MDL (99% confidence) 0.12 0.82 0.06 0.21 0.27 0.27 1.21 0.13 0.42 0.45 1.06 0.04 0.04 0.02 029 <0.00 <0.00 <0.00 0.02 0.07 0.08 0.02
Analyte Unit Ba 137 La139 Ce 140 Pr141 Nd 146 Sm 147 Eu 151 Gd 157 Th 159 Dy 163 Ho 165 Er 166 Tm 169 Yb 172 Lu 175 Hf178 Ta181 W 182 Pt195 Pb208 Th232 U238
ppm___ppm___ppm _ ppm _ ppm _ ppm _ ppm _ ppm _ ppm __ppm __ppm __ ppm __ppm __ ppm __ppm ___ppm___ppm ___ppm ___ ppm __ ppm __ ppm __ ppm

STD1 3833 3527 3790 3752 3566 3695 3484 3700 3760 3552 37.89 3756 3577 3938 36.83 3637 3759 3812 264 3865 3769 37.64
1 sigma error 1.90 1.45 146 1.52 1.62 1.58 1.43 167 1.28 1.23 1.41 1.29 1.60 1.53 1.45 1.68 1.71 1.72 0.19 1.53 1.37 1.32
MDL (99% confidence) 0.09 0.00 <0.00 <0.00 0.02 <0.00 0.01 0.04 <000 <000 <0.00 <0.00 0.09 <0.00 <0.00 0.02 <000 <0.00 <0.00 001 <0.00 <0.00
STD1 3852 3663 3863 37.88 3551 3869 3564 3711 3770 3546 3867 38.08 3745 3982 36.85 3548 3820 37.72 242 3795 3767 3698
1 sigma error 1.92 1.51 1.49 1.53 1.62 1.66 1.47 1.68 1.29 1.23 1.44 1.31 1.67 1.56 1.45 1.65 173 1.71 0.18 1.51 1.37 1.30
MDL (99% confidence) 0.05 <0.00 <0.00 001 <0.00 <000 <000 <0.00 0.00 <0.00 <000 <0.00 0.00  <0.00 0.00 <0.00 <000 <0.00 <0.00 001 <0.00 <0.00
STD1 39.44 3657 3871 3820 3564 3797 3611 3748 3732 3557 3875 3844 3762 3806 3736 3819 3714 3875 253 39.01 3756 37.33
1 sigma error 196 151 149 155 163 163 149 170 128 123 144 132 168 149 147 177 169 176 018 155 136 131
MDL (99% confidence) 008 000 <0.00 000 <000 002 <000 004 <0.00 <0.00 000 <0.00 000 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00
STD1 4070 3497 3779 3749 3440 3682 3475 3669 3742 3473 37.36 37.52 3547 3885 3598 3635 3633 3637 252 3820 3743 3676
1 sigma error 238 164 163 172 180 180 162 190 137 128 154 137 18 170 159 198 193 193 022 170 149 139
MDL (99% confidence) <000 <0.00 003 001 <0.00 <0.00 <0.00 003 <0.00 <0.00 <0.00 <0.00 000 <0.00 <0.00 <0.00 <0.00 003 <0.00 001 <0.00 <0.00
STD1 4040 36.86 39.61 39.50 37.03 3854 36.54 39.28 3847 3616 39.15 3860 37.67 4007 3831 3786 3934 3911 253 3983 39.09 3823
1 sigma error 239 175 173 184 197 191 172 206 141 134 163 142 197 177 172 210 212 211 022 180 157 146
MDL (99% confidence) 0.05 001 <000 <000 <0.00 <0.00 0.01 0.03 <0.00 <000 <0.00 <0.00 0.00  <0.00 0.00 <000 <000 <0.00 <0.00 0.01 0.01  <0.00
STD1 4035 3575 3802 3719 3461 3732 3631 3678 3731 3555 3790 3792 3692 3943 3679 3629 3719 3753 235 3794 3782 3745
1 sigma error 2.42 172 1.68 1.75 1.86 1.87 1.73 1.95 1.38 1.32 1.59 1.40 1.96 1.76 1.67 2.04 2.03 2.06 021 173 1.53 1.44
MDL (99% confidence) 0.05 <0.00 001 <0.00 <000 <000 <0.00 0.04 <000 <000 <0.00 <0.00 <000 <0.00 <0.00 <0.00 002 <0.00 <0.00 001 <0.00 <0.00
STD1 3834 3640 3882 3785 3580 37.16 3549 3747 37.87 3553 3836 3826 3693 3940 37.09 3632 3731 3774 2.64 3803 3767 37.03
1 sigma error 3.03 221 2.12 2.25 2.46 2.35 213 253 1.61 1.52 1.96 1.63 2.52 2.18 2.10 2.69 2.65 2.71 0.32 2.16 1.84 1.68
MDL (99% confidence) 0.07 <0.00 <000 <0.00 <0.00 <0.00 0.01 0.04 <000 <000 <0.00 <000 <0.00 <0.00 0.00 <0.00 <000 <0.00 <0.00 001 <0.00 <0.00
STD1 3861 3580 37.94 37.80 3553 3838 3525 3683 3722 3549 3846 3773 3676 3871 3689 3686 37.89 3871 248 39.01 3748 3756
1 sigma error 310 221 210 228 248 246 215 252 160 153 199 162 255 217 211 277 274 283 030 225 185 172
MDL (99% confidence) <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 003 000 <0.00 001 <0.00 <0.00 <0.00 000 <0.00 <0.00 009 <0.00 002 <0.00 <0.00
STD1 3886 3536 3819 3830 3512 3865 348 3577 3701 3473 3827 3841 3658 3894 3650 3652 37.82 3894 240 3745 37.99 36.87
1 sigma error 318 221 214 234 249 251 215 249 161 151 201 167 258 222 212 28 278 289 030 219 190 171
MDL (99% confidence) 0.10 0.01  <0.00  <0.00 0.03 <0.00 <0.00 0.02  <0.00 <0.00 <0.00 0.01 _ <0.00 0.03 0.00 <0.00 <0.00 <0.00 0.02 001  <0.00  <0.00

2.7.1 A statistical approach of the LA-ICP-MS data collection

The correlation analysis of the LA-ICP-MS data collection along with the WD-XRF
dataset for the major elements, the ICP-OES in the case of Au concentration (see: Chapter
3.2.3) and the QXRD results (see: Chapter 3.2.1), was applied to study the relationship among
different datasets. In particular, despite the relatively low number of the studied HMWI BASH
samples (n=8) potentially yielding uncertainties, the principal was to determine the degree to
which an element might be positively or negatively correlated with another or, even, with the
amorphous matrix (e.g., Saravanan & Ramesh, 2024 and references therein). The statistical

analysis was performed using the MS Excel software package.
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2.8 Scanning Electron Microscopy — Energy Dispersive X-ray

Spectroscopy (SEM-EDS)

Details back-scattered imaging (BSE) for the textural and morphological observation
and the chemical composition in microscale, were obtained by means of scanning electron
microscopy (SEM) on samples’ surfaces. For the SEM-BSE observations and the EDS analysis,
of the HMWI BASH raw sample and its size fraction samples, a PHILIPS XL30 FEG SEM equipped
with an EDAX energy dispersive X-ray spectroscopy (EDS) detector was utilized. The
instrument is located in the electron microscopy laboratory of KU Leuven, Department of
Materials Engineering. The SEM-EDS experiments were performed under high vacuum (15 and
20 kV) and a working distance of 10 mm. Point analyses on specific micro-domains, previously
observed by BSE, were done (i.e., standardless analysis). A small amount of each powdered
sample was embedded into an epoxy resin. The resin was left to harden overnight. The surface
of the resin was grounded and polished in the grinding and polishing laboratory of the
MTM/KUL. All the specimens were carbon coated in order to reduce e-beam damage due to

charging effects, making the surface electrically conductive.

2.9 Mix designs towards the production of the autoclaved

bricks

The valorisation of the studied HMWI BASH material has been performed by applying
six (6) different formulations following three (3) mix design (Table 2) toward to the production
of sustainable pressed autoclaved bricks (Figure 2). Each formulation refers to the
incorporation of a different sample from the HMWI BASH material provided by
“APOTEFROTIRAS SA”, i.e. (a) the HMWI BASH raw sample and (b) the 1:1 mixture of the
HMWI BASH finest fractions of -0.500+0.250mm and -0.250mm. The finest fractions were
used due to their relatively lower amorphous and higher gehlenite content (see: Chapter 3),

for comparison. Two sets of autoclaved bricks per formulation were produced.

As much as HMWI BASH material was utilized each time (i.e., 60 wt.%); same for all

formulations compared. The IP100 mix design refers to an inorganic polymer (IP) that contains
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HMWI BASH material (60 wt.%) as a supplementary cementitious material (SCM), acting as
binder. The IP_MK mix design refers to an IP that contains HMWI BASH material (60 wt.%) and
metakaolin / MK (10 wt.%), both as SCM, acting as binders, too. The BLD mix design refers to
a blended cement, containing HMW!I BASH material (60 wt.%) as SCM and ordinary Portland
cement / OPC (10 wt.%), both as binders. All the aforementioned mix designs incorporate M31
and M34 grade quartz sand as aggregates. A Na-silicate solution, with a Na/Si molar ratio of
1.6 and a water content of 65%, was used as an activator for both inorganic polymers (IPs).

For the BLD mix design, tap water was used (Table 2).

Table 2: Six different formulations, following the three mix design, utilizing a different sample each time from
the HMW!I BASH material (i.e., the raw sample and the 1:1 mixture of its finest fractions of -0.500+0.250mm & -
0.250mm). Two sets of cubic bricks per formulation were produced.

Inorganic Polymer Blended Cement
Mix Design > 1P100 IP_MK BLD
Formulation > IP100_R 1P100_F IP_MK_R IP_MK_F BLD_R BLD_F
1:1 mixture 1:1 mixture 1:1 mixture
0 HMWI1 BASH raw sample finetst raw sample finetst raw sample fine_st
g SCMs fractions fractions fractions
'csn 60 60 60 60 60 60
MK - - 10 10 - -
OoPC - - - - 10 10
M31 20 20 15 15 15 15
Aggregates
M34 20 20 15 15 15 15
Total 100 100 100 100 100 100
Liquids (L/S=0.175) Na-silicate (1.65NS65) Na-silicate (1.65NS65) Tap Water

The binders and aggregates of the mix designs and related formulations were mixed
with the respective solutions (liquids) in an EIRICH EL1 mixer to produce a compressible wet
powder (see: left photo of Image 7). The wet powder was then inserted in the 4x4x4 cm
metallic mold of a PAUL WEBER hydraulic press (see: central photo of Image 7). The pressing

force applied on the wet powder was 35 kN (~21 MPa) for 60 seconds.

v
v
Y

U
105 i .l.. l J N
22, Fo a0

Drying Disc-milling Attritor-milling Mixing of SCMs Pressing of Hydrothermal curing of
aggregates the wet powder dense monoliths
and liquids into dense monoliths

Figure 2: A typical flowchart for the autoclaved bricks production process during the present thesis.
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The pressed cubic bricks were placed in a PARKER AUTOCLAVE ENGINEERS autoclave
for 24 hours to be cured in hydrothermal conditions (see: right photo of Image 7). The
temperature was set at 220 °C corresponding to an internal steam pressure of 23.2 bars. After
the completion of the curing, the dense monoliths were placed in a MEMMERT drying oven at
70 °C for 24 hours. The final products were assessed in terms of their compressive strength
using an INSTRON 5985 hydraulic press. The pressing rate applied to its 250 kN load cell was
2 mm/min. The crystalline components of the produced dense monoliths were studied by

means of PXRD in order to understand their mechanical properties.

Production of the wet powder Production ofthe pressed Autoclave manufactured
with the EIRICH EL1 mixer bricks with the PAUL by PARKER AUTOCLAVE
WEBER hydraulic press ENGINEERS

Image 7: Process for the production of autoclave bricks.

2.10Leaching experiments for the autoclaved bricks (EN

12457/2)

According to EN 12457/2 standards, leaching tests on the autoclaved bricks were
carried out, in order to study any leakage of heavy metals from the material toward to the
environment. During this process, 1 g of dried material with a particle size <4 mm was
immersed in small bottles with 10 g of nano-pure water. The bottles were left to shake on a
shaking table for 24 hours. The leachates were filtered by a 10 um filter and analyzed by ICP-

OES to determine the potential release of heavy metals to the environment.
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3 RESULTS & DISCUSSION

3.1 Determination of particle size distribution of HMWI

BASH samples

Using a series of ASTM Test sieves, the studied HMW!I BASH raw sample was sieved in
order to create significant fractions of +8mm, -8+4mm, -4+2mm, -2+1mm, -1+0.500mm, -
0.500+0.250mm and -0.250mm, respectively. The reason was to study whether or not sieving
is a necessary tool for improved building material performance. To this trajectory, the mass
distribution (see: Table 3 and left diagram of Figure 3) and the particle size analysis (see: Table
3 and right diagram of Figure 3) of the HMWI BASH material after sieving and before milling
(see: Chapter 3.4) were studied. Furthermore, a detailed chemical and mineralogical analysis
of the raw sample and its fractions was applied (see: Chapters 3.2 & 3.3), in order to
investigate the distribution of crystalline compounds, the heavy metals partitioning, and

reactivity throughout the fractionated samples.

Table 3: Mass distribution of the HMWI BASH raw sample among sieving fractions using ASTM Test sieves.

Sieve Sl?ve Mfaan Mass Mass Ma?s
size size passing
(mm) (mm) (mm) (9) (%) (%)
+8 8 12 1394,2 11,9 88,1
-8+4 4 6 2381,0 20,3 67,8
-4+2 2 3 2764,4 23,6 44,2
-2+1 1 1,5 1778,4 15,2 29,0
-1+0.500 0,5 0,75 1034,4 8,8 20,2
-0.500+0.250 0,25 0,375 794,3 6,8 13,4
-0.250 0,125 1572,6 13,4 0,0
Total: 11719,3 100,0

According to the left diagram of Figure 3, the highest mass of the studied HMWI BASH
sample concentrated in the coarser fractions with a particle size of >2 mm. In particular, the
highest retained mass percentages are observed in the -4+2 and -8+4 fractions, indicating that

almost half of the material (i.e., 43.9%) is within the mean size range of 3-6 mm. Nevertheless,
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finer particles (mean size of 0.125 mm) contribute a significant mass percentage (13.4%),
highlighting the presence of this size range material in the studied HMWI BASH sample. The
mass is distributed over a wide range sizes, signifying a broad particle size distribution rather

than a uniform one.

25 100
| g0 |
15 | 60 |
10 a0 |
| I I 1
. . . . . . [
12 6 3 15 0.75 0.375 0.125 0.1 1 10

Mean size (mm) Particle size (mm)

Mass (%)
Mass passing (%)

«

o

Figure 3: Mass distribution (left diagram) and particle size (right diagram) of the HMW!I BASH raw sample
among sieving fractions (Table 3), before milling (see: Chapter 3.4).

Moreover, the right diagram of Figure 3 provides insights into the particle size
distribution (PSD) of the material. The curve demonstrates a continuous increase, indicating
that the material is well-graded and contains both fine and coarse particles. By the largest
sieve size (8 mm), close to 90% of the material has passed through, meaning that the material
contains no excessively large particles. The characteristic particle sizes are dgo = 6.2 mm and

dso = 2.4 mm, where dgo represents the 80% passing size and dso the 50% passing size.

3.2 Bulk mineral-chemistry of HMWI BASH samples

3.2.1 Powder quantitative X-ray diffraction (QXRD) results

According to the powder XRD patterns (Figures 4 & 5), the studied HMWI BASH raw
sample and its fractions (i.e., +8mm, -8+4mm, -4+2mm, -2+1mm, -1+0.500mm,
0.500+0.250mm and -0.250mm) contain both amorphous and crystalline phases. Moreover,
the quantitative XRD analysis / QXRD (see: Table 4) revealed the distribution of different

crystalline phases across the fractions, offering insights into the compositional variability
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within the waste material, which is crucial for selecting the optimal fractions for further

processing and application in dense monolith production.

Cr = Cristobalite

G = Gehlenite

Q = Quartz

2000 4| PW = Pseudowollastonite
C = Calcite

F = Fayalite

P = Perovskite

4/ Co=Corundum

1000

Intensity (a.u.)

Diffraction angle (°2theta) (Cu K-alpha)

Figure 4: PXRD pattern of the HMW!I BASH raw sample (for the abbreviations, see: Table 4 below).

90
G
c
80 G 3 P
66 Cr, & geee grz® G gP
70 <
G qfcC P
GG Cr [ S6e oPEG G 8P
L cai
Cr [
m ‘P Seeg QgrEc © 3
% 50 Cr QE = ~ +8
> 8E sk 8 o
% 40 ¢ 2
r
Qg xF o -2+1
s cS; oF 8 i 38 1405
€ 30 e e ——05+0,25
)= L —-025
cr Q,CGF 8§ SE 3
3y
20 g
¢ 3
" Qyc6F gz 8 8
i,
10
o+
10 20 30 40 50 60
20 ()

Figure 5: PXRD patterns of the HMW!I BASH fractions (i.e., +8mm, -8+4mm, -4+2mm, -2+1mm, -1+0.500mm, -
0.500+0.250mm and -0.250mm; for the abbreviations, see: Table 4 below).
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Table 4: Quantitative XRD results of the HMW!I BASH raw and fractionated samples using the TOPAS® software package (Faddegon et al., 2020).

Phase (%) Chemica|1 :IXI::I_II raw FRACTIONS
Formula® |\ pr*? +8 +8-4 442 241 -1+0.5 -0.5+0.25 -0.25
Quartz Sio, Q 0.53 0.89 0.84 1.02 0.71 1.86 1.79 nd
Cristobalite Sio, Cr 1.03 1.83 1.77 1.80 2.09 1.26 1.29 1.41
Calcite CaCO; C 0.76 0.77 0.72 0.70 0.76 1.84 3.68 6.67
Gehlenite Ca,Al(AlSi)O, G 5.12 nd nd nd nd 9.37 11.31 12.35
Perovskite CaTiO, P 2.79 nd nd nd nd 4.86 7.74 8.23
Pseudo-wollastonite CaSiO, PW 4.88 8.01 8.19 8.58 7.92 3.79 3.46 2.57
Fayalite Fe22+Si04 F 2.03 0.78 0.64 0.51 0.32 0.25 nd nd
Orthoclase KAISi;Oq4 Or nd 4.20 4.89 5.32 4.71 nd nd nd
Corundum Al,O4 Co 2.16 5.24 5.39 5.35 4.74 3.25 0.98 3.35
Total of crystalline phases 19.30 21.72 22.44 23.28 21.25 26.48 30.25 34.58
Amorphous - - 80.70 78.28 77.56 76.72 78.75 73.52 69.75 65.42
Comments
*1, https://rruff.geo.arizona.edu/AMS/amcsd.php
*2; Abbreviations
nd : not detected
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The amorphous phase is attributed to the rapid cooling after water quenching of the
bottom ash melt. A high amorphous content provides a relative larger surface area and higher
accessibility of reactive sites, promoting more extensive interactions with surrounding
substances (Gartner et al., 2017). This increased reactivity is advantageous under
hydrothermal curing conditions, which favor the dissolution and precipitation processes
necessary for mineralogical transformation (Wang et al., 2018). Furthermore, as confirmed by
mineral processing observations (see: Chapter 3.1 above), the relatively low crystalline
content leads to more effective milling, benefiting both energy consumption and processing

time.

The amorphous matrix envelops primarily high-temperature crystalline compounds
such as cristobalite (SiO;), corundum (Al;03), pseudo-wollastonite (CaSiOs), perovskite
(CaTiOs3) and fayalite (Fe22*SiO4). Based on the QXRD analysis (Table 4), the grain size of the
studied materials seems to dictate the crystalline and amorphous contents. In particular, the
distribution of the identified crystalline compounds differs through the individual HMWI BASH
fractions. Perovskite and gehlenite are mostly accumulated in the two finest fractions (i.e., -
0.500+0.250mm and -0.250mm). Higher amount of fayalite was detected in the raw sample,
while its concentration is getting decreased towards the finer fractions of the studied material
(see: Figure 6 below). It is noteworthy to mention that fayalite could not been detected to the
two finest fractions (i.e., -0.500+0.250mm and -0.250mm). Based on the bulk chemical
analysis by means of WD-XRF (see: Chapter 3.2.3 below), the total iron content varies
throughout the studied material regardless the grain size of the fractions, indicating that iron
might also be present in the structure of other phases. The latter can be supported by the
following SEM observations and EDS spectral results (see: Chapter 3.3 and relative figures in
the Appendix, below), revealing the existence of various (sub)-micro-sized metals-containing
particles -also containing heavy metals such as Cr and Cu- embedded into a Si-Na-containing
amorphous matrix, that were not previously detected by PXRD. Pseudo-wollastonite seems to
be accumulated at higher concentrations in the raw material and the coarser fractions (i.e.,
+8mm, -8+4mm, -4+2mm and -2+1mm). On the other hand, quartz is present in minor
concentrations in most of the fractions, while it was not detected in the finest one. Calcite is
mostly accumulated in the finer fractions (i.e., -1+0.500mm and -0.500+0.250mm), but not in

the finest one (i.e., -0.250mm).
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Figure 6: Spider diagram for the total crystalline and amorphous contents (in secondary Y axis) of
the HMW!I BASH raw and fractionated samples, also showing the distribution of different

crystalline phases (i.e., gehlenite, perovskite and fayalite in primary Y axis) across the fractions.

In addition to the amorphous matrix, certain crystalline compounds can contribute to
the reactivity of a material in cementitious and/or inorganic polymer systems. The presence
of fayalite and pseudo-wollastonite may enhance the reactivity of HMWI BASH, especially
under hydrothermal curing conditions. According to Onisei et al. (2015), the reactivity of
fayalite in inorganic polymer systems is limited. However, Wang et al. (2024) observed that
fayalite (Fe,?*SiO4) contributes to the formation of C-A-S-H phases, such as ettringite
(CasAl2(S04)3(0OH)12226H,0), which are responsible for the early strength of cementitious

systems.

Wollastonite (CaSiOs) is a calcium silicate phase formed under high temperatures
and/or pressures. According to Winnefeld et al. (2023), it facilitates cement hydration due to
its filler effect, even though this crystalline phase itself does not exhibit reactivity in an alkaline
environment. Wollastonite contributes to the formation of C-S-H crystalline phases, such as
tobermorite (CasSis(O,0H)18#5H20), when it interacts with cement, thereby enhancing the
mechanical performance of building materials (Rakhimbaev et al., 2020). Wollastonite also
holds potential for carbon sequestration (Yadav & Mehra, 2019). Upon carbonation, it
produces quartz and various calcium carbonate polymorphs, e.g. calcite, aragonite, vaterite,

etc. (Huijgen et al., 2006). Consequently, the pseudo-wollastonite present in the HMW!I BASH
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studied material can act as a carbon-sequestering material, while simultaneously improving

the mechanical properties of the dense monoliths.

The QXRD results revealed the presence of Al;Os crystals in the form of corundum in
the HMWI BASH studied material. Alumina contributes to the formation of C-A-S-H phases in
cementitious systems, offering enhanced strength and setting properties. The Al,O3 content
influences the dissolution rate, with a fraction of Al,03 acting as a network modifier in addition
to being a network-forming oxide (Skibsted & Snellings, 2019). Moreover, Al,03 has been
identified as a component of Al,03-Fe;03-mono (AFm) phases, which exhibit high sorption

capacity for certain ions within the cementitious matrix (e.g., Nedyalkova et al., 2020).

Gehlenite has not been extensively investigated regarding its reactivity in cementitious
systems, but it can be present as a minor phase in clinkers, with its abundance varying based
on the cooling regime applied during clinker production (Dolenec et al., 2020). Additionally,
the interaction of gehlenite with other components in the cement matrix, such as amorphous
silica from fly ash, has been suggested to lead to the formation of gismondine /

CazAl4Si401629H,0 (Vichan et al., 2013).

Perovskite does not exhibit reactivity but holds potential as a heavy metal carrier,
contributing to the immobilization of potentially hazardous elements and acting as a
secondary source for metal recovery (Gamaletsos et al., 2016). The SEM-EDS investigation
(see: Chapter 3.3 and related figures in the Appendix, below) confirmed that perovskite

crystals are enveloped in the amorphous matrix of HMWI BASH and accumulate heavy metals.

In conclusion, the studied HMWI BASH raw sample and its coarser fractions contain a
greater proportion of amorphous material, while crystalline phases -mainly gehlenite- are
mainly concentrated in the finer fractions. The aforementioned compositional differentiation
illustrated in the above spider diagram (Figure 6) was crucial in selecting suitable fractions for
dense monolith manufacturing. Specifically, the HMWI BASH raw sample and its 1:1 mixture
of the -0.500+0.250mm and -0.250mm finest fractions were utilized to assess whether this

variation in mineralogy affects the resulting mechanical properties of the monoliths.
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3.2.2 Thermal behavior (TGA-DSC) results

The thermal characterization of the studied HMW!I BASH raw material and its fractions
(i.e., +8mm, -8+4mm, -4+2mm, -2+1mm, -1+0.500mm, -0.500+0.250mm and -0.250mm), by
means of TGA-DSC simultaneous analysis was performed at a temperature range of 25-900 °C.
The calculated loss on ignition (LOI) of the studied materials is presented in Table 5. The finer
fractions present higher LOls, due to their higher content in calcite, which slightly decomposes

after 600 °C and rapidly above 750 °C into CaO and CO; (e.g., Karunadasa et al. 2019).

Table 5: Loss on ignition (LOI) of the studied HMW!I BASH raw sample and its fractions.

Fractions (in mm)
+8 | -8+4  -4+2  -2+1 | -1+0.5 | -0.5+0.25 -0.25
LOI (%) 141 0.91 | 0.11 | 041 | 0.77 2.73 4.32 7.37

Samples Raw

The TGA-DSC results of the HMW!I BASH (Figure 7) confirmed the PXRD data, even
though some data cannot be confirmed due to the extensive background noise of the PXRD
patterns, originating from the high amorphous content. According to Essam et al. (2023), the
endothermic peaks between 200-300 °C can correspond to the thermal disintegration of
calcium and aluminum silicate phases -in this case- gehlenite. The endothermic peaks just

above the 600 °C confirm the presence of carbonated phases (Agioutanti et al., 2019).
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Figure 7: Simultaneous TG-DTG (left image) and the heat flow (right image) curves of the studied HMWI BASH
raw material.
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The TGA-DSC curves of the studied fractionated samples (Figures 8-14) are in line with
the PXRD data mentioned above. It is noteworthy that the corresponding curves (Figures 8-
14) differ from the TGA-DSC curve of the raw sample (Figure 7). This might be affected by the
elemental and/or organic carbon content due to the HMWI BASH origin (e.g., Kougemitrou et
al. 2011; Anastasiadou et al. 2012), and also influenced by the presence of the Ca- and/or Al-
containing phases (e.g., Rocca et al. 2013). In particular, the exothermic peaks at above 600
°C that were found in some of the TGA-DSC curves of the coarser fractions (see: Figures 8-11),
especially in the -4+2 and less in the -8+4mm and -2+1mm fractions (Figures 9-11), may
correspond to a phase transformation that emit heat, even if PXRD data do not provide further
information about the existence of such phase. According to the literature (e.g., Marinkovic
et al. 2009), such exothermic peaks might be attributed to the unburned elemental and/or
organic carbon combustion incorporated either in amorphous matrix and/or in crystalline
compounds. The higher carbon incorporation in the amorphous matrix the lower temperature
exothermic peaks can be yielded. Besides, the observed differences in the shape of the
exothermic peaks between the studied fractions (i.e., +8mm, -8+4mm, -4+2mm and -2+1mm;
see: Figures 8-11), most probably might be ascribed to the variation of the amorphous-to-
crystalline phase ratio (Marinkovic et al. 2009). On the other hand, the absence of such intense
exothermic peaks and, at the same time, the presence of a small endothermic peak at around
600 °C in the finest fractions (-1+0.500mm, -0.500+0.250mm and -0.250mm; see: Figures 12-
14), most probably is due to the existence of carbonates and less amorphous content, in line

with the QXRD results (see: Table 4 above).
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Figure 8: Simultaneous TG-DTG (left image) and the heat flow (right image) curves of the studied +8mm
fraction (mean grain size of 12 mm) of the HMW!I BASH material.
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Figure 9: Simultaneous TG-DTG (left image) and the heat flow (right image) curves of the studied -8+4mm
fraction (mean grain size of 6 mm) of the HMWI BASH material.
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Figure 10: Simultaneous TG-DTG (left image) and the heat flow (right image) curves of the studied -4+2mm
fraction (mean grain size of 3 mm) of the HMW!I BASH material.
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Figure 12: Simultaneous TG-DTG (left image) and the heat flow (right image) curves of the studied -1+0.500mm
fraction (mean grain size of 0.5 mm) of the HMW!I BASH material.
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Figure 13: Simultaneous TG-DTG (left image) and the heat flow (right image) curves of the studied -
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Figure 14: Simultaneous TG-DTG (left image) and the heat flow (right image) curves of the studied -0.250mm
fraction (mean grain size of 0.125 mm) of the HMW!I BASH material.
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3.2.3 Whole-rock major & trace elements analysis

The chemical analysis for major and trace elements by means of WD-XRF, ICP-OES and
Laser Ablation ICP-MS (LA-ICP-MS) are shown in the Table 6. The bulk chemical composition
of the studied HMW!I BASH raw sample is predominantly composed of Si, Ca, Al, and Na. These
elements are the main constituents of certain crystalline compounds found by QXRD, such as
gehlenite (CaAl(AlSi)O7), pseudo-wollastonite (CaSiOs), corundum (Al,O3) and other silicate

phases, while Si and Na are strongly correlated with the amorphous matrix, as well.

Table 6: Major and trace element concentrations of the HMWI BASH raw sample and its corresponding

fractions.
Analyte j
Unity o FRACTIONS (in mm)
+8 -8+4 -4+2 -2+1 -1+0.5 -0.5+0.25 -0.25
wt. %
Sio, 53.08 59.18 62.62 61.81 62.67 51.35 42.16 30.11
Al,O, 13.80 11.84 9.35 10.44 8.04 11.34 13.05 13.08
Fe,054(T) 1.41 3.03 1.35 1.57 1.66 1.90 2.41 3.92
MnO 0.20 0.00 0.09 0.04 0.05 0.02 0.03 0.04
MgO 1.70 1.40 1.45 1.19 1.18 2.16 2.51 3.37
Ca0 18.52 14.26 15.73 15.01 16.65 20.77 26.02 31.17
Na,0 6.44 7.24 7.26 7.62 6.99 5.50 4.12 3.29
K,O 0.51 0.50 0.65 0.59 0.66 0.44 0.74 0.31
Tio, 1.54 0.99 0.88 0.92 1.04 1.65 3.24 4.70
P,05 0.47 0.36 0.30 0.21 0.19 0.53 0.77 1.15
Cr,0; 0.12 0.23 0.11 0.13 0.12 0.31 0.10 0.21
LOI 1.41 0.91 0.11 0.41 0.77 2.73 4.32 7.37
Total 99.20 99.94 99.90 99.94 100.02 98.70 99.47 98.72
ppm
Sc 3.0 2.6 6.7 4.9 3.5 bdl 3.9 8.2
\) 288.2 41.9 34.0 29.5 30.6 56.5 53.0 54.5
Co 15.8 25.3 7.1 9.9 8.5 19.2 23.8 36.6
Ni 226.1 762.0 185.8 248.0 232.8 377.5 446.0 695.7
Cu 571.4 1825.1 660.9 834.4 493.8 446.4 665.8 1191.8
Zn 448.2 341.4 239.6 249.9 238.4 725.6 1137.5 1421.7
Ga 61.4 62.1 62.4 51.1 52.2 60.8 63.6 74.1
Ge 8.1 2.6 bdl 6.1 5.3 bdl 4.7 13.4
As 21.1 20.1 29.8 22.7 16.2 8.1 11.4 22.0
Se 10.6 bdl bdl 2.7 7.0 8.0 bdl 27.0
Rb 14.6 9.6 7.3 7.4 6.2 10.0 7.9 7.3
Sr 262.0 219.8 211.0 240.4 204.6 336.6 430.9 578.7
Y 12.4 10.0 7.5 8.3 7.7 10.7 14.4 18.2
Zr 250.1 249.4 274.2 323.6 196.7 345.3 340.2 410.9
Nb 427.9 25.9 15.2 11.6 11.4 18.1 29.1 39.1
Mo 409.2 45.8 28.2 23.2 23.7 26.7 31.4 39.7
Cd bdl 2.0 2.8 bdl 1.2 bdl 1.9 2.7
In 0.6 7.1 7.7 1.8 0.7 2.5 2.1 0.3
Sn 34.6 83.5 28.4 103.2 19.0 18.3 324 88.1
Sh 30.0 25.8 14.7 15.8 13.1 28.4 32.2 73.8
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Table 6: continued.

Analyte Ry FRACTIONS (in mm)

L +8 -8+4 -4+2 -2+1 -1+0.5 -0.5+0.25 -0.25
ppm

Cs 2.8 0.9 1.8 0.5 0.7 0.7 0.7 0.8
Ba 3009.6 3288.4 3130.2 3172.2 2614.0 3534.1 3344.0 3677.9
La 8.7 7.5 5.7 6.6 5.6 11.4 19.3 28.7
Ce 96.6 85.4 91.8 86.0 86.3 95.1 90.3 85.8
Pr 1.7 1.4 1.3 1.4 1.2 2.6 3.4 5.4
Nd 7.7 5.6 45 5.1 4.6 13.6 15.3 22.1
Sm 1.1 1.1 0.7 0.9 0.8 1.5 3.2 3.3
Eu 0.4 0.2 2.6 0.5 0.2 0.3 0.5 0.6
Gd 76.5 81.2 44.7 37.7 42.7 85.2 166.0 284.2
Tb 0.2 0.1 0.3 0.1 0.1 0.2 0.6 0.6
Dy 0.9 1.3 0.8 0.6 0.7 1.5 2.1 2.6
Ho 0.3 0.2 0.1 0.1 0.2 1.0 0.4 1.7
Er 2.2 1.3 1.1 0.6 0.4 0.9 0.9 1.5
Tm 0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.3
Yb 3.2 1.6 0.7 1.5 0.6 1.3 1.6 1.6
Lu 0.3 1.0 0.1 0.2 0.3 0.1 0.4 0.2
Hf 6.0 6.8 7.1 9.7 8.7 6.9 10.0 12.4
Ta 4.8 4.9 2.2 2.2 2.3 2.1 3.4 3.6
w 942.6 26.1 18.4 11.7 10.7 16.3 28.4 37.6
Pt 5.6 7.6 5.3 6.3 2.9 5.3 2.4 4.5
Pb 9.0 4.6 5.3 45 3.3 5.1 3.8 7.9
Th 3.7 2.8 2.8 23 2.1 5.1 8.0 10.6
u 1.1 5.0 1.1 0.7 1.2 1.6 2.2 4.7
ppm

Au 15.0 13.0 13.0 10.0 11.0 9.0 10.0 8.0
ppm

SLREE Y 192.8 182.4 151.3 138.2 141.3 209.7 298.0 430.2
sHREg Y 19.4 15.6 10.6 11.5 10.1 16.0 20.8 26.7
sReg Y 215.2 200.6 168.6 154.5 155.0 225.6 322.8 465.1
Note:

W The elements comprise the LREE and HREE groups are arbitrary defined (Mariano & Mariano, 2012; Gambogi, 2013;
Zepf, 2013). The ZLREE group includes the lanthanide elements from La through Gd (Gambogi, 2013; Zepf, 2013); The
SHREE group includes the lanthanide elements from Tb through Lu, including Y (Gambogi, 2013; Zepf, 2013); The ZREE
group comprises of the 15 lanthanide elements including Sc, and Y (Gambogi, 2013; Zepf, 2013).
In particular (Table 6), the correlation analysis among different datasets (i.e., LA-ICP-
MS, ICP-OES, WD-XRF, QXRD data collections; e.g., Saravanan & Ramesh, 2024 and references
therein) revealed that, apart from Si-bearing crystals, silicon is strongly correlated with the
amorphous matrix (R(si,amorphous) Of 0.89). This trend is shown in the left diagram of Figure 15.
Besides, in the case of Na and amorphous relationship, a high positive correlation coefficient

was obtained (Rnaamorphous) Of 0.91), revealing that sodium is strongly correlated with the

amorphous matrix (see: right diagram of Figure 15).
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Figure 15: The trendline and the corresponding R? value showing the variation of the Si (left diagram) and Na
(right diagram) concentrations (wt.%) along with the amorphous content (wt.%) in the HMW!I BASH raw sample
and its fractions (i.e., +8mm, -8+4mm, -4+2mm, -2+1mm, -1+0.500mm, -0.500+0.250mm and -0.250mm).

The correlation analysis revealed that the concentrations of calcium (see: left diagram
of Figure 16) and aluminium (see: see: right diagram of Figure 16) are inversely proportional
to amorphous content (R(caamorphous) Of -0.92 and Rai,amorphous)y Of -0.40, respectively).
Moreover, the Ca content is significantly elevated in the finer fractions of the HMWI BASH
studied material (see: left diagram of Figure 17), while these fractions exhibit less Si content.
Sodium is accumulated preferably in the coarser fraction of the material. Low Al content has
been measured in the -2+1mm fraction, while both the raw sample and the finest fraction (-
0.250mm) contain the highest aluminium amount (see: left diagram of Figure 17). This
compositional variation, along with the crystallinity of the studied material (see: Chapter 3.2.1
above), influences the selection process of the HMW!I BASH fractions utilized in the production
of autoclaved bricks. Moreover, Ca, Al and Si are apparently present in significant Ca-bearing
aluminosilicates, Ca-carbonates and Ca-Ti-oxides crystalline phases that have been identified
as the abundant phases, such as gehlenite, calcite and perovskite, respectively. None of these
crystalline phases are correlated with sodium (Rna, gehlenite) Of -0.95, Rina, calcite) Of -0.94 and Rina,
perovskite) Of -0.99, respectively), meaning that Na content decreases while the amount of the
aforementioned crystalline phases increases. This is in line with the R(na,amorphous) Value finding,
implying that sodium is strongly correlated with the amorphous matrix, only (see: right

diagram of Figure 15).
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Figure 16: The trendline and the corresponding R? value showing the variation of the Ca (left diagram) and Al
(right diagram) concentrations (wt.%) along with the amorphous content (wt.%) in the HMWI BASH raw sample
and its fractions (i.e., +8mm, -8+4mm, -4+2mm, -2+1mm, -1+0.500mm, -0.500+0.250mm and -0.250mm).

Furthermore, other major elements exist in relatively lower concentrations compared
to Si, Ca, Al and Na, whereas some of them -such as Fe and Ti- seems to be elevated in the
finer fractions (see: right diagram of Figure 17). Especially for iron, despite the fact that the
no Fe-bearing phase (i.e., fayalite) was detected by QXRD in the finest fractions (see: Table 4
and Figure 6), its concentration found to be inversely proportional to the grain size (see: right
diagram of Figure 17). On the other hand, the correlation coefficient R(reamorphous) Of -0.73
revealed that iron exhibits a strong negative correlation with the amorphous matrix. These
findings indicate that -most probably- iron might be incorporated either into other crystalline
phases and/or into Fe-containing crystals in (sub)-micro- down to nano-scale, which cannot
be detected by PXRD, due to the detection limit of the X-ray diffraction technique. The SEM
observations and EDS point analysis (see: Chapter 3.3 and related figures in the Appendix,
below) indicate that iron is also associated with fused metals-containing (sub)-micro-sized

particles, except for fayalite.

In the case of titanium, it has been observed that the finest fractions contain higher Ti
content compared to raw and its coarser fractions (see: right diagram of Figure 17), while Ca-
Ti-oxide (perovskite) was detected by QXRD in the finest fractions with a grain size of <1 mm
(Table 4), and also observed by SEM-EDS (see: Chapter 3.3 and related figures in the
Appendix, below). This means that titanium is mainly existed in perovskites, but not in
amorphous matrix. The latter is in line with the Rti,amorphous) Value of -0.92 proving that Ti

exhibits a strong negative correlation with the amorphous matrix.
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Figure 17: Major elements (Si, Al, Ca, Na: left diagram; Fe, Ti: right diagram) distribution (wt.%) in the HMWI
BASH raw sample and its fractions (i.e., +8mm, -8+4mm, -4+2mm, -2+1mm, -1+0.500mm, -0.500+0.250mm and
-0.250mm).

Other elements such as magnesium and phosphorus were detected within the
amorphous matrix by SEM-EDS, even though they both exhibit a strong negative correlation
with the amorphous matrix (Rmgamorphousy and Rp,amorphous)y Values of -0.92 and -0.89,
respectively). As long as the QXRD results confirm the absence of distinct P- and Mg-containing
crystalline phases in the studied materials, it can be assumed that these elements might be
incorporated into (sub)-micro-/nano-crystals that cannot be detected by PXRD. Such

crystalline phases were not observed by the conventional SEM-EDS utilized in this thesis.

The LA-ICP-MS analytical spectroscopic technique applied for the identification of the
trace elements content of HMWI BASH raw sample and its fractions (Table 6), revealed that
the studied samples also contain heavy metals and metalloids, some of them being present at
relatively elevated concentrations in the finest fractions (e.g., Cr, Cu, Ni, Zn, etc.; see: Figure
18), and others being accumulated in smaller quantities, such as Co and Sn (see: left diagram
of Figure 19), trending to increase their content toward the finer fractions. V and As also

exhibit a compositional variation throughout the fractions (see: right diagram of Figure 19).
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Figure 18: Trace elements (Cr, Cu, Ni and Zn) distribution (ppm) in the
HMW!I BASH raw sample and its fractions (i.e., +8mm, -8+4mm, -
4+2mm, -2+1mm, -1+0.500mm, -0.500+0.250mm and -0.250mm).

It can be stated that vanadium has a strong positive correlation with Fe-containing
phases (R fayalitey Value of 0.94), while its correlation coefficient value implies that weak
correlation with the amorphous matrix (R(v,amorphous) Of 0.35 is lower than the value of 0.55;
e.g., Saravanan & Ramesh, 2024 and references therein). The correlation analysis did not
prove any significant interrelationship between chromium and the crystalline compounds
detected by QXRD, neither with the obtained amorphous matrix. Moreover, Ni was found to
exhibit a strong positive correlation with iron (Rnire) of 0.94) as well as with gehlenite
(R(Ni,gehlenite) Of 0.90) and perovskite (Rniperovskite) Of 0.89) crystals. The latter trend stands for
zinc (Rzn,gehlenite) 0f 0.95 and R(zn,perovskite) Of 0.98) and cobalt (R(co,gehlenite) Of 0.83 and Rco,perovskite)
of 0.85), respectively. This assumption can also be addressed by the high value of correlation
coefficient (Rizn,ca)= 0.98), implying a strong positive correlation of zinc with calcium. Besides,
the value of -0.94 in the case of Rznamorphous) means that zinc is inversely proportional to
amorphous matrix. Copper and tin exhibit a medium positive correlation with perovskite
(R(cu,perovskite) Of 0.70 and Risn,perovskite) Of 0.59, respectively), implying that they might be
intercorrelated to some extent, while their low R values (R(cu,amorphous) Of -0.15 and R(sn,amorphous)
of -0.23, respectively) most probably indicate no significant relationship of these elements
with the amorphous phase. The presence of heavy metals originates from consumables made
of stainless steel and other metallic alloys, such as needles, grippers, scalpels, etc. (e.g.,

Kougemitrou et al., 2011). The SEM/EDS observations revealed (sub)-micro-sized perovskites
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embedded into the amorphous matrix carrying heavy elements (see: Chapter 3.3 and relative
figures in the Appendix, below) in line with the correlation analysis mentioned above. For the
sustainable valorization of HMWI BASH towards building materials, the immobilization of

these elements is of major importance.
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Figure 19: Trace elements (left diagram: Co and Sn; right diagram: V and As) distribution (ppm) in the HMWI
BASH raw sample and its fractions (i.e., +8mm, -8+4mm, -4+2mm, -2+1mm, -1+0.500mm, -0.500+0.250mm and
-0.250mm).

According to LA-ICP-MS measurements, lead seems to be present in all the studied
samples in low concentration (~3-9 ppm), while cadmium has been detected in some of the
fraction (~1-3 ppm), only (see: left diagram of Figure 20). Indication of a strong positive
correlation between Pb and Fe-containing phases is the Rpb,fayaiite) Value of 0.92, while the
extremely low Rpb,amorphous) Of -0.09 indirectly implies that this heavy metal might not be
accumulated into the amorphous matrix. The highest correlation coefficient values of 1,00
that have been estimated for both the intercorrelation of Cd with gehlenite (R(cd,gehlenite)) and
perovskite (R(cd,perovksite)) indicate that cadmium might be associated with the aforementioned
crystalline compounds. The low-to-medium Rpb,amorphous) Value of -0.42 is an indicator that

cadmium has a weak is inversely proportional to amorphous matrix.

As it has been revealed by complementary ICP-OES results, it is noteworthy to mention
the presence of gold (Au) in the studied raw material (15 ppm) and in its fractions (8-13 ppm).
Gold seems to prefer to be accumulated in the coarser samples, but in finer ones (see: left
diagram of Figure 20). Apart from the aforementioned noble metal, critical raw materials
(CRMs), such as rare earth elements (including 15 lanthanides, Sc and Y; Gambogi, 2013; Zepf,

2013) were detected in the studied samples. It has been revealed that YREE content is
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significantly increased while the grain size is getting smaller (see: right diagram of Figure 20).
Gold might be associated with the amorphous phase (R(au,amorphous) Of 0.81) and, perhaps, with
Fe-containing crystals (Riaufayalite) Of 0.85). Its R(au,perovskite) Value of -0.81 indicates that Au and
Ca-Ti-oxide crystals exhibit a strong inversely proportional relationship. Besides, radionuclides
namely thorium (Th) and uranium (U) were additionally detected in low quantities throughout
the fractions. The concentration of these elements seems to be elevated in the finest
fractions, compared to those from the coarser fractions, following the ZREE content (see: right

diagram of Figure 20).
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Figure 20: Left diagram: trace elements (Pb and Cd) distribution along with Au content (ppm) in the HMWI
BASH raw sample and its fractions (i.e., +8mm, -8+4mm, -4+2mm, -2+1mm, -1+0.500mm, -0.500+0.250mm and
-0.250mm). Right diagram: Rare Earth Elements / REEs (2REE) and actinides (namely, Th and U) distribution
along with Au content (ppm) in the HMW!I BASH raw sample and its. ZREE stands for the total amount of 15
lanthanides including Sc and Y (Gambogi, 2013; Zepf, 2013).

3.3 Investigation of HMWI BASH samples in microscale

Apart from the crystalline phases detected by PXRD (see: Chapter 3.2.1 above), the
SEM-BSE observations and their corresponding EDS spectral results of the studied HMWI BASH
samples at the microscale proved the presence of various metals-containing (sub)-micro-sized
particles embedded in a Si-Na-containing amorphous matrix (Figures 21-22). The EDS analysis
-that is summarized in the Appendix- contributed to the understanding of metals partitioning
within the amorphous and crystalline phases at microscale. Glassy-like Al-Si-Ca-bearing
particles that have been observed in the finest fraction (see: BSE image a of Figure 21, and the
EDS spectra of spots 1 & 2 in the Figure Al in Appendix) and Ca-containing Si-particles mostly

present in the coarser fractions (see: BSE images ¢ & d of Figure 21, and the EDS spectra of
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spots 2 & 3 in the Figure A3 and those of spots 2 & 3 in the Figure A4 in Appendix) have been
detected within the amorphous matrix. As it has been confirmed by QXRD, the latter Si-rich
particles might be corresponded either to Si-oxides (namely quartz and cristobalite) and/or to
pseudo-wollastonite (see: Chapter 3.2.1). If they correspond to pseudo-wollastonite, the
intense Si peak might be attributed both to CaSiOs crystal and to the amorphous matrix. In
line with the strong positive correlation of silicon and sodium with the amorphous, proved by
the statistical approach applied herein, it can be stated that an amount of Si peak and the Na

peak both can be attributed to the matrix (see: Chapter 3.2.3).

Figure 21: Representative SEM-BSE images of the studied HMW!I BASH samples (a: sampling fraction of -0.250
mm; b: sampling fraction of -1+0.500 mm; c: raw sample; d: sampling fraction of +8 mm, respectively).
Additionally, the SEM-EDS investigation proved the presence of Fe-Si-particle in the
studied material (see: BSE image c of Figure 22, and the EDS spectrum of spot 3 in the Figure
A7 in Appendix). As it has been proved by QXRD, most probably, it corresponds to fayalite

crystalline compound.
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Moreover, Cr-Cu-containing rectangular-shaped (sub)-micro-sized Ca-Ti-oxides were
also observed (see: BSE image b of Figure 22, and the EDS spectra of spots 1 & 2 in the Figure
A6 in Appendix; BSE image d of Figure 22, and the EDS spectrum of spots 1 in the Figure A8
in Appendix). According to the QXRD data, these particles may correspond to perovskite
crystalline compound. The Fe peak can be ascribed to potential Fe-nanoparticles dispersed
into the matrix, but not to amorphous. As it has been mentioned above (see: Chapter 3.2.3),

iron has a strong negative correlation with amorphous matrix.

Figure 22: Representative SEM-BSE images of the studied HMW!I BASH samples (a: sampling fraction of -8+4
mm; b: sampling fraction of -2+1 mm; c: sampling fraction of -4+2 mm; d: sampling fraction of -0.500+0.250
mm, respectively).

Furthermore, the SEM-EDS analysis confirmed the existence of various metals-
containing (sub)-micro-sized particles, such as Fe-rich particles (see: BSE image b of Figure 21,
and the EDS spectra of spot 3 in the Figure A2 in Appendix; BSE image c of Figure 22, and the
EDS spectrum of spot 1 in the Figure A7 in Appendix) and Cr-containing Si-particles (see: BSE
image a of Figure 22, and the EDS spectra of spots 2, 6 & 8 in the Figure A5 in Appendix), that

might be formed during the incineration process.
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It is noteworthy to mention herein, that all the studied microdomains by SEM-BSE
observations revealed a similar morphological pattern, i.e., (sub)-micro-sized particles are
dispersed into a glassy-like amorphous matrix. Moreover, almost all of the EDS spectra of the
probed (sub)-microdomains show a variety of tiny peaks attributed to the presence of specific
elements in the studied material. This similarity can be attributed to a relative homogeneous
distribution of these metals and metalloids regardless of the size of the HMW!I BASH fractions.
Such a spectral pattern can be ascribed either to the presence of inclusions and/or to the
existence of nano-phases dispersed into the material or, even, due to metal partitioning in the
structure of the aforementioned crystals and/or in the matrix. Furthermore, the presence of
amorphous and/or poorly crystalline nano-sized phases in the Si-Na-containing amorphous
matrix cannot be excluded. Thus, the need for a detailed characterization of the HMWI BASH
material at the nanoscale is necessary for understanding the nature of metals that are
dispersed into the studied HMWI BASH material throughout its fractions. The e-microscopy of
the studied HMW!I BASH material, from micro- down to nano-scale, provides insights into the
presence of significant heavy metals. However, the applied conventional SEM-EDS did not
detect metalloids, so no data exist regarding their specific accumulation. Quantifying the
heavy metals and understanding their partitioning are crucial for various valorization
pathways. These pathways include utilizing the waste as a supplementary cementitious
material (SCM), which must comply with environmental directives concerning leaching
properties, or as a secondary source of base and precious metals. For the latter, the

distribution of metals is critical for determining the recovery process.

3.4 Milling efficiency & physical properties determination

The studied HMW!I BASH raw sample and its specific fractions (-0.500+0.250mm and -
0.250mm) were subjected to specific surface area (SSA) measurements using the Blaine test
(EN 196-6), particle size distribution (PSD) analysis. Acquired data are crucial in order to
control the milling efficiency during mineral processing, when a fineness material used as SCM
is desirable for the production of a construction materials (e.g., Khan et al., 2019). The finer
the SCM, the better reactivity can be achieved (e.g., Hallet et al., 2020; Elbendari & Ibrahim,
2025). The process of classification, grinding, SSA determination, energy consumption

monitoring, and PSD analysis is crucial for comprehensively assessing the physical properties
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and homogeneity of the fractions derived from HMW!I BASH, facilitating informed decisions

regarding their suitability for different applications.

The particle size characteristics of the HMWI BASH raw sample and its corresponding
1:1 mixture of -0.50+0.250mm and -0.250mm fractions, which were used for the production
of the autoclaved bricks are presented in the following Tables 7 & 8. Milling for 40 minutes in
the WIENER 1S ball mill attritor resulted a specific surface area (SSA) of ~8000 cm?/g in both
cases (Table 7). The low particle size of both samples is confirmed by the particle size
distribution (PSD) measurements, which show that 90% of the material is finer than ~23 um,

50% is finer than ~7 um, and 10% is finer than ~1 um (Table 8).

Table 7: Specific surface area (SSA) measurements and the corresponding Blaine test (EN 196-6) results for the
HMWI BASH raw sample and its corresponding 1:1 mixture of -0.500+0.250mm and -0.250mm fractions.

Milling time Energy
Name (min) Material/balls Consumption Blaine (cm?/g)
(kWh)
Raw 40 1/6 0.26 7965
Fraction 40 1/6 0.26 8065

The fine particle size and high amorphous content of the studied HMW!I BASH samples
(see: Chapter 3.2) enhance their reactivity, making them suitable as a supplementary
cementitious material (SCM) for construction applications. Additionally, the glassy-like
structure of the studied HMWI BASH samples promotes energy-efficient milling, achieving fine
particle sizes with relatively low milling times, further supporting its potential use in

construction materials (e.g., Khan et al., 2019; Whitfield & Mitchell, 2003).

Table 8: Particle size distribution (PSD) results for the HMWI BASH raw sample and its corresponding 1:1
mixture of -0.500+0.250mm and -0.250mm fine fractions.

Name dio0 d50 dao
Raw 1.167 7.446 23.59
Fraction 1.325 7.001 23.76
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3.5 Investigation of HMWI BASH-based autoclaved bricks

Two different samples from the studied HMWI BASH material, i.e. the raw sample and
the 1:1 mixture of the -0.500+0.250mm and -0.250mm fractions, were utilized toward to the
sustainable production of HMWI BASH-based autoclaved bricks (“dense monoliths”). The
aforementioned finest fractions were carefully chosen due to their relatively lower
amorphous and higher gehlenite content for this purpose. As it has been described in the
“Materials and Methods” thoroughly (see: Chapter 2.9), particular formulations following
three different mix designs were applied for the production of the dense monoliths being
cured under certain hydrothermal conditions (Image 8) and carbonation (not shown in this
thesis). The compressive strength of the autoclaved bricks was measured, while the final
products were studied by means of PXRD to investigate the presence of crystalline
components affecting their strength. Moreover, according to EN 12457/2 standards, the
dense monoliths were subjected to leaching test in order to determine any release of heavy

metals to environment (see: Chapter 2.10).

Before hydrothermal curing After hydrothermal curing

Image 8: Sustainable autoclave bricks before and after hydrothermal curing.
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3.5.1 Mechanical properties: Compressive strength test

The compressive strength results of the HMWI BASH-based autoclaved bricks are
shown in the Table 9 and their visualization is presented in the Figure 23. Hydrothermal curing
proved effective in developing the compressive strength of the monoliths. When the 1P100
and the IP_MK mix designs are followed, the dense monoliths that contain the HMWI BASH
raw sample (“IP100_R” and “IP_MK_R” formulations, respectively; see: Figure 23)
demonstrate superior mechanical properties compared to those containing its 1:1 mixture of
the finest fractions (“IP100_F” and “IP_MK_F” formulations, respectively; see: Figure 23). This
is likely due to its higher amorphous content and the presence of more reactive mineral
phases such as pseudo-wollastonite and fayalite, whereas the gehlenite content, which is
probably inert, was lower (see: Table 4 and Figure 6). Moreover, inorganic polymer (IP) bricks
incorporating the raw material exhibit higher strength than those containing OPC (“IP100_R”,
IP_MK_R”, and “BLD_R"” formulations, respectively; see: Figure 23). Conversely, the IP dense
monoliths containing the 1:1 mixture of the HMWI BASH finest fractions (“IP100_F”
formulation; see: Figure 23) show slightly higher performance compared to the respective

blended cement system (“BLD_F” formulation; see: Figure 23).

Table 9: The compressive strength (MPa) results of the end products (autoclaved bricks)
following specific formulations with respect the utilization of the HMWI BASH raw sample
(“RAW”) and the 1:1 mixture of its finest fractions (“FRACTION”) following the three mix
designs (for details see also Table 2).

Maxi L

Mix design Formulation am(rlr:/lupn;) Cor
IP100_R 74.5
IP100 IP100_F 31.9
P MK IP_MK_R 41.8
- IP_MK_F 194
BLD BLD R 27.9
BLD_F 30.3

It seems that the OPC-containing monoliths (BLD mix design) demonstrate significantly
lower compressive strength, when they are compared to the IP-based autoclaved bricks. One
explanation for the lower strength of BLD-based autoclaved bricks is the insufficient hydration

of cement, as the liquid-to-solid (L/S) ratio is limited to 0.175 instead of 0.4-0.5, which is a
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typical value for castable mortars. The higher liquid content in castable mortars leads to a
paste-like texture that is not suitable for pressing. This reduced hydration results in less
formation of hydrated phases such as C-S-H, which are crucial for the mechanical strength of
the bricks. Nevertheless, the metakaolin-based dense monoliths containing the 1:1 mixture of
the HMW!I BASH finest fractions (“IP_MK_F” formulation; see: Figure 23) show the lowest
compressive strength compared to those from the respective blended cement system

(“BLD_F” formulation; see: Figure 23).

Formulations
90 |

IP100_R IP100_F IP_MK_R IP_MK_F BLD_R BLD_F

Raw
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Mix designs

Figure 23: Compressive strength (MPa) of the inorganic polymer (IP) and the blended cement (BLD) mix designs
containing the HMWI BASH raw sample (“Raw”) and the 1:1 mixture of its finest fractions of -0.500+0.250mm
and -0.250mm (“Fraction”). The six formulations used herein are also depicted.

Among the two IP-based recipes (i.e., IP100 & IP_MK mix designs), the addition of
metakaolin proved detrimental to the strength of the bricks, making the IP100 mix designs,
especially the one corresponding to the IP100_R formulation, the most appropriate choice in
terms of both strength and cost as it does not use a commercial product such as the MK. Thus,

among the six formulations used in the thesis, the IP100_R have been proved more preferable.
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Consequently, the utilization of the finest fractions for the production of autoclaved
bricks seems not to be useful. To draw definitive conclusions about the effectiveness of the
sieving process and its necessity, the performance of the remaining fractions must be
assessed. Furthermore, the addition of the relatively expensive metakaolin (MK) is not
recommended in the IP systems, as it compromises strength in both cases. In terms of
strength, HMW!I BASH incorporated as a sole SCM in an IP system proves more beneficial than

adding OPC and MK, leading to a cost-effective and straightforward valorization process.

3.5.2 Characterization of the autoclaved bricks

The investigation of the produced dense monoliths by means of PXRD (see: Table 10
and Figures 24-26) provides insights into the formation of distinct crystalline components

between the inorganic polymer (IP) and blended cement (BLD) systems.

Table 10: PXRD results of the end products. The autoclaved bricks have been produced by applying six specific
formulations following the three mix designs mentioned above (for details, see also Table 2).

Crystalline Compound Studied Autoclaved Bricks based on the following formulations:

Theoretical Chemical Formula Abbr**
(%)

IP100_R‘ 1P100_F |IP_MK_R| IP_MK_F‘ BLD_R | BLD_F

Quartz ** Sio, Q o 4] ] [ ™ ]
Calcite ** CaCO; C %} | %} %}
Microcline ** KAISi;Og M E3] |
Gehlenite ** Ca,Al(AlSi)O, G | [} ™ | [} o
ANA-type zeolite *2 NaAlSi,OgeH20 An ™ ™M M ™ [xl
GlS-type zeolite ** NagSigAl;03,°12H,0 NP [} %} M %}
Perovksite ** CaTiO, P [x] ™ [3] ™ ™
Tobermorite ** CasSig(0,0H),3*5H,0 T [ %} M

Comments
*1; https://rruff.geo.arizona.edu/AMS/amcsd.php
*2; corresponding to analcime (Ferraris et al., 1972)
3, corresponding to gismondine-type NaP zeolite (Mimura & Akiba, 1993; Um et al., 2009)
*%. Abbreviations

According to PXRD patterns, the two IP systems promoted the formation of sodium
aluminum silicate hydrate (N-A-S-H) crystalline compounds corresponding to ANA-type zeolite
(analcime / NaAlSi,Os*H0; Ferraris et al., 1972 and references therein; Baerlocher et al. 2016;
see: left 1image of Figure 24) and to GIS-type zeolite (zeolite-P)
[(Na20,Ca0)eAl,0322Si0,24H,0; Atkins et al., 1995; Baerlocher et al., 2016; see: right image
of Figure 24]. According to Atkins et al. (1995), zeolite-P [(Na20,Ca0)eAl,03¢2Si0,24H,0)] is

the synthetic counterpart of the naturally occurring calcium zeolite, namely gismondine
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(Ca2Al4Sia01629H,0; Fischer, 1963). In line with the literature (e.g., Mimura & Akiba, 1993;
Atkins et al., 1995; Um et al., 2009; Hong & Um, 2021 and references therein), it can be
assumed that the detected zeolite-P in the IP-based dense monoliths under the hydrothermal
curing conditions, can be defined as the high crystalline gismondine-type sodium zeolite P
(NaP zeolite / NagAlgSi10032¢12H,0; Mimura & Akiba, 1993; Um et al., 2009). To the best of
our knowledge, gismondine-type NaP zeolite has been found in autoclaved bricks by
hospital/medical waste incinerated bottom ash, for the first time in the literature. Even
though, this synthetic crystalline phase has also been formed during the hydrothermal
treatment of coal bottom ash (Um et al., 2009), and additionally been synthesized towards

the utilization of coal fly ash (Zhang et al., 2021).

Figure 24: Framework images (viewing direction along [100]) of ANA-type zeolite (left image) and GIS-type
zeolite (right image) by the database that have been approved by the Structure Commission of the
International Zeolite Association / IZA-SC (Baerlocher et al. 2016: https://www.iza-structure.org/databases).

The formations of N-A-S-H crystalline compounds might be attributed to the Na-
silicate solution used through the applied mix designs (see: Table 2 above) and the high Si-Al-
Na content of the HMWI BASH material (see: Table 6 above). Moreover, the addition of
metakaolin (MK) should act as an additional source of Si and Al, most probably driving to a
further crystallization of N-A-S-H phases. As a result, the compressive strength of the IP_MK-
based autoclaved bricks should be elevated. On the other hand, the observation of white-
colored agglomerates immediately after the addition of MK in the EIRICH EL1 mixer during the

mixing process, may indicate insufficient homogeneity of the metakaolin in the final
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compressible wet powder (blend), going to be used for the production of the IP_MK-based
autoclaved bricks. On these grounds, one can argue that the reduction in the strength in the
latter monoliths compared to the IP100-based one (see: Figure 23) is a logical consequence of

the aforementioned issue, in spite of their identical mineralogy (Table 10 and Figs. 25 & 26).

For the sake of the discussion, it should be stated that zeolites can be both beneficial
and detrimental for building materials. On the one hand, zeolites store water in their
structures, which is released at later stages of hydration, enhancing the mechanical properties
of building materials (e.g., Sezemanas et al., 2013). They can also function as molecular sieves,
immobilizing certain potentially hazardous elements (e.g., Erdem et al., 2004). On the other
hand, zeolites have low density and high porosity, which is detrimental to compressive
strength (e.g., Vogiatzis et al., 2012). Zeolite-type phases were not detected by PXRD in the
BLD-based bricks due to the substitution of the alkaline activator with water. Thus, in our case,
it seems that N-A-S-H phases plays a constructive role in the compressive strength, especially
in the case of the IP100-based dense monoliths that have been made of HMWI BASH raw

sample, along with C-A-S-H phases, namely gehlenite.
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Figure 25: PXRD diagram of the end products (autoclave bricks) based on specific formulations
(IP100-based stands for the black PXRD pattern; IP_MK-based bricks stands for the red PXRD pattern;
BLD-based bricks stands for the blue PXRD pattern) following the three mix designs (for details see
also Table 2). The PXRD patterns show the strongest reflections of quartz, calcite, analcime,
gehlenite, gismondine-type Na-zeolite P and tobermorite (for the abbreviations, see: Table 10
above).
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Gehlenite and quartz crystalline phases have been detected in all the IP-based and
BLD-based dense monoliths, while other crystalline compounds were found in the IP-based
bricks, such as perovskite. Quartz is originated from the aggregates (i.e., sand). Gehlenite did
not react under hydrothermal conditions, while perovskite was detected by PXRD only in the
bricks made of classificated HMW!I BASH. Fayalite, pseudo-wollastonite, and corundum were

not detected too, implying their reactivity under hydrothermal conditions.

60000 +
J Q
50000
40000
’u—)“ 4
o
3 30000 4 —— |P100_Fraction
= —— IP_MK_Fraction
D 1 —— BLD_Fraction
S 20000 4
< ] @ G a
. @ faas G ec je @
10000“\ NPI An a<|| c=6P Qaa Q. r- a
] Bg QI. é A . j
= c P Q
N N K A R O
T T T T T T ¥ T
10 20 30 40 50 60
260 (°)

Figure 26: PXRD diagram of the autoclave bricks being produced using the 1:1 mixture of the finest
fractions, based on specific formulations (IP100-based stands for the black PXRD pattern; IP_MK-based
bricks stands for the red PXRD pattern; BLD-based bricks stands for the blue PXRD pattern) following
the three mix designs (for details see also Table 2). The PXRD patterns show the strongest reflections
of quartz, calcite, analcime, gehlenite, gismondine-type Na-zeolite P, tobermorite and perovskite (for
the abbreviations, see: Table 10 above).

The blended cement monoliths (BLD mix design; see: Table 2 & Figure 23) represent a
completely different system compared to inorganic polymers (IP100 and IP_MK mix designs;
see: Table 2 & Figure 23). The reaction mechanisms in BLD-based monoliths do not rely on the
dissolution of HMW!I BASH material through an alkaline activator. Instead, hydration reactions
occur among the crystalline phases of ordinary Portland cement (OPC) and water, creating an
alkaline environment that leads to the dissolution of the bottom ash (e.g., Arora et al., 2016).
Eventually, with the contribution of hydrothermal conditions, calcium silicate hydrate (C-S-H)

phases, such as tobermorite (CasSis(O,0H)1325H,0), are formed, expecting to enhance the

mechanical properties of these brick (e.g., Chen et al., 2004). Along with the absence of N-A-
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S-H phases, the formation of C-S-H phase in the BLD-based bricks only, are both mirrored in
the corresponding PXRD patterns (Figures 25 & 26). Tobermorite and microcline phases were
created after hydrothermal curing and are not found in the IP-based bricks. From the
mineralogical point of view, these findings are the main differences between the IP-based and
the BLD-based bricks. On these grounds, it can be assumed that the lower strength in the BLD-
based bricks can be attributed to absence of zeolites and the presence of tobermorite in the
BLD-based bricks. Details in the two blue-colored PXRD patterns of the BLD-based bricks (see
blue PXRD patterns in the Figs. 25 & 26) revealed a higher relative intensity peak of
tobermorite that has been formed in the BLD-based bricks made of HMW!I BASH 1:1 mixture
of the finest fractions. This indicates an intense crystallinity of that crystalline phase in these
kinds of bricks. Possibly the better crystallinity of C-S-H phases influences the properties of
the dense monoliths, and thus, enhances their compressive strength as it has been illustrated
in the Figure 23 (e.g., Zhang et al., 2022; Pan et al., 2023). It is well known that tobermorite is
a calcium silicate hydrate (C-S-H) binding agent that enhances the compressive strength of
various building materials (e.g., Shen et al., 2023 and references therein; Liu et al., 2025 and

references therein).

3.5.3 Leachability of autoclaved bricks

According to the EN 12457/2 standards and pH measurements of the leachates, the
results of the leaching tests on the autoclaved bricks are shown in the Tables 11 and 12,
respectively. The limits correspond to hazardous materials that can be discarded in landfills
for a non-hazardous waste, making them the strictest available. In spite of the heavy metals
and the metalloids contents of the feeding material (see: Table 6 above) used for the
production of the dense monoliths, all the studied autoclaved bricks -that contain both the
HMW!I BASH raw and its classificated samples- comply with all the leaching limits, except for
the bricks that have been made following the IP100_R and IP100_F formulations (see: Table
2 above). The latter dense monoliths contain antimony and arsenic that both exceed the EN

12457/2 limits by 14% (Sb: 0.8 mg/kg) and 15% (As: 2.3 mg/kg), respectively.
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Table 11: The ICP-OES results (in mg/L) of the leaching test (EN 12457/2) of the autoclaved bricks.

i e Autoclaved Bricks made of HMWI BASH

Analyte hazardous RAW FRACTION
Unit waste

(EN 12457/2) IP100_R IP_MK_R BLD_R IP100_F IP_MK_F BLD_F
mg/kg
Al - 13 3.6 1.4 3.8 1.2 1.0
As 2 1.6 1.4 0.2 2.3 1.5 0.2
Ba 100 8.6 9.0 7.8 9.0 8.4 8.7
Ca - 2.8 8.2 22.0 12.0 11.0 33.0
Cd 1 bd! bdl bdl bdl bdl bdl
Co - 0.0 0.0 bdl bd/ bdl 0.1
Cr 10 1.9 1.5 0.5 1.4 0.5 0.8
Cu 50 0.1 0.2 bdl 0.1 bdl bd/
Fe - 2.0 4.0 bdl 2.0 bdl bd/
K - 1.0 1.3 8.4 3.6 8.2 11.0
Mg - 5.0 5.2 8.8 5.1 5.6 6.7
Mn - bdl bd/ bdl bd/ bdl bd/
Mo 10 1.0 1.3 2.3 1.4 0.4 0.4
Na - 95.0 75.0 88.0 102.0 67.0 78.0
Ni 10 bdl bdl bdl bdl bd/ bdl
P - 11.0 12.0 0.6 8.5 3.6 0.3
Pb 10 bdl bdl bdl bdl bdl bdl
S - 11.0 16.0 47.0 20.0 15.0 31.0
Sb 0.7 0.8 0.3 0.1 0.4 0.5 0.3
Sc - bdl bd/ bdl bd/ bdl bd/
Se 0.5 bdl bdl bdl bdl bd/ bdl
Si - 97.0 110.0 80.0 100.0 71.0 67.0
Ti - 0.9 1.2 bdl 1.1 bdl bd/
\' - 0.3 0.4 0.5 0.7 0.5 0.7
Zn 50 0.3 0.1 bdl 0.3 0.0 bdl
Note
*L; “pd]”: below detection limit.
*2. Black colored text: according to EN 12457/2 the corresponding element has no a significant limit.
*3 Green colored text: the EN 12457/2 standard recommends a significant limit for particular element(s); the leachate
contains the corresponding element(s) below this limit.
*4. Red colored text: the EN 12457/2 standard recommends a significant limit for particular element(s); the leachate
contains the corresponding element(s) above this limit.

The leachates demonstrate a neutral-to-alkaline environment slightly above the EN
12457/2 limit of 6; see: Table 12). Such pH may influence the mobilization of heavy metals
and the leachability of metalloids, such as Sb and As, that are effectively mobile in acidic
environments (e.g., Kiventera et al. 2018; Cristelo et al. 2020). Heavy metals are effectively

immobilized by both the IP-based and the BLD-based formulations. Despite its lower
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mechanical performance, the blended cement system is generally more effective at solidifying
the included heavy metals. The IP-based formulations may require optimization to be suitable

for industrial and commercial applications.

Table 12: The pH results of the leaching test (EN 12457/2) of the autoclaved bricks. Green values stand for the
pH values higher than the limit.

Autoclaved Bricks made of HMWI BASH

pH of leachates RAW FRACTION

IPIOO R IP_MKR BLD_R | IPI00_F IP_MK_F BLD_F

1 7.95 7.86 8.8 7.13 7.59 7.11
2 8.01 7.95 8.90 7.22 7.66 6.98
3 8.04 7.76 8.96 7.17 7.70 6.91
Average 8.00 7.85 8.88 7.16 7.65 7.00
Limit

6.00 6.00 6.00 6.00 6.00 6.00

(EN 12457/2)

Hydrothermal curing is known for its contribution to the immobilization of heavy
metals through zeolitization and formation of C-S-H minerals (e.g., Atkins et al., 1995; Li et al.,
2007; Bao et al., 2018; Manickam et al. 2024). The hydrothermal curing of inorganic polymers
has been proved beneficial for the stabilization of heavy metals (Luna-Galliano et al., 2011). In
this case, hydrothermal curing of both IP100-based and IP_MK-based monoliths proved to be
very effective in immobilizing various heavy metals showing high selectivity to Pb, Ni, Cr, Zn
and Cu, which are present in high concentrations in the HMWI BASH raw sample. It is known
that Ca-Ti-oxides -namely perovskites- may contain a variety of toxic and radionuclide
elements (e.g., Gamaletsos et al. 2016), probably contributing to the low leaching of the
monoliths. On the other hand, metalloids such as As and Sb are not as effectively immobilized,
with As being close or above to the permissible limit for all the IP formulations incorporating
the raw and fractionated bottom ash. Antimony follows the same trend with arsenic. Same
inferior adsorption capacity of metalloids in IPs was also observed by El-Eswed (2018) and
references therein. Heavy metals-rich materials that undergo high temperature processing
(e.g., HMWI BASH, metallurgical slags, etc.) tend to form polymetallic structures which are
highly leachable. In such a case, the formation of N-A-S-H and C-S-H crystalline phases in IPs

adsorb and envelop heavy metals in their crystalline structures, respectively. This might be a
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reasonable ground on the assumption that the zeolite-type crystalline compounds trap the

aforementioned toxic elements avoiding their intense leakage to environment.

The BLD-based dense monoliths show the best performance in immobilizing
potentially toxic elements. Solidification of hazardous waste with OPC is a well-studied
technique (Kougemitrou et al., 2011; Anastasiadou et al.,, 2012; Tsakalou et al., 2018;
Suryawan et al., 2019), which proves to be very effective in this case by immobilizing both
heavy metals and metalloids (e.g. Paria & Yuer, 2006 and references therein; Niu et al., 2018).
Hydrothermal curing of OPC-containing materials leads to the formation of C-S-H phases, such
as tobermorite (see: Table 10), which envelop heavy metals in their structure, decreasing their
leaching capability (e.g., EI-Eswed, 2018 and references therein). In this thesis, no N-A-S-H
phases -namely zeolite- have been formed (see: Table 10), and therefore the adsorption of
toxic elements are limited, which is confirmed by the leaching values of the heavy metal and

metalloid measurements.

In conclusion, Table 13 provides a brief summary of the leaching properties of certain
materials utilizes HMWI BASH from the literature. The most common approach for
solidification and stabilization involves adding high amounts of ordinary Portland cement
(OPC), which leads to CO2 emissions and increases valorization costs. A promising alternative,
proposed by Tsakalou et al. (2018), is the co-vitrification of HMWI BASH with silica waste at
very high temperatures, though this method results in high energy consumption.
Geopolymeric materials could also be used for heavy metal immobilization, but this is effective
only for low HMW!I BASH content (Tzanakos et al., 2014), otherwise excessive leaching may
occur in some cases (Mierzwinski et al., 2018). Comparing the leaching properties of the
materials developed in this study, it was found that the heavy metals and metalloids were
successfully immobilized in most cases. This was achieved while utilizing limited quantities of
OPC and other SCMs for both cementitious and geopolymeric formulations minimizing the

production cost.
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Table 13: Overview of leaching properties in HMWI-BASH-based materials.

Literature

Application

Processing
of HMWI
BASH

HMWI
BASH
content
(wt.%)

Compliance with
leaching test
protocols

Cementitious materials incorporating HMWI BASH

Kougemitrou et briquettes
al. (2011) cementitio
matrices

Anastasiadou et
al. (2012)

Tsakalou et al.
(2018)

Suryawan et al.
(2019)

Vitrification of
HMWI-BA with silica
scrap for S/S*

S/S* of HMWI-BA

in
us

Blended cement
mortars for S/S*

at 1300 °C
for1lh

Blended cement
binders for S/S*

Vitrification

40

80

25

Yes (TCLP 1311, EN
12457-01)

Yes (TCLP 1311)

Yes (TCLP 1311, EN
12457-2)

Yes (TCLP 1311)

Geopolymers incorporating HMWI BASH

Tzanakos et al.
(2014)

Geopolyme

Mierzwinski et
al. (2018)

Geopolyme

matrices for S/S*

ric -
Dry milling

ric

matrices for S/S*

=17 (in
the total
binder)

50

Yes (TCLP 1311)

High Mo?*, CIand
SO4? mobility (EN
12457-4, EN 15216)
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4 CONCLUSIONS

This BSc thesis provides an in-depth approach of the potential valorisation of Hospital
Medical Waste Incineration (HMW!I) Bottom Ash (BASH) for producing sustainable high-
strength autoclaved bricks. The study evaluates the HMWI BASH raw sample and the 1:1
mixture of its finest fractions (-0.500+0.250mm and -0.250mm) as supplementary
cementitious materials (SCMs) in brick manufacturing, exploring recipes based on

geopolymerization and cementitious systems.

The characterization of the studied HMW!I BASH material revealed a high content of a
Si-Na-containing amorphous matrix, which decreases in its finer fractions. The QXRD analysis
further detected high-temperature phases such as cristobalite (SiO;z), corundum (Al;03),
pseudo-wollastonite (CaSiOs), perovskite (CaTiOs) and fayalite (Fe,?*SiOa). The finer fractions
were found to include mainly gehlenite and perovskite, both of which exhibit limited
reactivity. Iron-containing crystalline components such as fayalite were not detected in the
finest fractions. The LA-ICP-MS along with ICP-OES measurements also indicated high
concentrations of several heavy metals (e.g., Cr, Cu, Pb, V, As, etc.), which could pose a
potential environmental risk, unless they are immobilized within the monoliths. The SEM-EDS
observations revealed the presence of various metals-containing (sub)-micro-sized particles -
also containing heavy metals such as Cr and Cu- embedded in a Si-Na-containing amorphous
matrix, such as Ca-Ti-oxides (perovskites according to PXRD) and Fe-Si-particles (namely
fayalite based on PXRD results), as well as Fe-bearing particles, Cr-containing Si-particles, etc.
The presence of amorphous and/or poorly crystalline nano-sized phases in the Si-Na-
containing amorphous matrix cannot be excluded. Geochemical interpretation and statistical
approach showed that the finest fractions contain elevated Ca, Al, Fe and Ti contents and less
Si and Na compared with the raw and the coarser fractions. A strong positive correlation of Si
and Na with the amorphous component of the studied samples were revealed, while Ca and
Al are inversely proportional to the amorphous. An elevated concentration of metals, such as
Ni, Cr, Zn and Cu, have been observed especially in the coarsest and the finest fractions of the
HMW!I BASH material. Of special interest for future study might be gold. This noble metal have

been found to accumulated mostly in the raw and the coarsest fraction, while its
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concentration is getting lower towards the finest fractions of the studied material. Finally, the

2REE content is increased while the grain size is getting smaller.

The valorisation of the studied HMWI BASH material has been performed by applying
six (6) formulations following three (3) mix design toward to the production of sustainable
pressed autoclaved bricks. The mix designs tested for brick manufacturing were: two different
inorganic polymers (IP100 and IP_MK) and one blended cement (BLD). The IP100 mix design
incorporated HMW!I BASH only and quartz sand as aggregates, and the IP_MK mix design
additionally included 10 wt.% of metakaolin, while in the BLD mixture 10 wt.% of OPC was
added as binder along with the HMWI BASH. According to the aforementioned formulations
a different sample from the HMW!I BASH was utilized each time (i.e., the raw sample and the

1:1 mixture of its finest fractions of -0.500+0.250mm and -0.250mm).

Hydrothermal curing led to the dissolution of fayalite, while gehlenite and calcite
remained detectable. For the IP-based formulations, sodium aluminum silicate hydrate (N-A-
S-H) phases, such as analcime and gismondine-type NaP zeolite were formed, while no calcium
silicate hydrate (C-S-H) phases were detected. It is noteworthy to mention that, according to
the best to our knowledge, gismondine-type N-A-S-H phase has been observed in autoclaved
bricks by HMW!I bottom ash, for the first time in the literature. On the other hand, along with
the absence of N-A-S-H phases, the formation of C-S-H phase -namely tobermorite- in the BLD-
based bricks was observed. Gehlenite was the only calcium aluminum silicate hydrate (C-A-S-

H) crystalline compound that was detected in all the studied autoclaved bricks.

In spite of the presence of C-S-H phases, such as tobermorite, in the BLD-based bricks,
the mechanical performance of the IP-based monoliths surpassed that of the blended cement
recipe, likely due to the insufficient hydration of the OPC, a consequence of the low L/S ratio
required for monolith production. Furthermore, the addition of metakaolin in the IP_MK
formulation reduced the compressive strength of the IP-based bricks. This could be attributed
to potential homogeneity issues in the final blend during the mixing process, explained by the
observation of white-colored agglomerates immediately after the addition of metakaolin
during the mixing process. Among all the mix designs, the IP-based dense monoliths made of
HMW!I BASH raw sample were developed an impressive compressive strength of 74.5 MPa.
On this ground only, it can be stated that the HMWI BASH raw sample can serve as a viable

SCM for brick manufacturing without additional additives. It seems that the presence of N-A-
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S-H and C-A-S-H phases dictate the compressive strength. Moreover, the mechanical
properties of the bricks that followed the IP_MK_R formulation were notable (compressive
strength value of 41.8 MPa). The autoclaved bricks incorporated the mixture of the finest
fractions seems to develop a lower compressive strength compared to the IP-based monoliths.
This finding drives to the conclusion that the utilization of the finest fractions for the

production of autoclaved bricks may not be useful.

The immobilization of potentially heavy metals and metalloids was generally effective,
except for the IP100 mix design. The dense monoliths following the IP100_R and IP100_F
formulations were found to contain antimony and arsenic that both exceed the EN 12457/2
limits by 14% (Sb: 0.8 mg/kg) and 15% (As: 2.3 mg/kg), respectively. In contrast, the BLD-based
bricks showed the best performance in immobilizing potentially toxic elements as the amount
of heavy metals and metalloids is ranged within the EN 12457/2 limits. The latter might be
attributed to the solidification facilitated by the OPC.

The autoclaved dense monoliths evaluated in this BSc thesis show a potential for
construction applications. However, durability tests are necessary to ensure that their
mechanical performance remains intact under exposure to natural phenomena and
chemically harsh environments. Although the BLD-based monoliths displayed slightly lower
strength than their IP-based counterparts, they excelled in immobilizing heavy elements,
making them the most promising candidates for construction applications. While IP-based
bricks also have a promising potential for construction, a possibility of a leakage of heavy
elements requires careful monitoring. Additionally, the zeolites content in the IP-based
monoliths, suggests that they could be utilized as purification materials for wastewater and
flue gas filtration. Further experimental work is needed to assess their adsorption capacity

and suitability for such applications.
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6 APPENDIX
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Figure A 1: The EDS spectral results of the -0.250mm fraction (see: BSE image a of Figure 21).
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Figure A 2: The EDS spectral result of the -1+0.500mm fraction (see: BSE image b of Figure 21).
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Figure A 3: The EDS spectral results of the raw sample (see: BSE image c of Figure 21).
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Figure A 4: The EDS spectral results of the +8mm fraction (see: BSE image d of Figure 21).
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Figure A 5: The EDS spectral results of the -8+4mm fraction (see: BSE image a of Figure 22).
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Figure A 6: The EDS spectral results of the -2+1mm fraction (see: BSE image b of Figure 22)
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Figure A 7: The EDS spectral results of the -4+2mm fraction (see: BSE image c of Figure 22).
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Figure A 8: The EDS spectral result of the -0.500+0.250mm fraction (see: BSE image d of Figure 22).
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